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Abstract 
The symbiotic relationships between prokaryotes and eukaryotes are common in 

almost all environments. Sponges, the most ancient invertebrate metazoan (phylum 

Porifera) harbour exceptionally diverse and abundant symbiotic microbial communities that 

contain nearly all evolutionary lineages of the group bacteria and archaea. Inferring the 

ecology and evolution of the symbiotic association between the microbes and the eukaryotic 

sponges is crucial to gain insight into the mechanisms involved in such relationships. In this 

thesis, the primary objective is to assess the diversity and structure of the sponge-

associated photosynthetic and non-photosynthetic microbial communities among the 

unexplored intertidal marine sponges distributed along the Atlantic coast of Portugal. In 

addition, the evolutionary genomics of proto-eukaryote symbioses was investigated by the 

whole genome sequencing of a symbiotic bacterium isolated from a marine sponge and 

state-of-the art comparative genomic analyses. Finally, the evolutionary patterns of the 

mitochondrial protein coding genes of sponges inhabiting freshwater and marine ecosystems 

were also evaluated.  

Intertidal marine sponges are known to host diverse photosynthetic bacteria. 

However, there are fewer studies from the sponges distributed along the Atlantic coast. In 

CHAPTER 2, the search for photosynthetic bacteria from the intertidal marine sponge 

species Hymeniacidon perlevis using transmission electron microscopy (TEM) and 

molecular analyses with 16S rRNA (ribosomal RNA) gene markers showed the presence of 

unusual sponge-associated cyanobacteria, Xenococcus-like morphotypes and Acaryochloris 

sp. Geo-phylogeny of the sponge-associated cyanobacteria revealed an inconsistent 

distribution pattern suggesting the seasonal variation of the cyanobacteria among the 

sponge samples collected at different time. The variation in the associated bacteria 

supported the lack of co-evolutionary events between the cyanobacteria and sponge host. 

The multiple cyanobacterial association and lack of co-evolution among sponges of the 

same host over a large geographical distance may suggest the procurement of microbes 

through horizontal transfer. Moreover, the genetic diversity analyses revealed unexpected 

higher intra-specific diversity in the sponge host H. perlevis in a short geographic sampling 

distance. This work demonstrates the diversity of sponge-associated photosynthetic bacteria 

and its spatial-temporal inconsistency among the sponge hosts sampled from the intertidal 

zone, where the sponges are exposed to air and direct sunlight. 

Apart from the cyanobacteria, non-photosynthetic bacteria also play a significant 

beneficiary role within the sponges. Enormous evidence shows that the marine sponges host 

specific bacterial communities distinct from the microbes in the surrounding seawater. In 

CHAPTER 3, the bacterial communities from three co-occurring intertidal sponges, H. 
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perlevis, Ophlitaspongia papilla and Polymastia penicillus were assessed using the classical 

culture-dependent and culture-independent 16S rRNA clone library techniques. The majority 

of isolated heterotrophic bacteria (n=31) from the sponges are represented by the order 

Vibrionales and other previously reported sponge-associated and non-sponge associated 

symbiotic bacteria, like Pseudovibrio ascidiaceiocola, Roseobacter sp., Hahellaceae sp., and 

Cobetia sp. Clone libraries of uncultured bacterial communities (n=349) from the sponges 

and seawater recovered 142 OTUs (operational taxonomic units) at 97% sequence 

similarity. OTU based ecological analysis supported a clear differentiation of the bacterial 

communities recovered from the sponges and ambient seawater. Further phylogenetic 

analyses revealed the generalist nature of the sponge-associated bacteria, with distantly 

related sponges sharing similar bacterial communities. The presence of distinct and unique 

bacterial groups Betaproteobacteria, Spirochaetes and Chloroflexi were also evident among 

the low-microbial-abundance (LMA) sponge species O. papilla and P. penicillus. The present 

work describes the isolation of sponge symbionts and provides further evidence of the 

generalist nature of the sponge-bacterial associations. 

While previous investigations have characterized bacterial communities associated 

with intertidal sponges, it still remains important to better describe the bacterial niche 

diversity associated with the intertidal marine sponges. Sponge microbiology continues to 

document the diverse bacterial taxa associated with the sponges and its interaction with the 

host due to the recent leap in sequencing techniques. Thus, in CHAPTER 4, next-generation 

sequencing (NGS) technology was used to estimate the microbial consortium and test the 

non-random hypothesis of the microbes associated with 12 different co-occurring intertidal 

marine sponge species sampled from Praia da Memória, the Atlantic coast of Portugal. Deep 

pyrosequencing (454) revealed the complex nature of sponge-associated microbes. 16S 

rRNA amplicon pyrosequencing generated 686 OTUs at 97% sequence similarity. The 

taxonomic composition of the reads detected diverse groups of bacteria (75.5%) and 

archaea (22%), comprising in total 26 different microbial groups. Proteobacteria and 

Crenarchaeota were abundantly represented among the sponge samples. Further 

comparison with the Crenarchaeotal reads from the Rea Sea sponges using UPGMA cluster 

analysis, revealed the similarity of archaea bacteria between geographically isolated distant 

sponges. The majority of the amplicons from the sponges (73%) were also retrieved from the 

surrounding seawater suggesting the existence of sponge-associated bacteria outside the 

sponge hosts. The non-random analysis using C-scores indicated the lack of co-occurrence 

among the sponges, suggestive of random microbial association. This study explored the 

diversity and abundance of sponge-microbial communities from the unexplored intertidal 

Atlantic coast and added further knowledge to the sponge microbial ecology. 



3 
 

Though much progress has been made to unravel the hidden microbial consortium 

associated with sponges, little information is available on the mechanisms involved in the 

bacteria and the sponge host symbiotic relationship. In order to understand the genomic and 

functional features of a symbiotic microorganism, in CHAPTER 5, I have sequenced the 

whole genome of Pseudovibrio sp. POLY-S9; symbiotic bacteria isolated from the marine 

sponge species P. penicillus. Genome analyses revealed the exceptionally large 

chromosomal size of 6.8 Mbp relatively to other symbiotic Pseudovibrio strains FO-BEG1 

and JE062 isolated from the scleractinian coral and the sponge Mycale laxissima, 

respectively. Further genomic insight revealed the ability of the symbiotic bacteria to adapt in 

response to various conditions in the sponge and the molecular mechanisms that could 

direct the proto-eukaryote interaction. The symbiont had the repertoire of genes encoding for 

eukaryotic-like proteins such as ankyrin repeats (ANKs), tetratrico peptide repeats (TPRs) 

and fibronectin type III (FN3) domains, which mediate the protein-protein interactions and 

thus interfere with the host cell functions. The genome of Pseudovibrio sp. POLY-S9 had 

also an increased number of mobile elements and gene transfer agents (GTAs) indicating 

the emergence of host-adaptive strategies in a facultative bacteria and frequent horizontal 

gene transfer (HGT) events. The present genome study gives insight into the molecular 

mechanism involved in the proto-eukaryote symbioses.  

Considering the fact that the earliest symbiotic associations likely occurred in the 

ancestral metazoan sponges, and the energy house, the mitochondria, is believed to have 

originated from the endosymbiotic Proteobacteria, it is interesting to compare the 

evolutionary changes, acting upon the sponge mitochondrial genomes. In CHAPTER 6, the 

evolutionary pattern of the sponge mitochondrial protein coding genes was evaluated. The 

mitochondria play an important role in the cellular energy production and thermoregulation, 

which are suggested to influence the evolution of the mitochondrial DNA (mtDNA). Here, I 

assembled a 43 mitochondrial genome of both marine and freshwater sponges. Several 

events of positive selection are found among the protein coding genes of the sponge 

mitochondria. The clades comprising the freshwater sponges showed an increased 

incidence of positive selection. At the gene level, several mitochondrial complex protein 

genes, ATP8, ND1, ND5, ND6 and CO2, were under selection pressure suggesting 

advantageous features towards the freshwater habitats. This study provides the first 

evidence of positive selection acting on the mitochondrial bioenergetics genes of the most 

basal metazoans. 
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Resumo 
As relações simbióticas entre procariotas e eucariotas são frequentes em quase 

todos os ambientes. As esponjas, os mais antigos metazoários invertebrados (filo Porífera) 

acolhem comunidades microbianas simbióticas excepcionalmente diversas e abundantes, 

que contêm praticamente todas as linhas evolutivas de bactéria e archaea. Estudar a 

evolução e a ecologia de associações simbióticas entre micróbios e as esponjas é crucial 

para compreender os mecanismos envolvidos nessas relações. Nesta tese, o objectivo 

primário é o de caracterizar a diversidade e estrutura das comunidades microbianas 

fotossintéticas e não-fotossintéticas associadas com as pouco estudadas esponjas 

marinhas intertidais da costa Atlântica de Portugal. Adicionalmente, foi investigada a 

genómica evolutiva de simbioses proto-eucariotas através da sequenciação total do genoma 

de uma bactéria simbiótica isolada de uma esponja marinha e análises de genómica 

comparativa. Finalmente, foram avaliados os padrões evolutivos dos genes mitocondriais 

codificadores de proteínas em esponjas de ecossistemas marinhos e dulciaquícolas. 

As esponjas intertidais marinhas são conhecidas por possuírem diversas bactérias 

fotossintéticas. Contudo, existem poucos estudos sobre as esponjas distribuídas ao longo 

da costa Atlântica. No CAPÍTULO 2, a procura de bactérias fotossintéticas na esponja 

marinha Hymeniacidon perlevis utilizando microscopia electrónica de transmissão e análises 

moleculares de marcador genético 16S rRNA (RNA ribossómico) revelou a presença 

invulgar de espécies de cianobactérias associadas com esponjas, nomeadamente 

Acaryochloris sp. e morfotipos semelhantes ao Xenococcus. A geo-filogenia das 

cianobactérias associadas com esponjas revelou um padrão de distribuição inconsistente 

sugerindo uma variação sazonal de cianobactérias nas amostras de esponjas recolhidas em 

períodos de tempo diferentes. A variação das bactérias associadas revelou a falta de 

eventos de co-evolução entre cianobactérias e o hospedeiro esponja. A associação múltipla 

de cianobactérias e a inexistência de co-evolução ao longo de uma grande distancia 

geográfica poderá ser resultante da transferência horizontal de micróbios. Adicionalmente, 

as análises de diversidade genética revelaram numa curta distância geográfica amostrada 

uma invulgar elevada diversidade intra-específica no hospedeiro esponja H. perlevis. Este 

trabalho demonstra a diversidade de bactérias fotossintéticas associadas com esponjas e a 

inconsistência espaço-temporal entre as esponjas amostradas da região intertidal, aonde as 

esponjas são expostas ao ar e à luz solar directa. 

Para alem das cianobactérias, as bactérias não-fotossintéticas também tem uma 

importância benéfica para as esponjas. Várias evidência demonstram que as espojas 

marinhas albergam comunidades bacterianas específicas distintas dos micróbios na 

envolvente água do mar. No CAPITULO 3, foram investigadas as comunidades bacterianas 
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de três esponjas intertidais simpátricas, H. perlevis, Ophlitaspongia papilla e Polymastia 

penicillus, utilizando técnicas clássicas de livrarias de clones cultura-dependente e cultura-

independente. A maioria das bactérias heterotróficas isoladas em esponjas (n=31) foram 

representadas pela ordem Vibrionales e outras previamente reportadas como simbióticas 

associadas e não-associadas com esponjas, como Pseudovibrio ascidiaceiocola, 

Roseobacter sp., Hahellaceae sp., e Cobetia sp. Livrarias de clones de comunidades 

bacterianas não isoladas (n=349) de esponjas e água do mar identificaram 142 OTUs 

(unidades taxonómicas operacionais) a 97% de similaridade de sequência. Análises 

ecológicas com base nas OTUs suportaram uma clara diferenciação das comunidades 

bacterianas recuperadas de esponjas e da envolvente água do mar. Análises filogenéticas 

adicionais revelaram uma natureza generalista das bactéria associadas com esponjas, com 

esponjas com relações distantes partilhando idênticas comunidades bacterianas. A 

presença de grupos únicos e distintos de bactérias Betaproteobacteria, Spirochaetes e 

Chloroflexi foram também encontrados nas espécies de esponjas de baixa abundância 

microbial O. papilla e P. penicillus. O presente trabalho evidencia o isolamento de 

simbiontes de esponjas e adicionalmente a evidência da natureza generalista das 

associações entre esponjas e bactérias. 

Apesar de várias investigações terem caracterizado as comunidades bacterianas 

associadas às esponjas intertidais, é ainda de realçar a importância de melhor descrever a 

diversidade bacteriana associada com as esponjas intertidais marinhas. A microbiologia de 

esponjas continua a documentar diversos taxa bacterianos associados com esponjas e a 

sua interacção com o hospedeiro dado o recente melhoramente das técnicas de 

sequenciação. Assim, no CAPITULO 4, técnicas de última geração de sequenciação foram 

usadas para estimar o consórcio microbiano e testar a hipótese de associação microbiana 

não aleatória com 12 espécies diferentes de esponjas marinhas intertidais simpátricas 

amostradas na Praia da Memória, Costa Atlântica de Portugal. Pirosequenciação (454) 

profunda revelou a natureza complexa da associação esponja-micróbios. A 

pirosequenciação de 16rRNA revelou 686 OTUs a 97% de similaridade de sequência. A 

composição taxonómica das leituras efectuadas revelou diversos grupos de bactérias 

(75.5%) e archaea (22%), compreendendo no total 26 diferentes grupos microbianos. 

Proteobacteria e Crenarchaeota estiveram abundantemente representadas nas amostras de 

esponjas. A comparação adicional com as leituras de Crenarchaeotal de esponjas do Mar 

Vermelho utilizando a análise de clusters do UPGMA, revelou a similaridade das bactérias 

archaea entre grupos geograficamente isolados de esponjas. A maioria dos amplificados de 

esponjas (73%) foram também obtidos na água do mar envolvente sugerindo a existência 

de bactéria associadas com esponjas fora do hospedeiro esponja. As análises não-

aleatórias utilizando os scores-C indicaram a ausência de co-ocorrência entre as esponjas, 
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sugerindo uma associação microbiana ao acaso. Este estudo explorou a diversidade e 

abundância de comunidades esponja-micróbios da pouco explorada Costa Atlântica 

intertidal e adiciona conhecimento à ecologia microbiana das esponjas. 

Apesar do progresso obtido no conhecimento do consórcio microbiano associado 

com esponjas, reduzida informação encontra-se disponível nos mecanismos envolvidos na 

relação simbiótica entre bactérias e esponjas hospedeiro. De forma a perceber a genómica 

e as capacidades funcionais de um organismo simbiótico, no CAPITULO 5, foi sequenciado 

o genoma completo do Pseudovibrio sp. POLY-S9, uma bactéria simbiótica isolada da 

espécie de esponja marinha P. penicillus. Análises genómicas revelaram um cromossoma 

excepcionalmente grande de 6.8 Mbp relativamente a outro Pseudovibrio simbiótico FO-

BEG1 e JE062 isolado de um coral e de uma esponja Mycale laxissima, respectivamente. 

Informação genómica adicional revelou a possibilidade da bactéria simbiótica se adaptar em 

resposta a várias condições na esponja e os mecanismos moleculares que poderão 

influenciar a interacção proto-eucarióta. O simbionte possui um repertório de genes que 

codificam protéinas semelhante às dos eucariótas, tais como ANKs, TPRs e FN3 domínios, 

que medeiam as interacções proteína-proteína e assim interferem nas funções celulares do 

hospedeiro. O genoma do Pseudovibrio sp. POLY-S9 também possui um número elevado 

de elementos móveis e agentes de transferência de genes (GTAs) indicando a emergência 

de estratégias hospedeiro-adaptativas numa bactéria facultativa e eventos frequentes de 

transferência horizontal de genes (HGT). O presente estudo genómico fornece informação 

para a compreensão dos mecanismos moleculares envolvidos em simbioses proto-

eucariotas. 

Considerando o facto de as primeiras associações simbióticas terem provavelmente 

ocorrido no ancestral metazoário das esponjas e na fonte energética, a mitocôndria, que 

terá tido origem a partir de uma Proteobacteria endosimbiótica, é interessante comparar as 

alterações evolutivas actuando no genoma mitocondrial das esponjas. No CAPITULO 6, o 

padrão evolutivo dos genes codificadores de proteínas mitocondriais em esponjas foi 

avaliado. A mitocôndria tem um papel importante na produção de energia celular e 

termoregulação, o que sugere influenciar a evolução do DNA mitocondrial (mtDNA). Aqui 

foram estudados 43 genomas mitocondriais de esponjas marinhas e de água doce. Vários 

eventos de selecção positiva foram detectados nos genes codificadores de proteínas nas 

mitocondrias das esponjas. As esponjas de água doce exibiram uma maior incidência de 

selecção positiva. Ao nível dos genes, vários complexos proteicos mitocondriais, ATP8, 

ND1, ND5, ND6 e CO2, estiveram sob pressão selectiva sugerindo vantagens adaptativas 

para os ambientes dulciaquícolas. Este estudo revela a primeira evidência de selecção 

positiva a actuar nos genes bioenergéticos mitocondriais dos metazoários mais basais.
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1.1 Proto-Eukaryote Symbioses 

The ancient origin of prokaryotes inhabiting diverse ecosystems on Earth and its 

adaptability into various conditions equipped them with advantageous unique features to 

successfully thrive and flourish worldwide. It is not uncommon to find a close relationship 

between the members of group prokaryotes and eukaryotes living in a wide range of aquatic 

and terrestrial environments. The establishment of an association between two unrelated 

taxa is known as symbiosis, a common phenomenon evident in diverse ecosystems. 

Heinrich Anton de Bary and Albert Bernard Frank at the end of 1870s used the term 

‘symbiosis’ to represent relationship between two different organisms, and thereafter it has 

been extensively used to depict the biological interactions at metabolic and genetic level. 

However the definition for symbiosis is still a controversy within the scientific community. 

Most ecologists use different terms to describe the symbiotic relationship based on the mode 

of association between the host and the partner. For example, the interactions between the 

organisms are further classified into mutualism, parasitism and commensalism. The 

relationships benefiting both organisms are commonly known as mutualism, while parasitism 

results in benefiting only one partner at the expense of the other. Commensalism involves 

the relationship benefiting one species without any effect on the other species. These 

varying natures of the complex proto-eukaryotic associations are not static and constantly 

evolving in response to the environmental forces as once happened in the origin and 

evolution of the eukaryotic cells. 

The most important evolutionary significance of symbioses was the origin of 

organelles. Plastids resulted from the cyanobacterial integration (Martin and Kowallik 1999) 

and the mitochondria by the acquisition of alphaproteoabcteria (Thrash et al. 2011) with the 

eukaryotic hosts. Further microbiological validation of the endosymbiotic theory by Lynn 

Margulis revolutionized the scientific concepts of the significance of microbes to the 

evolution of eukaryotes (Sagan 1967), suggesting the possible origin of the two primary 

energy harvesting organelles as a result of symbiotic relationships (Margulis 1993). Apart 

from these persistent associations, interdependent interactions within and among different 

lineages of organisms are evident in the biosphere. Association of microbial communities 

with the eukaryotes has proven beneficial for either partners or one among them by the 

secondary metabolites that are produced by the other. Thus, the essential requirements of 

the partners are compensated by a mutual partnership.  

 In recent years, technological advancements in sequencing and molecular 

phylogenetic tools enabled to catalogue the microbial communities around the globe – both 

free living/symbiotic and cultivable/uncultivable microbes found living in close relationship 

with its hosts. Two decades of molecular studies on symbiotic organism’s origin, function, 
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evolution and relationship has enhanced our understanding of significant role of symbionts in 

the evolution of their hosts. Microbial association with terrestrial organisms are widely 

focused on the insects (Moran et al. 2008) with diverse ecological and evolutionary effects. 

The marine environment is a most complex milieu known to be inhabited by a vast majority 

of microbial consortium living freely on the surface waters or in association with the marine 

plants (Weidner et al. 1996; Weidner et al. 2000) and invertebrate animals like sponges, 

mollusks, corals and sea anemones (Di Meo et al. 2000; Goffredi and Barry 2002; Hentschel 

et al. 2006; Xiao et al. 2009; Bayer et al. 2013). In this thesis I would emphasize on sponges 

and its associated microbes.  

  

1.2 Sponges 

1.2.1 An overview 
Sponges are the most primitive metazoans belonging to the phylum Porifera with 

their fossil record dating back to ca. 580 million years indicating the Precambrian origin (Li et 

al. 1998). The term ‘porifera’ implies ‘pore-bearer’ (from the Latin porus for ‘pore’ and ferre 

‘to bear’), also known as filter feeders. Filter feeding is one of the important characteristic 

features of the sponges, where these sessile animals depend on the constant pumping of 

water circulating through the tiny inhalant pores-ostia and exhalent pores-oscula to capture 

the food particles. Even though sponges are multicellular they share few characteristic 

features of metazoans, like lack of developed sensory or nervous or digestive systems. So 

they are often categorized as ‘Parazoa’ (‘beside the animals’), a group below the 

‘Eumetazoa’ or ‘true animals’. However, the genomic insight of these basal organisms 

signifies its close relation with the animals (Larroux et al. 2006; Adamska et al. 2007; 

Srivastava et al. 2010). The study of sponges has a critical impact in search for the 

fundamental concepts of origin of multicellularity (Müller et al. 2004), as they are considered 

as an ancient extant phyletic lineage. 

 

1.2.2 Sponge physiology 
Sponges have a simple body plan with least organized but specialized cells 

performing various functions. Sponge cells are arranged in a gelatinous matrix called 

mesohyl (lying in between outer pinacoderm and inner choanoderm layer), made up of 

collagen acting as a connective tissue where amoeboid cells (Figure 1), fibrils and skeletal 

elements are packed. The outermost layer of the sponge surface consists of pinacocytes, a 

dermal membrane covering the exterior and some interior surfaces. Pinacocytes help to 

regulate the surface area of the sponges by the contractile action. Choanocyte cells line the 

internal choanocyte chambers embedded in mesohyl. Choanocytes are flagellated ovoid 
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cells which are actively involved in the pumping of water through the sponge aquiferous 

system (Larsen and Riisgåd 1994). It is estimated that sponges can pump up to 24,000 l per 

kg wet weight per day (Vogel 1977). The recurrent movement of water entering ostia and its 

passage through the choanocyte chamber traps the food particles. Food particles, mainly 

bacteria and microalgae are transferred to mesohyl and are digested by archaeocytes via 

phagocytosis. The exceptional filtering ability of sponges makes them a rich source of 

diverse bacterial communities and therefore has the potential for further investigation. 

 

 
 

Figure 1. A small section of the sponge cell wall showing different cell types, pinacocytes, archaeocytes and choanocytes 

embedded in the mesohyl matrix. 

 

1.2.3 Sponge Distribution 

The sponges are the dominant invertebrate groups known to inhabit a wide range of 

geographical locations in both marine and freshwater ecosystems along different gradients 

of depth (intertidal zones to deep 8,840m) and climate (temperate and tropical). The phylum 

Porifera constitutes four different classes, Demospongiae, Hexactinellida, 

Homoscleromorpha and Calcarea (Hooper and Willenz 2002) which are classified based on 

their characteristic skeletal feature, mainly the siliceous spicules among all classes of 

sponges except Calcarea (spicules are made of calcium carbonate). The exact diversity of 
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sponges around the globe is still not clear, but a study suggests that the vast majority of 

valid sponges (83%) belong to the class Demospongiae (Van Soest et al. 2012).  

 

1.3 Microbial association with marine sponges 

1.3.1 Past and present of sponge symbioses 

 The basal invertebrate, sponges are  recognized for its ability to associate with a vast 

microbial communities. Experimental evidence has shown that symbiotic microbes are 

housed within the intercellular matrix, the mesohyl of the marine sponges (Vacelet and 

Donadey 1977; Wilkinson 1978a). According to the Precambrian acquisition hypothesis, the 

bacterial symbioses in marine sponges might have occurred with the primordial sponge 

during the Precambrian era (Wilkinson 1984) and suggesting the possibility of bacterial 

colonization in protozoans before the first metazoan origin. The description of bacteria in 

sponges dates back to 1933 when Feldmann (1933) described the presence of blue green 

algae in the Mediterranean sponge. Moreover, the pioneering work during 1970s and 1980s 

(Reiswig 1971; Reiswig 1975; Vacelet and Donadey 1977; Wilkinson 1978b; Wilkinson and 

Fay 1979) contributed to understand the sponge-microbe symbioses and laid the foundation 

for sponge microbial ecology. Before the advent of sequencing technologies, the validation 

of symbiotic association among sponges were solely based on the characteristic features of 

microbial cells comparison using the ultra-structural examinations. For instance, many 

remarkable studies revealed the association of cyanobacteria in the host sponge Ircinia 

variabilis (Sara 1971) and other Mediterranean sponges (Wilkinson 1978a) through the 

electron microscopy and derived the term ‘bacterisponges’ to describe the nature of 

microbial abundance among the sponges (Reiswig 1981). 

Microbial isolation techniques were employed during the early days of sponge-

microbial diversity analysis experiments (Wilkinson 1978c; Wilkinson 1984; Santavy and 

Colwell 1990). In spite of the exceptional microbial diversity in sponges, one of the major 

challenges is the inability to maintain the pure culture under laboratory conditions. It is 

known that less than 0.1% of the total bacterial communities are cultivable (Hugenholtz et al. 

1998; Webster and Hill 2001) due to the limitations of the current traditional isolation 

techniques, which cannot support the growth of the symbiotic microorganisms. Culture-

based methodologies resulted in the underestimation of the bacterial diversity (sponge-

associate bacterial community diversities) and hence culture-independent strategies using 

more advanced molecular tools or the combination of isolation and molecular methods are 

utilized for the better determination of the microbial diversity (Nocker et al. 2007). 

16S ribosomal RNA (16S rRNA) gene is the recognized gold standard and used as a 

molecular marker for the assessment of phylogenetic diversity of bacterial communities in 
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microbial ecology (Lane et al. 1985; Pace et al. 1986; Ward et al. 1990). Due to the caveats 

like multiple copies of 16S rRNA genes among some bacterial taxa (Stewart and Cavanaugh 

2007) and low phylogenetic resolution, other markers like ITS (internal transcribed spacer) 

region and protein coding gene beta subunit of DNA polymerase (rpoB) are also frequently 

used for the bacterial community profiling (Iteman et al. 2000; Boyer et al. 2001; Erwin and 

Thacker 2008; Vos et al. 2012). In recent years, with the advent of better molecular tools, the 

sponge microbiology has attained a new shape and unlocked the bacterial treasure residing 

within the sponge hosts (Nocker et al. 2007). For instance, sponge microbial population 

study utilized the advanced microbial ecology tools like PCR-DGGE (Polymerase Chain 

Reaction-Denaturing Gradient Gel Electrophoresis; (Webster et al. 2004; Wichels et al. 

2006; Hardoim et al. 2009; Isaacs et al. 2009; Radwan et al. 2010), RFLP (Restriction 

Fragment Length Polymorphism), 16S rRNA gene clone libraries (Hentschel et al. 2002a; 

Hill et al. 2005), fluorescent in situ hybridization (FISH) techniques (Sharp et al. 2007; Bruck 

et al. 2008; Schmitt et al. 2008) and more recently the next-generation sequencing 

techniques (Webster, Taylor, Behnam, Lücker, et al. 2010; Lee et al. 2011; Schmitt, 

Hentschel, et al. 2012; Schmitt, Tsai, et al. 2012). The main advantage of next-generation 

sequencing (NGS) technique is the massive parallel pyrosequencing of multiple samples 

using multiplex approach (using barcodes) generating hundreds of thousands of sequence 

reads (Siqueira et al. 2012) and overcomes the shortcomings in the traditional techniques. 

In recent years sponge microbial ecology has gained attention due to the 

pharmaceutical significance, paving a new fundamental perspective to marine 

pharmacology. Sponges were believed to produce secondary metabolites. However, recent 

knowledge on the significant role of symbiotic microorganisms inhabiting within the host 

sponge and the structural similarity of sponge-derived compounds with polyketide and non-

ribosomal peptides (Donadio et al. 2007; Piel 2009) from bacteria confirmed that the sponge-

associated microorganisms are the true producers of the secondary metabolites. 

Biosynthesis of large number of natural products is controlled by gene clusters, polyketide 

synthase (PKS) and non-ribosomal peptide synthetase (NRPS). Inability to isolate the 

bacterial strains which are responsible for the compound production and inaccessible 

amount of sponge biomass for the pharmacological evaluation hindered the development of 

sponge-associated microbial drugs. Combinatorial approaches including genomics, isolation 

and heterologous expression of the biosynthetic genes, PKS and NRPS from an 

environment with a broad range of bacterial communities are proposed. This approach 

involving the search of genes from a pool of environmental DNA is known as metagenomics. 

Screening for sponge-derived metagenomic libraries for diverse PKS and NRPS were 

accomplished from the sponge hosts Discodermia dissolute, Pseudoceratina clavata, 

Theonella swinhoei, Aplysina aerophoba, Halichlona simulans and many other sponges 
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(Schirmer et al. 2005; Kim and Fuerst 2006; Fieseler et al. 2007; Kennedy et al. 2008; Siegl 

and Hentschel 2010; Woodhouse et al. 2013). 

 

1.3.2 Microbial consortium – An overview 

 Marine sponges are one of the significant benthic components of the coral-reef 

ecosystems around the world providing habitat for a dense and diverse microbial consortium 

(Hentschel et al. 2006; Taylor et al. 2007). Microorganisms contribute more than 35-60% of 

the total sponge biomass, playing a crucial role for the host’s health, ecology and evolution 

(Webster and Taylor 2012); and in return sponges provide a desirable condition for the 

microbial growth and reproduction. The complex sponge microbial assemblage constitutes 

bacteria, archaea (Turque et al. 2008; Radwan et al. 2010; Webster, Taylor, Behnam, 

Lücker, et al. 2010; Schmitt, Tsai, et al. 2012; Han et al. 2012; Cardoso et al. 2013, Webster, 

Taylor, Behnam, Lücker, et al. 2010), fungi (Suryanarayanan 2012; Zhou et al. 2013) and 

microalgae (Kravtsova et al. 2013). Due to the abundance and diverse nature of microbes 

within their hosts, sponges are often known as ‘microbial fermenters’ (Hentschel et al. 2006). 

The sponges with complex association of dense and diverse microbes are classified as 

‘bacteriosponges’ or ‘high-microbial-abundance’ (HMA) sponges, while the sponges which 

lack dense microbial communities living in the same habitat are known as ‘low-microbial-

abundance’ (LMA) sponges (Reiswig 1981; Hentschel et al. 2003a). 

 The search for sponge-associated microbes achieved much momentum due to the 

tremendous advancement in molecular biology techniques mainly high-throughput 

sequencing. Diversity assessment of sponge-associated microbial communities using 

traditional and tag pyrosequencing techniques resulted in identifying 32 different bacterial 

phyla (Schmitt, Tsai, et al. 2012) including heterotrophic, photosynthetic, archaea bacteria 

and several candidate phyla. The candidate division represents those which lack cultivable 

bacterial representatives and are identified only with 16S rRNA sequences (Hugenholtz et al. 

1998). 16S rRNA representative sequences derived from the sponge-associated bacterial 

communities belonged to major bacterial lineages like Actinobacteria, Acidobacteria, 

Aquificae, Bacteroidetes, Chloroflexi, Chlamydiae, Chlorobi, Chrysiogenetes, Cyanobacteria, 

Deferribacteres, Deinococcus-Thermus, Dictyoglomi, Firmicutes, Fusobacteria, 

Gemmatimonadeted, Lentisphaerae, Nitrospira, Planctomycetes, Proteobacteria, 

Spirochaetes, Tenericutes, Thermodesulfobacteria, Verrucomicrobia (Lee et al. 2011; 

Schmitt, Tsai, et al. 2012; Webster and Taylor 2012), Crenarchaeota, Euryarchaeota (Lee et 

al. 2011; Han et al. 2012) and the candidate phyla Poribacteria (Fieseler et al. 2004), CAB-I, 

OD1, OP3, OP10, OS-K, SBR1093, SAUL, TM6, TM7 (Lee et al. 2011; Schmitt, Tsai, et al. 

2012).  
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The assessment of microbial diversity has been conducted among shallow waters of 

the temperate, tropical and Mediterranean systems, but there are a very few studies from 

cold water (Arctic and Antarctic sponges). Recently sponge-microbe association from 

mesophotic (30-200 m) and deep (>200 m) zones has been a greater interest of research 

(Karner et al. 2001; Meyer and Kuever 2008; Brück et al. 2010; Nishijima et al. 2010; Olson 

and Kellogg 2010). The diversity and abundance of microbes living in sponges are highly 

variable. The inconsistency of bacterial diversity might be associated with the habitat, where 

there are greater chances of being influenced by external environmental factors like climate, 

pH and temperature.  

 

1.4 Role of sponge symbionts 
1.4.1 Photosynthetic symbionts 
 The marine sponges are known to harbour diverse microbial communities with 

functionally critical significance. Sponge symbioses research has principally been motivated 

by the discovery of pharmacologically important bioactive compounds (Hentschel et al. 2006; 

Taylor et al. 2007) and keen interest to elucidate the mechanisms involved in the symbiotic 

relationship and its consistency with the host over time and space. Phototrophic sponges are 

a part of coral-reef ecosystem in tropical and temperate waters (Diaz and Rützler 2001) 

harboring photosynthetic organisms, cyanobacteria, eukaryotic rhodophytes, diatoms, 

dinoflagellates and chlorophytes (Taylor et al. 2007). Till date, more than 100 sponge 

species were reported to host cyanobacterial symbionts, distributed across the class 

Demospongiae and Calcarea (Thacker and Freeman 2012).  

 Cyanobacterial association plays an important role as a driving force in the evolution 

of their host involving photosynthesis, nitrogen fixation, UV protection and defensive toxins 

(Usher et al. 2007). Sponges with cyanobacterial symbionts are known as ‘cyanosponges’ 

and associated cyanobacteria as ‘cyanobionts’. Electron microscopic tools revealed the 

symbiotic association of cyanobacteria (Sara 1971; Vacelet and Donadey 1977; Wilkinson 

1978a) and many of the sponge-associated cyanobacteria are known, belonging to the 

genera Synechocystis (A. Larkum et al. 1988), Aphanocapsa (Feldmann 1933), Oscillatoria, 

Anabaena (Larkum 1999), Cyanobacterium (Webb and Maas 2002) and Synechococcus 

(Hentschel et al. 2002a; Christian P Ridley et al. 2005). Two groups of cyanobacteria are 

reported to be exclusive for sponges which are currently classified as Candidatus 

Synechococcus spongiarum and Oscillatoria spongeliae (Steindler et al. 2005; Diaz et al. 

2007; Erwin and Thacker 2007). In several studies ultra-structural features of thylakoids are 

used to distinguish the cyanobacterial species within the sponges (Usher et al. 2006) along 

with the molecular characterization. Many other studies for the sponge-associated 
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cyanobacterial determination employed various microscopy techniques like scanning 

electron microscopy (SEM), fluorescence microscopy, chemical analysis for the presence of 

chlorophyll-a (Erwin and Thacker 2007; Usher 2008) and pulse amplitude-modulated (PAM) 

flurometry (Steindler et al. 2002). 

To date, there is little direct evidence to confirm the essential role and contribution of 

the symbiotic microbes to sponge hosts. It is believed that association of the sponges with 

organisms capable of photosynthesis may provide the hosts with photosynthates, essentially 

glucose (carbon fixation) (Wilkinson 1980). Moreover, symbiotic cyanobacteria appear to be 

able to fix atmospheric nitrogen (Wilkinson and Fay 1979). Altogether these results suggest 

a possible mechanism of nutrient transfer (glucose and small organic phosphates) to the 

sponge hosts. An investigation for metabolic relationship between cyanobacteria and sponge 

host Chondrilla nucula and Petrosia ficiformis confirmed the significant role of sponge-

cyanobacteria associations (Arillo et al. 1993). Inhibition of photosynthesis by shading 

experiment further validated the impact of the symbiotic filamentous cyanobacteria 

Synechococcus spongiarum upon marine sponge Lamellodysidea chlorea by reducing the 

symbiotic benefits leading to decreased performance by the host (Thacker 2005). However, 

it is still not clear, how the substances extruded by the symbiotic cyanobacteria in the cortical 

region are distributed evenly to the other parts. It is suggested that a simple diffusion either 

through mesohyl or capillaries of inhalant canal system might help in this process (Arillo et 

al. 1993). It is also suggested that photosynthetic bacteria are not the sole source of energy 

for sponges. For instance, the sponge C. australiensis inhabiting both irradiated and dark 

regions (Usher et al. 2001) depend on photosynthetic and non-photosynthetic bacteria for 

their survival and reproduction. These sponges are not strictly phototrophic but may be 

classified as mixotrophic (Usher 2008). 

The frequency and biogeography of marine sponges harboring the photosynthetic 

organisms has been widely investigated. Many studies examined the consistency of 

photosynthetic symbionts among the same sponge or distant host from the same geographic 

location or from different locations. It has been stated that the photosynthetic symbionts tend 

to host invertebrates living in nutrient-poor waters of tropical region than temperate 

(Cheshire and Wilkinson 1991; Steinman D.A. et al. 1996), but has been not established 

quantitatively. A study comparing the relative abundance of sponges harboring 

photosynthetic symbionts revealed that 40% of the Great Barrier Reef (western Pacific) 

sponges are phototrophic and Caribbean Sea (western Atlantic) sponges were nearly non-

phototrophic (C.R. Wilkinson 1987). Intertidal and subtidal sponges from West Indian Ocean 

were reported to host relatively more photosynthetic symbiotic organisms (Steindler et al. 

2002), suggesting higher frequency of photosymbionts in other regions too. High abundance 

of the photosynthetic organisms among sponges inhabiting the intertidal and subtidal zones 
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might be due to the frequent exposure of sponges during low tide. Hence, intertidal marine 

sponges depend on autotrophic bacteria to meet the energy requirements and UV protection 

when sponges are not submerged (Steindler et al. 2002). 

 

1.4.2 Non-photosynthetic symbionts 

 Experimental evidences for the role of sponge-associated heterotrophic bacterial 

communities are less relatively to the cyanobacterial counterparts. The role of heterotrophic 

bacteria in nitrogen fixation was first assumed when nitrogenase activity was detected in two 

sponges (Siphonochalina tabernacula, T. swinhoei) harboring cyanobacteria and one 

sponge (Inodes erecta) devoid of cyanobacteria, suggesting the possibility of synergetic 

nitrogen fixation mechanisms (Wilkinson and Fay 1979). Nitrogen cycles in sponges have 

gained much attention due to the widespread presence of symbiotic microbes other than 

cyanobacteria. Sponge-microbes are also involved in the oxidation of ammonia into nitrite. 

Two groups of microbes, ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea 

(AOA) are responsible for the nitrification process of nitrogen cycle. Ammonia 

monooxygenase (amo) gene is an important enzyme for oxidizing ammonia to 

hydroxylamine and are used as a functional marker to detect AOA and AOB (Sinigalliano et 

al. 1995; Hooper et al. 1997). Distribution of AOA an AOB have been previously reported in 

several sponges (Preston et al. 1996; Bayer et al. 2008; Steger et al. 2008; López-Legentil 

et al. 2010; Mohamed et al. 2010; Han et al. 2012; Yang and Li 2012) emphasizing the role 

of sponges in global biogeochemical cycle.  

Moreover, the stable isotope experiments and molecular analysis using nitrite 

reductase (enzyme involved in denitrification) genes (nir) revealed the denitrification process 

in the marine sponges Geodia barreti (Hoffmann et al. 2009), Dysidea avara and Chondrosia 

reniformis (Schläppy et al. 2010). Various Betaproteobacteria and Gammaproteobacteria 

were also responsible for the denitrification process in sponges. Genome analysis of sponge 

symbiont Poribacteria supported the presence of nitrite reductase and nitrix oxide reductase, 

the key enzymes involved in denitrification (Siegl et al. 2011). Apart from anaerobic 

ammonia oxidation (Anamox) many studies suggested the possibility of anaerobic sulfate-

metabolism within the sponges, like FISH detection of green sulfer bacteria in Rhopaloeides 

odorabile (Webster and Hill 2001), Chondrosia reniformis, Petrosia ficiformis (Manz et al. 

2000) and Geodia barretti (Hoffmann et al. 2005a; Hoffmann et al. 2006). However, the 

specific role of symbiotic organisms associated with the sponges is limited and the whole 

genome sequencing could provide better insight into the metabolic significance of the 

microbial symbionts and host-partner relationships.  
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1.5 Sponge bacterial specificity and transmission 

1.5.1 Host specificity of sponge-microbes and co-evolution 
 Sponges are known to harbour diverse and complex microbial communities. A few 

taxonomically distant sponges even host similar bacteria over non-overlapping geography 

indicating the possibility of uniform bacterial communities. The hypothesis of uniform 

microbial community was initially suggested when bacterial culture from different sponges 

derived similar microbes but were absent in seawater (Wilkinson 1978c). The presence of 

‘sponge-specific’ and phylogenetically diverse microbial communities were reported from the 

sponges A. aerophoba and T. swinhoei collected from different Oceans and further 

confirmed the uniform microbial hypothesis (Hentschel et al. 2002a). The study defined 

‘sponge-specific’ clusters (monophyletic clusters) as the clustering together of sponge-

associated bacterial 16S rRNA sequences derived from the sponge species sampled from 

different locations. Later on, many studies have reported the similar trend of sponge-

specificity (Montalvo et al. 2005; Lafi et al. 2009; Webster, Taylor, Behnam, Lücker, et al. 

2010; Lee et al. 2011; Montalvo and Hill 2011; Schmitt, Tsai, et al. 2012) involving distant or 

related sponge taxa from different locations. The maintenance of the ‘sponge-specific’ 

microbes are hypothesized to have occurred during the early metazoan origin and are 

considered to maintain through the vertical transmission (Wilkinson 1984). 

 Sponge-associated microbes are lately described as ‘sponge-species-specific’ (host-

specificity) where unique bacterial lineages tend to associate with the sponge species 

studied. For example, species-specific nature of bacterial communities was observed in the 

sponge Hymeniacidon heliophila sampled from the Northern Gulf of Mexico (Erwin et al. 

2011) and Oscarella species from the Mediterranean Sea (Gloeckner et al. 2013). They 

classified these sponge-symbionts as ‘specialist’ and the bacterial communities which are 

universal or shared with seawater bacteria are known as ‘generalist’. Another clone library 

analysis on three Mediterranean species of Ircinia, argued the predominance of generalist 

nature of microbial communities, where sponge-associated microbes were more frequently 

detected among geographically separated and phylogenetically distant hosts (Erwin et al. 

2012). This patchy distribution of specialist and generalist bacterial symbionts among 

sponges could be structured by the environmental factors or the symbiotic transmission 

pattern.  

However, microbial community analysis using NGS technology revealed the 

presence of previously reported sponge-specific sequence cluster (SSSC) in seawater 

samples (Webster, Taylor, Behnam, Lücker, et al. 2010; Taylor et al. 2013), questioning the 

true nature of association among the sponges. The candidate phylum Poribacteria were 

considered to be restricted to sponge hosts (Fieseler et al. 2004), nevertheless their 
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detection in the water column suggested their occurrence in non-sponge habitats (Pham et 

al. 2008; Webster, Taylor, Behnam, Lücker, et al. 2010; Pham et al. 2008; Webster, Taylor, 

Behnam, Lucker, et al. 2010). A comprehensive study by Taylor et al. (2013) screening >12 

million 16SrRNA gene sequences derived from seawater, sediment, hydrothermal vent and 

coral samples from different regions detected 77 of 173 previously described sponge-

specific clusters in seawater or non-sponge samples in low abundance. The authors noted 

that the detection of organism’s DNA in a sample does not necessarily mean that the 

organism is active in situ. The detection of ‘sponge-specific’ bacterial communities in other 

than the sponge samples could suggest the survival of metabolically inactive microbes, 

further supporting the role of these microbes as ‘seed bank’ for the colonization of the 

sponges (Webster, Taylor, Behnam, Lucker, et al. 2010). To circumvent the problem, 

microbial community analysis based on RNA would help to gain insight into the microbial 

composition and activity (Kamke et al. 2010). 

The specificity of host-microbe associations is often investigated by comparing the 

phylogenies of the host and the symbionts. The first comparative phylogenetic analysis for 

the host sponge and symbionts was evaluated among the sponge species of the order 

Halichondrida using the mitochondrial protein coding gene cytochrome oxidase I (COI) of the 

host and 16S rRNA genes as phylogenetic markers (Erpenbeck et al. 2002). The study 

showed congruence of host phylogenetic tree with the reconstructed gene tree of symbionts 

indicating the evidence for co-speciation (co-evolution) of the bacteria with its host.  

 

1.5.2 Transmission of sponge-microbes 

The microbes tend to live in close relationship with sponges and the stability of 

associated microbial communities is important for the sponge’s survival by transferring 

symbionts to subsequent generations (Usher et al., 2001; Ereskovsky et al., 2005; Oren et 

al., 2005; Enticknap et al., 2006; de Caralt et al., 2007; Maldonado, 2007; Sharp et al., 2007; 

Steger et al., 2008; Lee et al., 2009; Webster, Taylor, Behnam, Lucker, et al., 2010; 

Gloeckner et al., 2013). The mode of symbiont transmission among the sponges has been 

widely studied and three models of symbiont transfer were proposed – vertical transmission, 

horizontal transmission and leaky vertical transmission. Vertical transmission involves the 

transfer of symbionts through the gametes or larvae. There are plenty of microscopic and 

FISH evidence supporting the transfer of symbionts (transmission of S. spongiarum, O. 

spongeliae and many other bacterial phylotypes) through the reproductive stages of the host 

(Usher et al. 2001; Ereskovsky et al. 2005; Maldonado et al. 2005; Oren et al. 2005; 

Enticknap et al. 2006; de Caralt et al. 2007; Maldonado 2007; Sharp et al. 2007; Lee et al. 

2009; Webster, Taylor, Behnam, Lucker, et al. 2010; Gloeckner et al. 2013). Up to 33 distinct 

microbes including both bacterial and archaeal phyla are known to be vertically transmitted 
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(Hentschel et al. 2002a; Taylor et al. 2007; Schmitt et al. 2008; Webster, Taylor, Behnam, 

Lucker, et al. 2010). 

The alternate mechanism involving the uptake of bacterial symbionts from the 

environment is known as horizontal transmission or environmental transmission. There are 

indirect evidences showing the procurement of the symbiotic organisms from the 

surrounding seawater by the sponges. A study concluded that the environmental transfer of 

bacterial communities must take place through the juvenile sponge Petrosia ficiformis 

because of the lack of any bacterial cells in their gametes (Maldonado and Riesgo, 2009). 

The presence of environmentally acquired cyanobacterial cells in the mesohyl of the sponge 

A. aerophoba and C. australiensis have been also reported (Usher 2008; Maldonado 2009). 

A recent 454 tag pyrosequencing (Webster, Taylor, Behnam, Lucker, et al. 2010; Taylor et 

al. 2013) suggested the presence of sponge symbionts in the seawater indicating the strong 

evidence for the role of horizontal transmission of the microbes. This mode of transmission 

might disrupt the co-evolutionary pattern between the symbiotic microbes and the sponge 

hosts (Schmitt et al. 2008). The existence of both vertical and horizontal transmission of 

bacterial symbionts in sponges resulted in a third and a recent model proposed (leaky 

vertical transmission), a mixed model of both vertical and horizontal transmission (Schmitt et 

al. 2008; Schmitt, Hentschel, et al. 2012).  

 

1.6 Genomic insight from the sponge symbionts 

 A wide range of studies postulated that the sponge-symbiont interaction have been 

suggested to range from mutualism to commensalism and parasitism, but little is known 

about either the exact mechanism involved in association or the functional role of bacterial 

groups in sponges (Webster and Blackall 2008). The cultivation of sponge-associated 

microbes could shed light to some extend about the nature of interaction between the 

sponges and the microbes, and other benefits like screening for the secondary metabolites 

and potential bioactive compounds. But there are limitations in culturing the symbiotic 

bacteria, and in most cases the representative members are not available for further studies. 

A limited number of sponge-associated symbiont genome sequences are available till date. 

Genome, transcriptome and metagenome analysis has revealed unprecedented insights into 

the sponge symbiotic functions. For instance, the genome analysis of Cenarchaeum 

symbiosum enriched from Axinella mexicana (Steven J Hallam et al. 2006), metagenome 

from a shallow water Australian sponge Cymbastela concentrica (T. Thomas et al. 2010), 

whole genome amplification of microbial communities from A. aerophoba (Siegl and 

Hentschel 2010), delta-proteobacterium from C. concentrica (Liu et al. 2011), single-cell 

genomics of Poribacteria from marine sponge (Siegl et al. 2011), microbiome analysis (Fan 
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et al. 2012), metatranscriptomic analysis of marine sponge G. barretti (Radax et al. 2012), 

metaproteogenomic analysis of the microbial communities from C. concentrica (Liu et al. 

2012) and Pseudovibrio strain isolated from sponge (Bondarev et al. 2013) revealed novel 

genomic signatures and functions of the symbiotic bacteria.  

 The detailed genome analysis of Poribacteria and Chloroflexi revealed the sponge-

specific polyketide synthase (PKS) and a non-ribosomal peptide synthetase (NRPS). 

Several other unique characters like the carbon fixation via the Wood-Ljungdahl pathway 

and presence of carbon monoxide dehydrogenase were detected in Poribacteria (Siegl et al. 

2011). In addition, the genomic factors that may involve in sponge-microbe symbioses, 

including adhesins, adhesion-related proteins, tetratrico peptide repeat domain-encoding 

proteins (TPR), ankyrin repeat proteins (ARP) were also detected. The metagenome of the 

sponge C. concentric detected the presence of TPR and ARP signal peptides for 

extracellular secretion in the gram-negative bacteria (Liu et al. 2012) suggesting the possible 

mechanism involved in mediating the interaction of symbiotic bacteria with the eukaryotic 

hosts (T. Thomas et al. 2010). The genome of the Deltaproteobactria contained genes 

coding for the motility protein R and type IV pili responsible for the cell attachment and 

infection. A recent genome analysis followed by the experimental verification of several 

physiological traits of the genus Pseudovibrio, symbiotic bacterial strains isolated from a 

coral and sponge revealed the metabolic versatility and the mechanisms involved in 

establishing and maintaining the symbiosis (Bondarev et al. 2013). 

 

1.7 Sponge mitochondrial diversity and adaptation  

1.7.1 Sponge mitochondrial DNA diversity 

 Understanding the genetic diversity of a species within and among a population is 

critical for revealing the distribution pattern and the influence of long-term environmental 

changes on the species. Genetic markers, either mitochondrial or nuclear markers are 

widely used to study the pattern of gene flow, selection, genetic diversity and spatial 

distribution of lineages (Avise 2000). Phylogeography and population genetic studies 

involving marine sponges are limited to Indo-Pacific calcareous sponges (Wörheide et al. 

2002), Crambe crambe from Mediterranean and Atlantic Ocean (S Duran et al. 2004), Indo-

Pacific Astrosclera willeyana (Wörheide 2006), Pericharax heteroraphis from Great Barrier 

Reef (Bentlage and Wörheide 2007), Indo-Pacific populations of Leucetta chagosensis 

(Wörheide et al. 2008), Scopalina lophyropoda (Blanquer et al. 2009), Florida reef sponge 

Callyspongia vaginalis (DeBiasse et al. 2010) and Phorbus fictitius (Joana R Xavier et al. 

2010).  
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One of the main reasons for limited phylogeography and population genetic studies 

in porifera is the lack of polymorphic markers. For many marine invertebrates, population 

genetic studies depend on mitochondrial genes which have proved to be an excellent 

molecular marker. However, sponge mitochondrial DNA shows lower evolutionary rate and 

hence lacked the resolution (S. Duran et al. 2004). Most studies used mitochondrial protein 

coding genes, cytochrome oxidase I (COI) at higher taxonomic level (Erpenbeck et al. 2002; 

Addis and eterson P 2005; Itskovich et al. 2006; Erpenbeck et al. 2007) and among a very 

few intraspecific sponges (Wörheide 2006; DeBiasse et al. 2010; Joana R Xavier et al. 

2010). Nuclear genes like ITS (internal transcribed spacer), elongation factor-1 alpha and 

other mitochondrial gene NADH dehydrogenase subunit 5 (ND5) has proven to be efficient 

markers for population studies (Wörheide et al. 2002; S. Duran et al. 2004; Erpenbeck et al. 

2005; Hoshino et al. 2008). Due to the limitations of genetic markers sponge taxonomy and 

the sponge population genetic studies are still at its infancy.  

 

1.7.2 Adaptation of sponge mitochondrial genome to marine and freshwater habitats 

The mitochondria are the main source of energy production, playing an important role 

in the metazoan cellular development (Akiyama and Okada 1992) and any alteration in the 

mitochondrial function results in cellular dysfunctions. The most important biochemical 

processes, oxidative phosphorylation (OXPHOS) involved in ATP synthesis are located in 

the mitochondria and the genes responsible for the energy production are coded by the 

mitochondrial DNA (mtDNA). In most animals, OXPHOS protein complexes comprising 90 

subunits are coded by the nuclear genome and 13 subunits by the mitochondrial genome: 7 

subunits of complex I (ND1-6, ND4L), 1 subunit of complex III (cytochrome b), 3 subunits of 

complex IV (cytochrome c oxidase (COX1-3)) and 2 subunits of complex V (ATP6 and 8). 

Considering the importance of mitochondrial bioenergetics and the susceptibility of mtDNA 

to accumulate more variations, the mitochondrial OXPHOS system became a target of 

evolutionary processes. Since more than 90% of the mitochondrial genome are protein 

coding, the mutations accumulating during the course of evolution are more likely to result in 

functional consequences (Ruiz-Pesini et al. 2004; Ruiz-Pesini and Wallace 2006).  

There are evidences supporting the evolutionary processes acting on the 

mitochondrial genomes to meet the energy requirements of the animals adapted to specific 

habitats. For example, a study of protein coding genes in placental mammals found 

evidence for the adaptive evolution of mtDNA in species with specialized metabolic needs 

(Fonseca et al. 2008). The metabolic requirements of animals mostly vary based on the 

ecological niches like climate and habitats. The energy demands (including heat) are mostly 

compensated by mitochondria through OXPHOS pathway. Heat and energy production is 

more advantageous for the species inhabiting the cold environments, namely flying birds 
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(Ruiz-Pesini et al. 2004; Portner 2004) and animals living at high altitude (Yu et al. 2011). 

Several mtDNA analyses revealed the signature of adaptive evolution in the protein coding 

genes like cytochrome c oxidase genes, NADH dehydrogenase genes, cytochrome b genes 

and ATP synthase genes. 

However, there are limited studies providing evidence for mitochondrial adaptive 

evolution among invertebrate aquatic organisms. Mitochondrial genes has been widely used 

as a molecular marker to assess population structure in marine species which can have a 

wide distribution range and strong selective pressure towards high aerobic capacity 

(Bradbury et al. 2010) particularly among marine fishes. In fishes with high performance, 

COX2 has been detected to be under selection (Dalziel et al. 2006). It is known that volume 

of salt waters of the world is larger than the fresh waters, and yet the later support rich 

fauna. Nevertheless, this small fraction of fresh water has been colonized by invertebrates. 

Marine-fresh water transition has been strongly driven by the ecological and physiological 

factors that have initiated the radiation and speciation of many taxa (Lee and Bell 1999). 

Compared to the ancestral marine forms, organisms living in monotonous environment like 

the freshwater fauna experiences fluctuation in physical factors. One of the characteristic 

features of freshwater fauna is the ability to penetrate the osmotic barrier with efficient 

osmoregulation as evident in many crustaceans (Belli et al. 2009).  

Sponges are known to inhabit mainly to marine environments but a few species can 

be found in freshwater habitats (Hooper and Soest 2002). The fresh water sponge, 

Lubomirskia baicalensis in the Lake Baikal experiences extreme cold (0oC) during winter and 

in open water (17oC) during summer (Kozhova et al. 1998) and other fresh water cave 

sponge species Eunapius subterraneus thrive in unique environment characterized by 

constant conditions, for instance physical properties like temperature and humidity. 

Investigating the mitochondrial genome evolution is important due to the fact that the 

sponges, the most basal metazoan group exhibit an intermediate mitochondrial genome size 

between the choanoflagellates (76 Kbp) and the bilaterian mitochondrial genomes (14-18 

Kbp).  

 

1.8 Thesis outline 

 The theme of this research is to assess the diversity of microbial communities 

associated with the marine invertebrate, sponges (Porifera) from the intertidal region of the 

Atlantic coast of Portugal. This involves the search for both photosynthetic and non-

photosynthetic sponge-associated microbes using electron microscopy, culturing, clone 

library and next-generation sequencing (454 pyrosequencing) techniques. In addition, I 

performed the whole genome sequencing of a symbiotic bacterium from a marine sponge to 



24 
 

understand the mechanisms involved in the adaptation to the symbiotic lifestyle. Finally, I 

determined the adaptive evolution signatures among the mitochondrial genome of marine 

versus freshwater sponges. The outcome of the current research is an addition to the 

sponge microbial ecology and provides further evidence for the evolutionary processes that 

shaped the genome of the host-adapted symbiotic bacteria and the sponge mitochondrial 

genome for the energy requirements. 

 In CHAPTER 2, I studied the diversity of photosynthetic bacteria from the most 

common intertidal sponge species Hymeniacidon perlevis sampled from nine locations along 

the Atlantic coast of Portugal using the molecular techniques and electron microscopy. 

Geophylogeny and co-evolution of sponge-associated cyanobacteria were evaluated to 

understand the spatial distribution of the cyanobacteria and the co-speciation events 

between the sponge host and the cyanobacteria. Furthermore, genetic analyses of the 

sponge species were performed using molecular markers to determine the population 

genetic variability. 

 CHAPTER 3 involves the estimation of sponge-associated bacterial communities 

using the classical culture-dependent and culture-independent methods. It involves the 

isolation of sponge-associated bacteria and the 16S rRNA clone library preparation from the 

sponge metagenome for the microbial structure assessment and its comparison with the 

surrounding seawater bacterioplankton. In this study, I further evaluated the phylogenetic 

relationship of the sponge derived microbes to investigate the generalist and specialist 

association among the three co-occurring intertidal marine sponges.  

 CHAPTER 4 is an extended and comprehensive analysis of the bacterial 

communities using 454 pyrosequencing technique from 12 different sponge species sampled 

from the intertidal zone. The study estimates the bacterial community diversity and provides 

additional data to the sponge microbial ecology. I measured the non-random association of 

microbial communities among the host sponges and further insight into the widespread 

presence of sponge-associated bacteria in the ambient seawater. 

 In CHAPTER 5, I performed the whole genome sequencing (Illumnia-HiSeq) of a 

bacterial symbiont Pseudovibrio sp. POLY-S9 isolated from the intertidal marine sponge 

species Ophlitaspongia papilla (from chapter 3). Here I performed the comparative genomics 

of the genus Pseudovibrio strains FO-BEG1 and JE062 isolated from the coral and sponge. 

The genomic insight of symbiotic bacteria is essential to understand the underlying 

processes involved in the host-symbiont interaction and the mechanisms involved in the 

bacterial host-adaptation.  

 In CHAPTER 6, the evolutionary patterns of the most basal metazoan mitochondrial 

genome were investigated. The protein coding genes of the mitochondrial genome from the 

sponges inhabiting both marine and freshwaters were screened for any selective pressure 
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involved in the habitat specific adaptation. Inferring the signatures of selection among the 

protein coding genes responsible for the cellular bioenergetics may provide further insight 

into the evolutionary pressure acting on this extant group of animals. 
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2.1 Abstract 
Cyanobacteria represent one of the most common members of the sponge-

associated bacterial community and are abundant symbionts of coral reef ecosystems. In 

this study we used Transmission Electron Microscopy (TEM) and molecular techniques (16S 

rRNA gene marker) to characterize the spatial distribution of cyanobionts in the widely 

dispersed marine intertidal sponge Hymeniacidon perlevis along the coast of Portugal 

(Atlantic Ocean). We described new sponge associated cyanobacterial morphotypes 

(Xenococcus - like) and we further observed Acaryochloris sp. as a sponge symbiont, 

previously only reported in association with ascidians. Besides these two unique 

cyanobacteria, H. perlevis predominantly harbored Synechococcus sp. and uncultured 

marine cyanobacteria. Our study supports the hypothesis that the community of sponge 

cyanobionts varies irrespective of the geographical location and is likely influenced by 

seasonal fluctuations. The observed multiple cyanobacterial association among sponges of 

the same host species over a large distance may be attributed to horizontal transfer of 

symbionts. This may explain the absence of a co-evolutionary pattern between the sponge 

host and its symbionts. Finally, in spite of the short geographic sampling distance covered, 

we observed an unexpected high intra-specific genetic diversity in H. perlevis using the 

mitochondrial genes ATP6 (π = 0.00177), COI (π = 0.00241) and intergenic spacer SP1 (π = 

0.00277) relative to the levels of genetic variation of marine sponges elsewhere. Our study 

suggests that genotypic variation among the sponge host H. perlevis and the associated 

symbiotic cyanobacteria diversity may be larger than previously recognized. 
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2.2 Introduction 
The symbiotic association of prokaryotes and eukaryotes, which involves a 

partnership between the host and partner, has been well documented in several lineages of 

plants and animals (DeLuca et al. 2002; Read et al. 2000; Heckman et al. 2001) from 

diverse ecosystems (Lesser et al. 2004). Symbiont-host partnership is common among 

marine multicellular sessile organisms such as sponges (Lee et al. 2001), cnidarians (Ganot 

et al. 2011), and ascidians (Yokobori et al. 2006), because of their limited ability to procure 

essential nutrients directly and the relative difficulty and the cost to the symbiont to colonize 

moving partners.  

Sponges (phylum Porifera), the most ancient multicellular filter feeder animals, host a 

wide range of symbiotic microorganisms that have been largely represented by both 

heterotrophic and photosynthetic bacteria (Wilkinson 1978b) since the Precambrian age 

(Wilkinson 1984). The body plan of this basal metazoan, with a large surface area to volume 

and the ability to filter feed, provided numerous possibilities for diverse microorganisms to 

evade the sponge immune system and be housed in the sponge host (C.. Wilkinson 1987). 

Nevertheless, the cellular localization of symbiotic microbes depends on the type of 

symbionts and the niche-specific habitat of the host partner. These symbiotic associations 

could influence the potential growth of the sponge host (directly or indirectly) and interfere 

with morphological plasticity and behavior of the host (Sarà et al. 1998) . 

Although the nature of symbiosis is not well understood, previous evidence suggests 

that photobionts have been a significant driving force in the evolution of their hosts (O’Brien 

et al. 2005). Cyanobacteria, the photosynthetic symbionts are common among temperate 

and tropical coral reef sponges (Usher 2008) apart from Zooxanthellae and filamentous 

algae (Carballo and vila 2004). Symbiotic cyanobacteria provide a range of specialized 

services for the host’s survival and growth, including photosynthesis, nitrogen fixation 

(Wilkinson and Fay 1979), UV protection (Shick and Dunlap 2002; Proteau et al. 1993), and 

antifeedants (Cox et al. 2005). Cyanobionts contribute up to 80% of sponge’s carbon budget 

(Cheshire et al. 1997) through photosynthesis or phagocytosis and digestion of symbiotic 

microbes (Maldonado and Young 1998). 

Coral reef sponges have been reported to be colonized by cyanobacterial symbionts 

belonging to the genera Synechocystis (A.W.D. Larkum et al. 1988), Aphanocapsa 

(Feldmann 1933; Usher et al. 2004), and Anabena (Larkum 1999) and the species 

Ocillatoria spongeliae (Berthold et al. 1982; Christian P. Ridley et al. 2005; Thacker and 

Starnes 2003). The most common sponge cyanobiont, Candidatus Synechococcus 

spongiarum, has a generalist to specialist association-pattern across distantly related host 

species despite their geographical isolation by distance (Erwin and Thacker 2008), which 
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has been hypothesized to be the result of selective enrichment by the host (Hentschel et al. 

2002a). Cyanobacterial symbionts may be acquired either vertically, from parent to offspring 

(through larvae) or horizontally, from the surrounding environment. Larval transmission of 

symbionts is believed to give immediate access of nutrients for the host (Usher et al. 2007). 

Horizontal transmission occurs when the host acquires novel symbionts that are adapted to 

local conditions (Schwarz et al. 1999). 

Apart from symbiotic variation, understanding the population genetic structure of the 

host is a significant aspect of sponge-symbiont evolution. The genetic structure of marine 

organisms has been inferred using the maternally-inherited mitochondrial gene cytochrome 

oxidase I (COI) (Avise et al. 1987), for example in the sponges Callyspongia vaginalis 

(DeBiasse et al. 2010) and Cliona celata (J R Xavier et al. 2010). The COI marker has been 

also used to assess the phylogenetic relationships among other sponge orders (Redmond et 

al. 2011). 

Here, we studied Hymeniacidon perlevis (Montagu, 1818), an intertidal sponge in the 

Halichondriidae family that is exposed to sun during low tide and which has a greater 

likelihood of harboring cyanobacteria compared with shallow reef sponges. Hymeniacidon 

perlevis are found from the Atlantic coast of Europe to the Mediterranean and Canary Island 

in habitats ranging from rocky intertidal to shallow subtidal (Cabioch 1968). The species has 

also been found recently in the Yellow Sea, China (Zhang et al. 2006; Xin et al. 2008; Jin et 

al. 2006). Live specimens of H. perlevis have distinct color patterns ranging from orange to 

blood-red (Ackers et al. 1992) depending on different geographical location (Figure 1). 

 

 
 

Figure 1. Image of Hymeniacidon perlevis collected from two different intertidal rocky shores (Praia da Memória, Praia 
de Porto Côvo) in Portugal. (A) Encrusting orange-yellow sponge, surface covered with irregularly shaped long/short papillae 

ranging from 1-3 cm and oscular chimneys. (B) Deep blood-red color with slimy appearance in the natural habitat. 

The aim of this study was to compare the spatial distribution of cyanobacterial 

symbionts among the host sponge H. perlevis at different geographical intertidal locations 

along the Atlantic coast of Portugal. Host associated cyanobacteria were determined based 
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on a combined strategy that included Transmission Electron Microscopy (TEM) and 

molecular genetics species identification using the 16S rRNA gene (400-920 bp). We 

identified two previously undescribed associated cyanobacteria in H. perlevis from different 

sampling locations (Xenococcus-like morphotypes and Acaryochloris sp.). Other common 

sponge associated cyanobacteria, including Synechococcus sp. and uncultured marine 

cyanobacteria, were also found in the sponge host. Finally, the genetic assessment of H. 

perlevis using the COI, the ATP synthase subunit 6 (ATP6) and the intergenic spacer region 

(SP1) revealed considerable intra-specific genetic variation within a short geographical 

distance (~500 Km), in contrast with previous sponges genetic studies that described low 

genetic variability at larger geographic scales. 

 

2.3 Results 
Cyanobionts in Hymeniacidon perlevis: transmission electron microscopy and 
phylogenetic analyses 

 Sampling along the Atlantic coast of Portugal identified multiple cyanobionts within 

the sponge host H. perlevis, consisting primarily of 47 % Synechococcus, 42% uncultured 

cyanobacteria and two unique cyanobacteria, Xenococcus-like morphotypes and 

Acaryochloris sp. We observed a generalist association of cyanobacteria in sponges at 

different climatic conditions and within the same geographical locations, particularly in Praia 

de Porto Côvo.  

Transmission electron microscopy on the thin sections of sponge tissue (sponge ID-

HYM5B) revealed the presence of unicellular coccoid cyanobacteria Xenococcus-like 

morphotypes in the choanocyte chambers (Figure 2A). The cyanobacterial cells were 

irregular rounded to rounded-polygonal in shape, with a diameter of 1 to 1.5 µm. Some 

cyanobacterial cells were at dividing stage, releasing baeocytes with prominent outer 

sheath/capsule. The observed symbiont had a smooth cell wall and compactly packed six-to 

ten-spiral thylakoids (Figure 2B, 2C).  
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Figure 2. Transmission electron microscopy of cyanobionts from the sponge Hymeniacidon perlevis (Sponge ID 
HYM5B). (A) Xenococcus like morphotypes observed at dividing stage with prominent baeocytes with gelatinous outer sheath.  

(B) Cyanobacterial colony showing compactly packed spiral thylakoids in choanocyte chamber. (C) Insight showing zoomed  

in image of cyanobacterial cell. (Cy, Cyanobacteria; Ba, Baeocytes ; Sh, Sheath ; Cc, choanocyte chamber ; Ty, Thylakoid). 

 

 The partial 16S rRNA sequence from sponge ID-HYM5B showed 94% similarity (0.0 

E-value) to Xenococcus sp. PCC 7305. BLAST search also retrieved similarity with the 

cyanobacteria Cyanotheca sp., Solentia sp., uncultured cyanobacteria, Aphanocapsa sp., 

Gloeocapsa sp. and the symbiont of Climacodium frauenfeldianum with 94% similarity and 

0.0 E-value. Comparison of partial 16S rRNA gene sequences (from other samples) using 

BLAST recovered Synechococcus sp. (nine specimens) and uncultured marine 

cyanobacteria (eight specimens) as the best hits. The sequence obtained from sponge ID-

HYM16B shared similarity with Acaryochloris sp. Awaji-1 partial 16S rRNA gene (100 % 

coverage, 92 % max. identity) and Synechococcus sp. PCC 7001 (99 % coverage, 92 % 

max. identity).  
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Figure 3. Sponge associated cyanobacterial 16S rRNA neighbor-joining tree. Sponge host, H. perlevis associated 

cyanobacteria inferred from 19 specimens are represented in bold by its host name following the specimen ID and identified 

cyanobacteria with respective ID in parentheses, which are represented by five groups. The group I and group II represents 

Synechococcus sp., group III constitute Acaryochloris sp., group IV represents Xenococcus sp. and uncultured cyanobacteria 

in group V. Bootstrap values above 50% are indicated. Scale bar represents 0.02 substitutions per site. (See Table S1 for 

sponge specimen ID, inferred cyanobionts ID and collection site) 

 

The Neighbor-Joining phylogenetic analysis of the 16S rRNA gene inferred from 19 

sponge-associated cyanobacteria clustered as five distinct sponge-associated 

cyanobacterial groups, Synechococcus sp. (group I, II, originated from sponge HYM3A, 

HYM5A, HYM10A, HYM11A, HYM12A, HYM13A, HYM13B, HYM19F, HYM19G), 

Acaryochloris sp. (group III, HYM16B), Xenococcus sp. (group IV, HYM5B) and uncultured 

marine cyanobacteria in group V (sponge ID- HYM16D, HYM17A, HYM17C, HYM17D, 

HYM19A, HYM19B, HYM19C, HYM19D) (Figure 3). PCoA analysis supported the distinct 

clustering of the cyanobacteria (Figure 4). Geophylogeny (Parks et al. 2009) suggested that 

the distribution pattern of cyanobacterial symbionts from the sponge sampled at different 

geographical coordinates was spatially inconsistent, harboring multiple partners within the 

sponge host and sample sites (Figure 5). Multiple symbiont lineages, a trend in associating 

different cyanobacterial communities, were evident within the same sampling location. 

 



 

35 
 

 
 

 
Figure 4. Principal coordinates analysis (PCoA) of cyanobacteria associated with 19 specimens of the sponge host H. 
perlevis. The plot was constructed with FastUniFrac web server using NJ tree inferred from 16S rRNA gene dataset (see 

materials and methods). Elliptical dashed line represents group of distinct cyanobacterial community with its ID in bold letters- 

Synechococcus sp. (SYN), Acaryochloris sp. (AC), Xenococcus sp. (XEN), uncultured marine cyanobacteria (MAR) from the 

sponge specimens. (See Table S1 for sponge specimen ID and inferred cyanobionts ID in detail) 
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Figure 5. Geophylogeny of H. perlevis and the cyanobionts. (A) Neighbor-joining tree using 16S rRNA gene of symbiotic 

cyanobacteria merged with geographical data. Evolutionary distances were calculated using p-distance. Leaf node color 

represents associated symbionts connected with the geographical line through respective dashed correlation line. Pie chart 

represents the frequency of symbionts from each location. White question mark denotes the locations where sponge 

associated cyanobacteria could not be identified. (B) The color representation for each symbiont. (C) Location number used in 

map and respective site. 
 

Mitochondrial genealogy and gene variability of the sponge Hymeniacidon perlevis 

Analysis of the 658bp COI partial sequences identified five polymorphic sites, with 

four synonymous substitutions and one non-synonymous substitution within the 31 

specimens of H. perlevis surveyed from the nine locations along the Atlantic coast of 

Portugal. The haplotype diversity (Hd) and nucleotide diversity (π) for the COI gene was 

0.69 +/- 0.00518 and 0.00241 +/- 0.00034, respectively. Partial sequence derived from ATP6 

(465bp) revealed two synonymous changes with Hd = 0.522 +/- 0.082 and π = 0.00177 +/- 

0.00028. The spacer region (SP1) between COII and ATP6 amplified a product varying in 

size between ~827 and 872 bp, with Hd = 0.533 +/- 0.081 and π = 0.00277 +/- 0.00039 

(Table 1). We did not observe any tandem repeats in the SP1 regions as described 

previously in other demosponges species (Wang and Lavrov 2008). Two indels of 6 and 66 

bp were detected among the SP1 sequenced specimens (see Figure S1). 
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Mitochondrial Gene  Number of 
samples 

Haplotype diversity 
(Hd-SD) 

Nucleotide diversity 
(π-SD) 

Cytochrome Oxidase 
I (COI) 

n=31 0.69 +/- 0.00518 0.00241 +/- 0.00034 

ATP synthase 
subunit 6(ATP6) 

n=32 0.522 +/- 0.082 0.00177 +/- 0.00028 

Spacer region(SP1) n=31 0.533 +/- 0.081 0.00277 +/- 0.00039 

 
Table 1. Diversity indices for the host sponge H. perlevis. Haplotype (Hd) and nucleotide diversity (π) from COI, ATP6 and 

SP1 (Standard deviation SD). 

 

 The median joining algorithm was used to estimate the mitochondrial genealogy 

(Cassens et al. 2005) at intra-specific level. Reconstructed phylogenetic networks for the 

three different mitochondrial genes exhibited considerable branched genealogy among the 

sponge specimens sampled along the coast of Portugal (Figure 6). Six haplotypes of 

Cytochrome oxidase I DNA were obtained from 31 sequences, separated by up to nine 

mutational steps. The most abundant haplotype C-3A was shared by 16 specimens sampled 

from North and South of Portugal. The second most frequent haplotype C-5A was shared by 

six specimens from wide geographic locations. Other haplotypes, C-13B and C-7A, were 

shared among four and three sampling sites, respectively. Two singletons, C-19E and C-

18B, were observed in two distinct sites (Table 2). Three haplotypes were observed within 

the ATP6 sequences (n=32) and four within the SP1 sequences (n=31) across different 

geographical locations (Figure 6).  
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                      Haplotypes h=6  

Gene  Sampling Location 

Number 
of 

samples C-3A C-5A C-7A C-18B C-13B C-19E 
  Praia de Monte Clérigo 1 1 - - - - - 
  Praia de Almograve 4 4 - - - - - 
  Praia de Porto Côvo 5 1 1 2 1 - - 
CO1 Praia de Valadares 3 3  -   -  - - - 
  Praia da Aguda  6 3  -   -  - 2 1 
  Praia da Memória 2 1 1  -  -  -  - 

  Praia de São Bartolomeu do Mar 4 3  -  - - 1 - 
  Praia de Angeiras 5 - 4  -  - 1 - 

  Praia de viana do castelo 1 - - 1 - - - 
         

      Haplotypes h=3  

Gene  Sampling Location 

Number 
of 

samples A-3A A-5A A-7A       
  Praia de Monte Clérigo 1 1 - -       
  Praia de Almograve 4 4 - -       
  Praia de Porto Côvo 5 1 2 2       
ATP6 Praia de Valadares 3 3 - -       
  Praia da Aguda  6 5 - 1       
  Praia da Memória 3 2 1 -       
  Praia de São Bartolomeu do Mar 4 4  -  -       
  Praia de Angeiras 5 1 4  -        
  Praia de viana do castelo 1 - - 1       
         

      Haplotypes h=4  

Gene  Sampling Location 

Number 
of 

samples S-3A S-5A S-7A S-12C     
  Praia de Monte Clérigo 1 1 - - -     
  Praia de Almograve 4 3 - - 1     
  Praia de Porto Côvo 4 1 2 1 -     
SP1 Praia de Valadares 3 3 - - -     
  Praia da Aguda  6 5  -  1 -     
  Praia da Memória 3 - 1 1 1     
  Praia de São Bartolomeu do Mar 4 3 - - 1     
  Praia de Angeiras 5 1 4 - -     
  Praia de viana do castelo 1 - - 1 -     

 

Table 2. Number of haplotypes inferred from the mitochondrial gene markers COI, ATP6 and SP1. Each table represents 

the number of haplotypes (h) for individual gene marker and its distribution in each sampling location. Derived haplotypes are 

represented in italics. Absence of sequence type is shows as a minus mark (-) 
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Figure 6. Geographical sampling locations of sponge host H. perlevis and phylogenetic network inferred from 
cytochrome oxidase I (COI), ATP synthase subunit 6 (ATP6) and spacer region (SP1). (A) Map indicating the specimen 

collection sites along the intertidal region of Atlantic coast of Portugal. (B) Pie chart represents frequency of haplotypes in each 

location with respective shading to the haplotypes. (C) The lower panel, networks from respective gene marker. Size of the 

circle is proportionate to the number of samples. The color for the circle is placed according to the haplotypes and the bold 

circles indicate the presence of haplotypes in more than one location. The black dots in the network indicate the number of 

mutation steps. 

 

Sponge-Cyanobacteria cophylogeny 

Cophylogenetic analysis of the sponge host and the cyanobacterial symbionts 

revealed four cospeciation and eight host switch events (Figure 7). The switch of the 

associated uncultured marine cyanobacteria and Synechococcus sp. was frequently 

observed regardless of the different geographical locations. The statistical significance of the 

analysis did not support a coevolution pattern among the host and symbionts, as the majority 

of the random samples had lower cost than the original host-symbiont tip mapping (Figure 

7). 
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Figure 7. Coevolution and host switch between sponge host and its cyanobacterial symbionts. Host and symbiont tree 

are represented by black and blue mapped each other. Hollow dots depict coevolution, thick dots as duplication and arrow for 

host switch. The color orange and red of the node shows good and worst placement of the events. Uncultured marine 

cyanobacteria – MAR1, MAR4, MAR8; Synechococcus sp.- SYN1, SYN2, SYN4, SYN6, SYN9, SYN10; Xenococcus sp.- XEN; 

Acaryochloris sp.-AC1. Lower panel - histogram showing 30 random samples. Red line indicates original host-symbiont 

mapping and blue bars indicating random mapping. 

 

2.4 Discussion 
Cyanobacterial diversity within Hymeniacidon perlevis 

In this study, transmission electron microscopy and 16S rRNA sequencing identified 

the cyanobacteria Xenococcus-like morphotypes and Acaryochloris sp. in H. perlevis, which 

have never been reported to be sponge-associated cyanobacteria. The common sponge-

associated cyanobacteria Synechococcus sp. (Steindler et al. 2005) and other uncultured 

marine cyanobacteria from environmental samples were also detected among the intertidal 

sponge H. perlevis from different geographical locations along the Atlantic coast of Portugal.  
We identified the Xenococcus-like morphotypes as a cyanobiont of the sponge host 

H. perlevis (sponge ID- HYM5B) from Praia de Porto Côvo (April 2010, the onset of spring 

season). Symbiotic association of Xenococcus sp. with metazoan species had previously 

been observed only in the tunic matrix of six species of ascidians from the cold temperate 

waters of Southern New Zealand (Lambert et al. 1996). The ultra-structural morphological 
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features of the present cyanobacteria were very similar to that of the unicellular coccoid 

cyanobacteria Xenococcus sp. (Montejano et al. 1994) and were further supported by 16S 

rRNA gene sequencing (sponge ID- HYM5B). During the same sampling period (April 2010) 

and in the same location (Praia de Porto Côvo, sponge collected just a meter apart), we 

found Synechococcus sp. to be the most predominant cyanobiont (sponge ID- HYM5A). 

Subsequent sampling from the same location in August and November 2010 (the onset of 

winter) found no evidence of the Xenococcus sp., but identified Synechococcus sp. (sponge 

ID-HYM10A) as the associated cyanobacteria. This suggests that Xenococcus sp. could 

maintain only a temporary or seasonal cyanobacteria-sponge association (since we 

observed it only during April 2010 in Praia de Porto Côvo). The host’s ability to acquire more 

than one strain of symbiotic cyanobacteria depending on the environmental conditions has 

been known among angiosperms Gunnera spp. which harbor the cyanobionts Nostoc spp. 

(Wilmotte 2004). Similarly, acquisition of facultative microbes may influence the host’s 

reproduction and ecology as previously reported in crustaceans and insects (Engelstädter 

and Hurst 2009). We monitored a plausible variation in the morphological character (Figure 

1) of the sampled sponge specimens mostly in the color and texture, during the collection in 

late winter in Praia de Porto Côvo. Different color morphs among sponge Chondrilla 

australiensis from Australian coast were believed to be an indication of different 

cyanobacterial symbionts (Fromont 1999), although later studies showed it was a response 

to photoacclimation by photobionts (Usher et al. 2004). Taking into account the climatic 

variation and host’s possible life cycle during the sampling period, the presence of two 

symbionts from exactly at the same location (Praia de Porto Côvo) may suggest a temporary 

association for the host’s benefit. However, this phenomenon has not been observed in the 

samples from other geographical locations, where multiple symbionts coexisted at the time 

of sampling. 

The cyanobacteria Acaryochloris sp., a common epiphyte of major macroalgae 

(Ohkubo et al. 2006) and a symbiont of the colonial ascidians (Miyashita et al. 1996), was 

found in one of the sponges sampled from Praia de São Bartolomeu do Mar (sponge ID- 

HYM16B) (Figure 5). The oxygenic photoautotroph Acaryochloris sp. was widely detected as 

a symbiont in ascidians (Kuhl et al. 2005; López-Legentil et al. 2011). Relatively high 

frequency of Synechococcus sp. and uncultured marine cyanobacteria throughout the 

sponges sampled suggested the co-existence of multiple symbiotic partners. Our data 

suggested there was a slight trend towards the association of symbionts that were specialist 

among the host across varied geographical locations, likely suggesting multiple associations 

over time (Steindler et al. 2005). Notwithstanding, species-specific (specialist) association of 

bacterial communities has been observed in the sister species Hymeniacidon heliophila 

across distant sampling locations (Erwin et al. 2011). The shifts of symbionts in filter feeder 
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sponges should also be influenced by trophic changes, in particular for intertidal sponge 

such as H. perlevis that are submerged cyclically. Thus, the recruitment of diverse 

cyanobacteria species might be advantageous to sponge species that are constantly at risk 

of environmental exposure (i.e. drastic oxygen and radiation cyclic variations).  

 

Hymeniacidon perlevis genetic variation 
The spatial variation of the cyanobionts prompted us to further investigate the genetic 

diversity of the sponge host from different geographical locations in Portugal. Across the 

location of H. perlevis we identified three to six haplotypes at each of the three mitochondrial 

genes surveyed (ATP6, COI and SP1). Cytochrome oxidase I presented the higher level of 

haplotype diversity (Hd = 0.69 +/- 0.00518) across the nine localities compared to ATP6 and 

SP1. A low level of genetic variation at partial COI sequences (π = 0.0006) has been 

reported among Crambe crambe sponges separated by a geographic distance up to 3000 

Km from the Mediterranean and the Atlantic coast (S. Duran et al. 2004). Even less 

mitochondrial gene variability was observed among the sponge Astrosclera willeyana sensu 

lato (π = 0.00049) irrespective of the wide geographical coverage (Wörheide 2006). By 

contrast, our study showed a much higher genetic diversity for H. perlevis in a relatively 

restricted geographic range (~500 Km) (ATP6, π = 0.00177; COI, π = 0.00241; and SP1, π 

= 0.00277) (Table 1) revealing considerable variability in this intertidal sponge species. 

Genetic richness of the studied H. perlevis sponge further suggests the involvement of 

sexual reproduction and pelagic larval dispersal (Stone 2009; Gaino et al. 2010). 

Considering the geographical distance of the sampling locations from North to South of 

Portugal (~500 Km), we believe that environmental factors and reduced larval mobility 

(Manuel and Craig 1996) may be influencing the genetic makeup (Ayre and Hughes 2004) of 

the intertidal marine sponge H. perlevis. Low dispersal ability of pelagic larvae and 

significant genetic diversity among localities was detected among the sponge Hymeniacidon 

flavia sampled along the Pacific coast of Japan using the mitochondrial gene NADH 

dehydrogenase subunit 5 (Hoshino et al. 2008), which could suggest similar explanation for 

higher genetic variability among H. perlevis. 

 

Host-symbiont co-phylogeny 
Our characterization of the H. perlevis associated cyanobacteria and the host-

symbiont cophylogenetic analysis provided insight about the spatial variation of the 

symbionts and host switching. Intra-specific host switching among symbionts of H. perlevis 

within and among geographical locations further validates the absence of any specificity of 

the symbionts, leaving unanswered whether the pattern is the result of colonization or 

coevolution of the symbiont in multiple lineage of sponge host (Brooks and McLennan 1991). 
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Our cophylogenetic analysis suggests that different cyanobacterial symbionts switched the 

hosts at different sampling sites and time through either vertical or horizontal transmission. 

 

2.5 Conclusion 
In this study, the characterization of cyanobionts in the most common intertidal to 

shallow subtidal marine sponge Hymeniacidon perlevis along the Atlantic coast of Portugal 

revealed the association of diverse photosymbionts. Electron microscopy and 16S rRNA 

gene sequence identified the presence of Xenococcus-like morphotypes. Acaryochloris sp., 

Synechococcus sp. and uncultured marine cyanobacteria were also harbored by specimens 

from different geographical locations, which suggest the change over time of the symbionts 

niche, probably favored by annual climatic cycles commonly observed in Praia de Porto 

Côvo. Variation in the preference of cyanobacteria within the host in different seasonal 

periods suggest that there is no relationship between geography and cyanobionts, and that 

there is a non-specialist association with the sponge host. Finally, relatively high intra-

specific genetic variability within H. perlevis was identified with three mitochondrial markers 

(COI, ATP6 and SP1), which is consistent with reduced larval dispersal. The role of sexual 

reproduction and demography on the genetic makeup of H. perlevis has to be better studied 

with comprehensive sampling from wide geographical locations around the globe. 

 

2.6 Materials and Methods 

Sampling and Preservation 

Specimens of the sponge H. perlevis (Montagu, 1818) were sampled from varied 

geographical locations of the Atlantic rocky shore of Portugal between March and November 

2010 (Figure 6). No specific permits were required for the described field studies. The 

presence of this intertidal sponge in the South of Portugal is often reduced on these flatter 

beaches compared with the rocky beaches in the North. Hymeniacidon perlevis inhabit the 

rocky intertidal region and predominate in areas sheltered from the strong sun and tide, often 

lying at the base of the rocks. Sponge samples were collected in sterile plastic vessels in 

marine water, which keeps them stable during transportation at ambient temperature, and 

were later preserved in 70% ethanol for DNA extraction and morphological identification (e.g. 

ectosomal - choanosomal skeleton and spicule pattern evaluation). 

 

Transmission Electron Microscopy 
Approximately 2mm fresh sponge tissues was cut and immediately fixed in 2% 

glutaraldehyde in 50 mM sodium cacodylate buffer (pH 7.2) for 2 h, washed three times in 

double strength buffer, post-fixed with 2% osmium tetroxide in 50 mM sodium cacodylate 



 

44 
 

buffer (pH 7.2) for 2 h, and washed again in double strength buffer. The dehydration was 

performed using an ethanol series (25-100%; v/v), and once using propylene oxide. Samples 

were embedded in mixtures of propylene oxide and Epon resin, followed by Epon for at least 

24 h, before being placed in embedding moulds with Epon, and being allowed to polymerize 

at 55 ºC. Thin sections were cut with a Leica Reichert Supernova ultramicrotome, and 

mounted in copper grids. The sections were contrasted before being visualized using an 

electron microscope Zeiss EM C10 operating at 80 kV (Seabra et al. 2009). 

 

Genomic DNA extraction, amplification and sequencing 
The sponge specimens were washed with sterile water before DNA extraction to 

ensure the complete removal of any free-living organisms and if necessary were examined 

by red autofluorescence on illumination with blue excitation using Olympus BX41 

microscope. Total genomic DNA was extracted with a commercially available PureLinkTM 

Genomic DNA Mini Kit (INVITROGEN), following the instructions of the manufacturer. 

Extracted genomic DNA was used for the amplification of cyanobacterial 16S ribosomal RNA 

(rRNA) and the sponge mitochondrial genes, namely the cytochrome oxidase subunit 1 

(COI), ATP synthase subunit 6 (ATP6) and the spacer region (SP1). Reactions were 

performed in 50 µl volume, with 5 µl of 10x reaction buffer (BIOLINE), 5 µl of 2.5mM DNTPs, 

(CITOMED), 2.5 µl of 2.5mM MgCl2 (BIOLINE), 2.5 µl of 10µm each primer, 0.1 µl of 5U/µl 

BIOTAQ DNA polymerase (BIOLINE) and 2.5 µl of 30 ng genomic DNA. Amplified products 

were directly purified or excised from gel using PureLink TM Quick Gel Extraction and PCR 

Purification Combo Kit (INVITROGEN) and sequenced in both direction by the Macrogen 

Company (Seoul, South Korea) using an ABI 3730XL DNA Analyzer (Applied Biosystems). 

 

Sponge associated cyanobacterial 16S rRNA gene amplification 

Two set of cyanobacteria specific primer pairs CYA359F (5'-GGGGAATYTTCCGCA 

ATGGG-3') and CYA781R (5'-GACTACWGGGGTATCTAATCCCWTT-3') (Nübel et al. 1997) 

and 361F (5'-GAATTTTCCGCAATGGGC-3') and 1459R (5'-GGTAAYGACTTCGGGCRT-3') 

(Diaz 1997) were used to amplify two partial sequences of the 16S rRNA of 400 bp and 1000 

bp, respectively, in 19 sponge samples (amplification was unsuccessful for some samples). 

PCR profile for both set of primers included an initial cycle (94oC for 4 min, 60oC for 2 min, 

72oC for 2 min), then 30 cycles of 1 min at 94oC, 1 min at 60oC, 1 min at 72oC and a final 

extension time of 4 min at 72oC. 

 

Sponge amplification of partial COI, ATP6 and SP1 

 A partial fragment of the mitochondrial DNA COI gene was amplified with the 

degenerate primers used in the sponge barcoding project (Meyer et al. 2005). Primers 
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dgLCO (5'-GGTCAACAAATCATAAAGAYATYG-3') and dgHCO (5'-TAAACTTCAGGGTGA 

CCAAARAAY-3') were able to amplify 656 bp of COI fragment with the following PCR 

conditions: initial denaturing at 94oC for 2 min, followed by 35 cycles of (94oC for 40 s, 53oC 

for 40 s, 72oC for 1min) and a final extension at 72oC for 10 min. ATP synthase 6 (ATP6) 

and SP1 were amplified using the specific primers: ATP6porF (5'-GTAGTCCAGGATAATTT 

AGG-3') / ATP6porR (5'-GTTAATAGACAAAATACATAAGCCTG-3') and CO2Fc (5'-GTKG 

CGCAAATCATTCWTTTATGC-3') / ATP6R (5'-TGA TCAAAATAWGCTGCTAACAT-3') (Rua 

et al. 2011). The amplification parameters for ATP6 and spacer region were initiated at 94oC 

for 3 min, followed by 35 cycles of (93oC for 1 min, 48oC for 1 min, 72oC for 1 min) and a final 

extension at 72oC for 10 min.  

 

Data analyses 

 Chromatograms from the sequencer were read and edited with FinchTV 1.4.0 

(Geospiza, Inc.; Seattle, WA, USA; http://www.geospiza.com). The reliability of the cyano- 

bacterial 16S rRNA gene sequences was confirmed using BLAST search (http://www.ncbi. 

nlm.nih.gov/BLAST/). Partial 16S rRNA gene sequences of varying length derived from two 

pair of primers were aligned with BioEdit Sequence Alignment Editor (Hall 1999). Ambiguous 

alignment regions were filtered using GBlocks (Castresana 2000; Talavera and Castresana 

2007). The sponge partial gene sequences of mitochondrial genes were also evaluated by 

BLAST search for their respective origin and similarity. COI, ATP6 and SP1 sequences were 

manually inspected for ambiguities, further aligned and edited in BioEdit. Intergenic regions 

were checked for the presence of repetitive sequences using Tandem Repeat Finder 4.04 

program (Benson 1999) and insertions / deletions were removed before population genetic 

analyses. 

 

Genetic diversity and haplotype estimation 

Basic population genetic parameters, genetic diversity indices, gene diversity and 

nucleotide diversity over loci (Tajima 1983) for host sponge sequences were estimated using 

DNAsp 5.10 (Librado and Rozas 2009). Phylogenetic networks were constructed for the 

individual dataset derived from three mitochondrial gene sequences with the NETWORK 

4.6.0.0 software (http://www.fluxus-engineering.com/) using the median-joining network 

algorithm (Bandelt et al. 1999). Full median networks were calculated with the genetic 

distance parameter epsilon=20 and Greedy FHP distance calculation method (Foulds et al. 

1979). 

 

 

 

http://www.geospiza.com/
http://www.fluxus-engineering.com/
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Phylogenetic and PCoA analyses 

 Total length ranging from ~319 bp to 650 bp of the 16S rRNA gene sequence was 

generated using two pairs of cyanobacterial specific oligos, dataset comprised of symbionts 

from 19 host specimens. The sequences were manually edited for further analyses (see data 

analyses). A phylogenetic tree was constructed using the Neighbor-Joining method (Saitou 

and Nei 1987) implemented in MEGA5 (Tamura et al. 2011) with Tajima-Nei substitution 

model (Tajima 1983) and a gamma distribution parameter estimated from the data. Node 

support was estimated using 1000 bootstrap replicates. Generated tree file and a file 

containing mapping ids of sponge associated cyanobacteria were uploaded to FastUniFrac 

(Hamady et al. 2010) for Principal coordinates analysis (PCoA) with abundance-weighted 

option. 

 

Geophylogeny of host and cyanobionts 

GenGIS (Parks et al. 2009), a geospatial information system, was used to draw a 

cyanobacterial 16S rRNA gene tree that connects the geographical sampling locations of the 

sponge host. NJ tree, digital map file (sampling location) and spatial co-ordinates of sample 

locations were used. Internal tree nodes were interpolated to the spatial location through a 

correlation line. 

 

Cophylogeny analysis 

Cophylogeny of the host and associated cyanobacterial community were evaluated 

with the software tool Jane (Conow et al. 2010). Major events like coevolution, host switch 

and duplication were inferred by mapping the symbiont tree onto the host tree using a 

heuristic approach. The sequence dataset consisting of distinct symbiont from each location 

and its host mitochondrial gene was used for the analysis. The host tree was estimated with 

partially sequenced ATP6 mitochondrial gene and the cyanobacterial symbiont tree was 

inferred with the 16S rRNA gene sequence. The analysis was performed with default genetic 

algorithm parameters, producing best solution for the cophylogenetic events. 

 

Sequence submission and accession numbers 
Sequence data have been submitted to GenBank database under accession 

numbers for the respective gene markers under accession numbers, JX476996 – JX477014 

(16S rRNA), JX477015 – JX477045 (COI), JX477046 – JX 477077 (ATP6) and JX514032 – 

JX514062 (SP1). 

 

 

 



 

47 
 

2.7 Supplementary Information 

 

 

 

Figure S1. Graphical view of alignment showing indels inferred from the spacer region located between COII and 
ATP6. 32 specimens of sponge H. perlevis sequenced derived indels of 6 bp and 63 bp respectively. Indels are delimited by 

black rectangular  

box. 
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Sponge 

Specimen ID 

Sampling site Inferred cyanobionts and its ID 

HYM3A Praia da Monte Clérigo Synechococcus sp. (SYN1) 

HYM5A Praia de Porto Côvo Synechococcus sp. (SYN2) 

HYM5B Praia de Porto Côvo Xenococcus sp. (XEN) 

HYM10A Praia de Porto Côvo Synechococcus sp. (SYN3) 

HYM11A Praia da Aguda Synechococcus sp. (SYN6) 

HYM12A Praia da Memória Synechococcus sp. (SYN4) 

HYM13B Praia de Angeiras Synechococcus sp. (SYN9) 

HYM16B Praia de São Bartolomeu do Mar Acaryochloris sp. (AC1) 

HYM16C Praia de São Bartolomeu do Mar Synechococcus sp. SYN10) 

HYM16D Praia de São Bartolomeu do Mar Uncultured marine cyanobacterium (MAR8) 

HYM17A Praia de Almograve Uncultured marine cyanobacterium (MAR1) 

HYM17C Praia de Almograve Uncultured marine cyanobacterium (MAR2) 

HYM17D Praia de Almograve Uncultured marine cyanobacterium (MAR3) 

HYM19A Praia da Aguda Uncultured marine cyanobacterium (MAR4) 

HYM19B Praia da Aguda Uncultured marine cyanobacterium (MAR5) 

HYM19C Praia da Aguda Uncultured marine cyanobacterium (MAR7) 

HYM19D Praia da Aguda Uncultured marine cyanobacterium (MAR6) 

HYM19F Praia da Aguda Synechococcus sp. (SYN5) 

HYM19G Praia da Aguda Synechococcus sp. (SYN8) 

 

 

Table S1. Sponge specimen identification code from respective sampling location and the associated cyanobacteria. 

 

 

 

 



 

 
 

 

CChhaapptteerr  33  
 

EEvviiddeennccee  ooff  uunniiqquuee  aanndd  ggeenneerraalliisstt  mmiiccrroobbeess  iinn  
ddiissttaannttllyy  rreellaatteedd  ssyymmppaattrriicc  iinntteerrttiiddaall  mmaarriinnee  

ssppoonnggeess  ((PPoorriiffeerraa::  DDeemmoossppoonnggiiaaee))  
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Alex A, Silva V, Vasconcelos V, Antunes A (2013) 
Published in PLoS ONE 8: e80653. doi:10.1371/journal.pone.0080653 

 
 
 
 



 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

51 
 

3.1 Abstract 
 The diversity and specificity of microbial communities in marine environments is a 

key aspect of the ecology and evolution of both the eukaryotic hosts and their associated 

prokaryotes. Marine sponges harbor phylogenetically diverse and complex microbial 

lineages. Here, we investigated the sponge bacterial community and distribution patterns of 

microbes in three sympatric intertidal marine demosponges, Hymeniacidon perlevis, 

Ophlitaspongia papilla and Polymastia penicillus, from the Atlantic coast of Portugal using 

classical isolation techniques and 16S rRNA gene clone libraries. Microbial composition 

assessment, with nearly full-length 16S rRNA gene sequences (ca. 1400bp) from the 

isolates (n = 31) and partial sequences (ca. 280bp) from clone libraries (n = 349), revealed 

diverse bacterial communities and other sponge-associated microbes. The majority of the 

bacterial isolates were members of the order Vibrionales and other symbiotic bacteria like 

Pseudovibrio ascidiaceicola, Roseobacter sp., Hahellaceae sp. and Cobetia sp. Extended 

analyses using ecological metrics comprising 142 OTUs supported the clear differentiation of 

bacterial community profiles among the sponge hosts and their ambient seawater. 

Phylogenetic analyses were insightful in defining clades representing shared bacterial 

communities, particularly between H. perlevis and the geographically distantly-related H. 

heliophila, but also among other sponges. Furthermore, we also observed three distinct and 

unique bacterial groups, Betaproteobactria (~81%), Spirochaetes (~7%) and Chloroflexi 

(~3%), which are strictly maintained in low-microbial-abundance host species O. papilla and 

P. penicillus. Our study revealed the largely generalist nature of microbial associations 

among these co-occurring intertidal marine sponges. 
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3.2 Introduction  
 Sponges (Phylum Porifera) are an ancient groups of invertebrate metazoans, with a 

fossil record dating back to 600 million years and with a host of diverse symbiotic 

microorganisms such as archaea (Turque et al. 2010), cyanobacteria (Usher et al. 2007), 

heterotrophic bacteria (Santavy et al. 1990), algae, fungi (Maldonado et al. 2005) and 

dinoflagellates (Garson et al. 1998). Transmission of symbiotic bacteria in sponges is 

considered to occur through the gametes (Usher et al. 2001; Enticknap et al. 2006). 

However, a few microbes from the surrounding seawater have been determined to associate 

with sponges (Webster, Taylor, Behnam, Lücker, et al. 2010), suggesting the horizontal 

acquisition of symbionts. Thus, a new model of symbiont acquisition that includes both 

larval-mediated transfer and environmental uptake in the formation of complex sponge 

microbiota has been proposed (Schmitt, Hentschel, et al. 2012). Diverse sponge microbiota 

may contribute to the host’s metabolism with photosynthesis (Usher et al. 2007), major 

nitrogen cycle events (Wilkinson and Fay 1979; Diaz and Ward 1997; Bayer et al. 2008; 

Hoffmann et al. 2009), sulfate reduction (Hoffmann et al. 2005b) and carbon fixation 

(Wilkinson 1983; Thacker 2005) and in return, the host provides an enriched ecological 

niche for its microbial partners. 

Isolation techniques (Lafi et al. 2005; Margassery et al. 2012) and several molecular 

methodologies, such as denaturing gel gradient electrophoresis (DGGE) (Wang et al. 2009; 

Sally A Anderson et al. 2010), terminal restriction fragment length polymorphism (T-RFLP) 

(Lee et al. 2003; Erwin et al. 2011) and clone library (Turque et al. 2008) were used 

extensively to profile the sponge-derived microbes. To date, 32 major bacterial phyla 

(Simister et al. 2012) and several possible novel, sponge-associated bacterial communities, 

such as “Candidatus Synechococcus spongiarum” (Lemloh et al. 2009), candidate phylum 

“Poribacteria” (Lafi et al. 2009) and NW001-like Alphaproteobacteria (Enticknap et al. 2006), 

have been identified. In addition, with the advancement of sequencing techniques (i.e., next 

generation sequencing) (Webster, Taylor, Behnam, Lücker, et al. 2010), researchers have 

succeeded in exploring diverse microbial consortium among a wide range of sponge hosts 

(Lee et al. 2011). The search for sponge-associated bacteria has been intensified given the 

pharmaceutical potential of novel bioactive compounds (T.R.A. Thomas et al. 2010). 

However, little is known about the driving evolutionary force behind the specificity of 

microbial symbionts.  

The ecological assessment of sponge-microbe specificity and the diversity of 

sponge-associated bacterial communities has recently attained more attention to better 

understand the global marine biodiversity (Taylor et al. 2004). Previous studies have shown 

that sponge-bacterial symbioses range from associating with a few or single host species 
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(specialism) (Montalvo and Hill 2011; Erwin et al. 2011) to many hosts (generalism) (Erwin et 

al. 2012) in time and space. Difference in microbial abundance separated the sponges into 

low-microbial-abundance (LMA) and high-microbial-abundance (HMA) groups (Hentschel et 

al. 2003b). LMA sponges host less-diverse and more-specialist microbial communities 

(Erwin et al. 2011; Giles et al. 2013), whereas HMA sponges harbour diverse and distinct 

bacterial communities. Additional data on bacterial diversity is needed to better describe 

sponge-microbe associations and in this study we examined the bacterial diversity in three 

co-occurring intertidal sponges from the Atlantic Ocean in Portugal: Hymeniacidon perlevis 

Montagu, 1818 (Halichondrida: Halichondriidae), Ophlitaspongia papilla Bowerbank, 1866 

(Poeciosclerida: Microcionidae) and Polymastia penicillus Montagu, 1818 (Hadromerida: 

Polymastiidae). 

The distribution of H. perlevis (crumb-of-bread sponge) ranges from the Atlantic to 

the Mediterranean coast and in the Yellow Sea, inhabiting hard surfaces that are buried into 

the sediment, and with their oscules projecting outwards (Cabioch 1968). A high microbial 

diversity of Actinobacteria was reported in H. perlevis distributed in the Chinese Yellow Sea 

by culture-dependent (Zhang et al. 2006) and culture-independent techniques (Xin et al. 

2008). O. papilla is a deep orange-red colored sublittoral sponge previously reported from 

the British Isles, France and Spain (Howson and Chambers 1999), but the species can also 

be found in Portugal. It has been studied because of its cytotoxic activities (Ferreira et al. 

2011), but no evidence has been found for the existence of bacterial communities. P. 

penicillus commonly inhabit cervices, with their main body buried in sediments and papillae 

projecting outward. Its distribution ranges from the British Isles and the Atlantic coasts of 

Europe and North America and it has recently been shown to produce pharmacologically 

active secondary metabolites (Carballeira et al. 2009).  

The marine sponges studied here represent three distantly related orders of the 

Demospongiae class, living sympatrically in the clear intertidal ecological zone with frequent 

exposure to air during low tide in contrast with other constantly submerged species. Despite 

the existence of some sponge-associated microbial studies across different geographic 

regions (Mediterranean (Thiel et al. 2007; Erwin et al. 2012; Schmitt, Hentschel, et al. 2012), 

Australia (Taylor et al. 2004; Webster, Taylor, Behnam, Lücker, et al. 2010), Caribbean (Hill 

et al. 2005; Meyer and Kuever 2008) and Southwestern Atlantic (Turque et al. 2008; Turque 

et al. 2010)), to our knowledge no similar characterizations have been done in the Atlantic 

Ocean (European Atlantic coast). Here, we used bacterial isolation and culture-independent 

techniques (16S rRNA gene clone library) to characterize the sponge microbial profiles, 

distinct microbial community structure and the distribution of symbiotic microbes in three 

sympatric intertidal marine sponges from a single geographical location (Praia da Memória, 

Portugal). 
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3.3 Results 
Phylogenetic relationships of the bacterial isolates from sponges  
 Culture-dependent techniques allowed the isolation of heterotrophic bacteria from the 

marine sponges H. perlevis (n = 9), O. papilla (n = 11) and P. penicillus (n = 11). BLAST 

searches with nearly full-length 16S rRNA sequences (ca. 1400bp) from the isolates 

identified both Gram-positive bacteria Firmicutes (10%) and Gram-negative group 

Proteobacteria, predominantly Alphaproteobacteria (16 %) and Gammaproteobacteria (74%) 

(Figure 1, Table S1). Phylogenetic analyses further confirmed the presence of a group of 

bacterial isolates (45%) overlapping with previously-reported sponge and other marine 

invertebrate-associated bacteria. P. penicillus and O. papilla bacterial isolates had strong 

affiliation with the ascidian symbiont Pseudovibrio ascidiaceicola (n = 3) and the sponge-

associated Roseobacter sp. (n = 1). Most of the cultured bacterial assemblages clustered 

within the order Vibrionales. Isolates affiliated to Oceanospirillales (previously reported in 

marine sponges) were also retrieved from H. perlevis and P. penicillus. 
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Figure 1. Phylogeny and diversity of bacterial isolates from marine sponges H. perlevis (HM), P. penicillus (PL) and O. 
papilla (OP). (A) Maximum-likelihood phylogenetic tree of nearly full length 16S rRNA gene sequences (ca. 1400bp) using 

Prochlorococcus marinus as an outgroup. Sponge-derived bacterial isolates obtained from this study are highlighted in bold. 

The closest relatives retrieved through the BLAST search (Table S1) with their GenBank accession numbers are represented. 

Dashed box delimit the sponge-associated bacterial groups (i.e. the grouping of bacteria retrieved from this study with the 

previously reported microbes from other sponges). Bootstrap node support values >50% are represented. (B) Stacked 

histogram showing the relative abundance of 16S rRNA diversity recovered from the sponge sources. 

 

16S rRNA clone library and OTU abundance  
A final data set consisting of 349 partial 16S rRNA sequences from the sponge 

species H. perlevis (n = 86), O. papilla (n = 91) and P. penicillus (n = 77) and surrounding 

seawater (n = 95), were assigned to 142 Operational taxonomic units (OTUs) at 

0.01distance. Clustering bacterial sequences from each source at lower identity thresholds 

resulted in a reduced number of observed OTUs (Figure S1). Rarefaction curves (Figure 2) 

and Chao1 (Table S2) suggested higher bacterial richness in ambient seawater (300) 

followed by the host sponges P. penicillus (181), H. perlevis (45) and O. papilla (15). Good’s 

coverage estimator (Table S2) indicated the completeness of sampling for O. papilla (0.81), 
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less clone sampling for H. perlevis (0.60), P. penicillus (0.42) and seawater (0.30). Seawater 

OTUs remained non-saturated suggesting much more bacterial species diversity remains to 

be discovered.  

 

 
 

Figure 2. Rarefaction curve for 16S rRNA gene sequences derived from seawater, H. perlevis, O. papilla and P. 
penicillus. OTUs are retrieved at a distance of 0.01(99% similarity). Each line represents the respective sponge species and 

surrounding seawater used. 
 

Uncultured sponge microbiota composition 

 16S rRNA ribotype diversity retrieved from the marine sponges H. perlevis, O. papilla 

and P. penicillus, revealed bacterial community representatives of 10 phyla (Table 1). 

Alphaproteobacteria and Bacteroidetes were recovered from all three host sponges and 

seawater sources. H. perlevis was dominated by Gammaproteobacteria (67.4%) and 

Alphaproteobacteria (24.5%). O. papilla was dominated exclusively by Betaproteobacteria 

(81.3%) as a major and unique group of bacteria (Figure S2, Table 1). The members of the 

phylum Alphaproteobacteria were predominant in P. penicillus (80.5%), but rare in O. papilla 

(5.49%). Among the host sponges and seawater sampled, Betaproteobacteria and 

Spirocheates were only retrieved from O. papilla. Another member of the phylum Chloroflexi 

(2.59%) was found in low abundance associated with the sponge P. penicillus, but absent in 

the other sources. 
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 Seawater (n = 95) H. perlevis (n = 
86) 

O. papilla (n = 91) P. penicillus (n = 
77) 

Actinobacteria  3.15 2.32 - - 
Alphaproteobacteria 36.8 24.4 5.49 80.5 
Bacteroidetes 21.08 3.48 3.29 5.19 
Cyanobacteria 3.15 - 2.19 - 
Clostridia 1.05 - - - 
Deltaproteobacteria 3.15 1.16 - 3.89 
Epsilonproteobacteria 2.10 - - - 
Fusobacteria 7.36 - - - 
Gammaproteobacteria 15.78 67.4 - 5.19 
Archaea 2.1 - - - 
Planctomycetia 2.1 1.16 - 2.59 
Unclassified bacteria 1.05 - - - 
Verrucomicrobiae 1.05 - - - 
Betaproteobacteria - - 81.3* - 
Spirochaetes - - 7.69* - 
Chloroflexi - - - 2.59* 

 

Table 1. Bacterial community assemblage retrieved from seawater and sponges, shown as percentage. Total number of 

clones from each source is represented in parenthesis. Values in bold represent the most dominant bacterial group found in 

association with source. Values with asterisk show the unique bacterial lineage from sponges.  
 

Bacterial diversity and community structure 
Quantitative ecological indices revealed significant differences in bacterial 

communities among the various sources. Seawater-bacterial communities exhibited higher 

observed (Sobs) and expected (Schao1) richness, lower dominance (Dsimpson) and higher 

evenness (E1/D) indices indicating a clear bacterial differentiation among the sponge-

associated bacterial communities (Figure 3, Table S2). Similar evenness values were 

observed among the bacterial communities in P. penicillus and H. perlevis. In addition, these 

two sponges showed an overlapping confidence interval indicating similar microbial diversity. 

The homogeneity of the molecular variance test confirmed a significant higher genetic 

diversity among seawater-associated bacterial communities (HOMOVA, P < 0.005) (Table S3) 

relative to the sponge-associated bacterial communities. Pairwise comparison showed 

significant genetic differentiation (AMOVA, P < 0.001) and distinct phylogenetic lineages (P- 

test, P < 0.001) among bacterial communities from different sources (Table S3). LIBSHUFF 

analysis clearly indicated that the bacterial community structure was different (LIBSHUFF, P 

< 0.0001) between the host sponges (Table S3). Principal Coordinate Analysis (PCoA) 

revealed the distinctiveness of bacterial communities from the sponge hosts and seawater 

(Figure 4). Seawater clones shared only one OTU with the host sponges (Figure 5). By 

contrast, H. perlevis and P. penicillus shared one OTU and none between other sponges.
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Phylogenetic analysis of the uncultured sponge microbiota 
 Phylogenetic analysis with OTUs (n = 142) from seawater and sponges confirmed 

the existence of distinct bacterial groups (Figure 6). The major groups II, VII and IX 

comprised sequences representative of Bacteroidetes (16.1%), Alphaproteobacteria (38.7%) 

and Gammaproteobacteria (20.4%), but Gammaproteobacteria was absent in the sponge O. 

papilla. Clones from P. penicillus (22%) in group VII were affiliated with symbionts from the 

sponge Halichondria panicea from the North Sea (Figure 7) and in a few cases with 

symbionts from the sponge Haliclona sp. and the brittle star (Ophiactis balli). Notably, both 

the H. perlevis clones in group VII (36%) and clones in group IX (37%) were affiliated with 

the symbionts reported from the geographically separated congeneric sponge H. heliophila 

from the Gulf of Mexico. 

 Bacteroidetes in group II, represented by seawater clones (65%), were related to the 

sediment coastal water and biofilm bacteria. However, P. penicillus (clone 58) shared 

similarity with the bacterial strain (JX050191, group II) from the marine sponge Leucosolenia 

sp. (class Calcarea) (Figure S3). Other sponge-derived bacterial clones affiliated to the 

major phyla are represented in group I (Chloroflexi), group III (Spirochaetes), group IV 

(Deltaproteobacteria), group VIII (Betaproteobacteria) and group XIV (Planctomycetia). Our 

phylogenetic analysis recurrently revealed an overlap of the microbes detected in this study 
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with sponge-associated bacteria previously reported elsewhere. It is noteworthy that none of 

the 16S rRNA clone library sequences retrieved from the studied sponges showed similarity 

with the cultured bacterial isolates. 

 

 

 

 
 

 

 

 

 

 

Figure 4. Principal Coordinate Analysis (PCoA) plot 
based on weighted unifrac distances. 16s rRNA 

sequences are binned according to sample source using a 

category mapping file. The percentage variation explained 

with first two principal components (P1 and P2). 

 

Figure 5. Venn diagram representing the distribution of 
shared OTUs among sponge hosts H. perlevis (HM), O. 
papilla (OP), P. penicillus (PL) and seawater (SW). The 

numbers in the diagram represents unique and shared 

OTUs. 
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Figure 6. Phylogeny and diversity of 16S rRNA gene clone libraries from H. perlevis, O. papilla, P. penicillus and 
seawater. (A) Maximum-likelihood circular phylogenetic tree constructed using partial 16S rRNA gene sequences bacterial 

OTUs. (B) Clone library diversity inferred from each source. 

 

3.4 Discussion 
Bacterial isolates from the sponges 

 In this study we determined the diversity of the cultivable bacteria associated with the 

sponges using classical culturing/isolation techniques. The cultured heterotrophic bacterial 

isolates (>35%) from the host sponges H. perlevis, O. papilla and P. penicillus showed high 

similarity with previously described sponge-associated bacteria from different geographical 

locations (Figure 7). The isolation of P. ascidiaceicola from the sympatric sponges O. papilla 

and P. penicillus (Table S1), with high sequence similarity (>99%) with the isolate from the 

sea squirts Polycitor proliferus and Botryllidae sp. (Fukunaga et al. 2006), suggests a 

symbiotic lifestyle with a wide range of hosts. A wide diversity of Pseudovibrio sp. have been 

isolated from the sponges in Ireland (O’Halloran et al. 2011), Mediterranean Sea (Muscholl-

Silberhorn, Thiel, and J. Imhoff 2008) and Brazil (Santos et al. 2010) with promising 

antimicrobial activity. The absence of sea squirts and retrieval of P. ascidiaceicola isolates 

from two sponges studied here suggests a symbiotic association with the intertidal marine 

sponges. The specificity of P. ascidiaceicola in the intertidal sponges should, however, be 

better assessed by sampling simultaneously the ascidians and sponges coexisting in the 

same location and characterizing the bacterial isolates. Genome sequencing of two strains 
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of the genus Pseudovibrio revealed the gene clusters that likely to be involved in host-

symbiont interactions (Bondarev et al. 2013).  

Approximately 58% of the cultured bacterial isolates from the three host sponges 

studied here grouped into Vibrionales (Figure 1), with high sequence similarity to other 

sponge-derived (SD) Vibrio isolates. The high affinity of vibrios from the intertidal (shallow) 

marine sponges with benthic SD vibrios from Leiodermatium sp. and Scleritoderma cyanea, 

collected at a depth of 630m and 364m from globally distinct locations (Hoffmann et al. 

2013), demonstrates the ubiquity of Vibrios among the sponge hosts. The higher incidence 

of Vibrio sp. has been also reported in other marine sponges (Zan et al. 2011), as well as the 

occurrence of V. alginolyticus as probionts (Gomez-Gil et al. 2000). Sponge-associated 

Vibrio sp. might benefit the host through nitrogen-fixation (Shieh and Lin 1994), but the 

precise role is still unclear. Pseudoalteromonas sp. was isolated from H. perlevis, which has 

been shown previously to degrade polycyclic aromatic hydrocarbon (PAHs) (Hedlund and 

Staley 2006). The exact role of Pseudoalteromonas sp. is unclear, but it may protect the 

sponge host from toxic environments. We also isolated other sponge-associated bacteria, 

Hahellaceae sp. and Cobetia marina (Oceanospirillales), that have been associated with the 

Atlantic-Mediterranean sponge Sarcotragus spinosulus and marine sponges from the South 

China Sea (Figure 7). Here, we report the bacterial isolates from H. perlevis, P. penicillus 

and O. papilla and their similarity to sponge-associated bacteria from unrelated hosts and 

remote locations. 

 
16S rRNA clone library diversity and specificity  
 The bacterial community profile determined by 16S rRNA clone libraries from three 

sympatric intertidal marine sponges, H. perlevis, O. papilla and P. penicillus, was noticeably 

distinct from the surrounding seawater bacterial assemblage (Figure 4). Ecological metrics, 

such as higher dominance, lower richness and lower evenness of the sponges (Figure 3) 

further supported a clear distinction between the microbes from the sponge hosts and the 

ambient seawater. Rarefaction analysis and coverage estimation showed less sampling 

depth of bacterial species from H. perlevis and P. penicillus, relative to O. papilla (Figure 2, 

Table S2). Considering the complex nature of sponge-associated bacterial assemblages, 

deep sequencing would avoid an underestimation of the bacterial diversity. Intensive 

sampling would likely reveal more bacterial species from the respective sponge hosts 

studied. Quantitative assessment of the sponge-associated bacterial diversity revealed by 

our molecular approach suggests that the sponges assessed here are low-microbial-

abundance (LMA) species. However, a combination of electron microscopy to determine the 

bacterial morphotypes and molecular techniques could better answer the microbial 

abundance in the sponge hosts (Turque et al. 2008).  
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In addition, absence or minimal sharing of OTUs (Figure 5) among the sponges 

collected from the same sampling location (10m apart between each collection site) 

suggests the existence of unique microbial communities. Around 50% of the sponge-

associated bacterial 16S rRNA retrieved from our study showed similarity with other sponge-

associated bacteria reported elsewhere, affirming the widespread nature of the sponge 

microbial consortium (Figure 7). The existence of certain observed bacterial lineages in 

sympatric sponges indicates the possibility of microbial procurement through the vertical 

transmission of symbionts via larvae or from the water column (horizontal uptake). Some of 

the bacteria found in sponges had strong affiliation with the sediment bacteria, which might 

be either filtered food-particles or occasional resident bacteria. The detection of many 

sponge-associated bacteria in non-sponge habitats suggests the survival of bacteria outside 

the sponge body and uptake from the surrounding through filter feeding (Taylor et al. 2013). 

Next generation sequencing techniques and more sampling data could provide valuable 

information to better understand the nature of such associations. 

 Among the three sympatric intertidal marine sponges, the majority (76%) of microbial 

communities retrieved from H. perlevis showed similarity with the 16S rRNA sequences 

associated with the sister species H. heliophila (Figure 7, Figure S3-group VII and group IX) 

sampled from the Gulf of Mexico (Erwin et al. 2011). Interestingly, none matched with the H. 

heliophila associated bacteria sampled from southwestern Atlantic of Brazil (Turque et al. 

2008). Absence of similarity with bacterial clones from the southwestern Atlantic congeneric 

species might be due to (i) insufficient 16S rRNA sequence sampling or (ii) the influence of 

different environmental factors.  

 Furthermore, we observed a clear global distribution pattern (homogenous pattern) of 

microbial assemblage retrieved from the three sympatric sponges investigated in this study 

(Figure 7). For example, Planctomycetacia (group XIV) from H. perlevis and P. penicillus 

showed high similarity with the bacterial sequences associated with the marine sponges 

Haliclona sp. and Suberites zeteki (Figure S3). H. perlevis and P. penicillus associated 

bacteria formed a sequence cluster with the bacterial sequences derived from the unrelated 

sponge Axinella corrugata, suggesting a generalist microbial distribution among sponges. A 

bacterium affiliated with the phylum Chloroflexi (Hentschel et al. 2002a), a common lineage 

of sponge-associated bacteria, was retrieved only from the clone library of P. penicillus 

(Figure 6, Table 1), and in low abundance (2.59%). Interestingly, the P. penicillus bacterial 

community included Maribacter sp. W1510, which has been previously isolated from the 

marine sponge Leucosolenia sp. (class Calcarea). Further investigation is needed to confirm 

the microbial community similarity among sponges from different classes.  

 Consistent with the previous findings, we observed a trend of unique and generalist 

bacterial associations in the encrusting sponge O. papilla. Clone library analysis revealed 
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that Betaproteobacteria (81.3%) was an abundant and unique microbial lineage and that the 

less abundant Spirochaetes (7.69%) was associated with O. papilla (Figure 6), forming two 

distinct clusters (Figure S3; group VIII and group III) with other sponge-associated bacteria 

in a pattern that is suggestive of a generalist. Further studies, including more extensive 

sampling, are required to confirm if the uniqueness of the bacterial assemblages are 

observed in other sampling periods. Under-representation of the cyanobacterial sequences 

from the sponges might be due to either the reduced number of clones tested or the 

absence of photosynthetic bacteria during the sampling period. We also observed no 

archaea bacteria despite the use of archaea and bacterial specific primers. This is perhaps 

due to either primer inefficiency or inadequate clone sampling.  
 

Generalist bacterial diversity – A common trend among sponge microbiota 
 The culture-dependent and culture-independent methodologies retrieved a bacterial 

consortium from the intertidal marine sponges H. perlevis, P. penicillus and O. papilla with a 

trend of both ‘unique’ (low tendency) and ‘generalist’ (high tendency) associations. A higher 

tendency towards generalist association of the bacterial symbionts was evident among the 

sympatric sponges studied. Various ecological parameters, including physical factors like 

season, chemical variables (pH of surrounding water) and nutrient needs, might play an 

important role in determining the sponge-microbial structure (Taylor et al. 2004). Variation in 

the photosynthetic bacterial communities has been reported among the studied sponges H. 

perlevis sampled during different seasons (Alex et al. 2012). The occasionally submerged 

sponges studied, which are exposed to constant water movement and occasional sun light, 

may impose selective pressures that shape the microbial consortium within the sponges. 

Extensive sampling from different geographical locations is needed to investigate the spatial-

temporal structuring of the microbiota. 
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Figure 7. Sponge-associated bacteria among the host sponges H. perlevis, P. penicillus and O. papilla and its 
similarity with globally distributed related and unrelated host sponges. (A) Global map depicting the location of host 

sponges harboring bacterial assemblage similar to the retrieved microbes from the present study. Colored triangle on the map 

shows the sponge species from other studies. (B-C) Sponge associated bacteria from different hosts determined by isolation 

and uncultured techniques, represented as a pie chart (Ondov et al. 2011) showing its abundance and affiliation with microbes 

found in association with globally distributed host sponges. 

 

 In conclusion, we characterized for the first time the bacterial communities in three 

sympatric intertidal marine sponges H. perlevis, O. papilla and P. penicillus from the Atlantic 

coast, confirming unique and diverse microbes from 10 different bacterial phyla. The low-

microbial-abundance sponge species O. papilla and P. penicillus harbored unique microbes 

compared with other co-occurring sponge. The majority of the bacterial 16S rRNA 

sequences in this study were similar to other related and unrelated sponge-associated/non-

sponge associated bacteria, irrespective of depth and geography, further evidence of the 
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complex nature of the associations. These new results add insights on the global diversity of 

sponge-associated bacteria. However the full nature of the observed associations will 

require further detailed investigations. 
 

3.5 Materials and Methods 

Ethics statement 
The study did not involve any endangered or protected species. No specific scientific 

research permits were required for invertebrate sample collection from the intertidal rocky 

beach. Moreover, sponge sample collection did not require the sacrifice of the animal and 

only 1cm3 of the inner region of sponge tissue was used for the study, which can be readily 

regenerated by the animal and have no environmental effect. 

 

Sample collection and processing for culturable bacteria 
 Marine sponge species Hymeniacidon perlevis (n=2), Ophlitaspongia papilla (n=3) 

and Polymastia penicillus (n=2) were collected from the intertidal rocky shore, Praia da 

Memória in Portugal (41.2308206N 8.7216926W). Sponge specimens and surrounding 

seawater were collected and transported in an insulated cooler to lab for immediate 

procedure. Samples were rinsed with sterile seawater by gentle shaking 4 to 5 times to 

remove loosely attached superficial bacteria. Approximately 1cm3 inner region of the sponge 

tissue was dissected and grinded using a sterile mortar and pestle in 10 ml autoclaved 

seawater. The homogenate was serially diluted to 10-5 and plated on DifcoTM Marine Agar 

2216 medium. Amphotericin B (1ml/100ml) was added to medium to prevent the fungal 

growth. Plates were incubated at 280C for up to 1 week in dark. Colonies were re-streaked 

twice onto the medium to obtain the pure culture. 

 

Identification of the cultured bacteria by 16S rRNA gene 

 Distinct bacterial colonies were screened based on morphology and color for further 

analyses. For DNA extraction, pure bacterial colonies were inoculated in 2 ml tubes 

containing DifcoTM Marine broth 2216 medium. Culture tubes were incubated at 280C with 

constant shaking for 3 days in dark for maximum bacterial cell harvest, followed by DNA 

extraction using PureLinkTM Genomic DNA kit (Invitrogen) according to manufactures 

instruction.  

 16S rRNA genes were amplified with universal bacterial primers 8F (5'-AGAGTTTG 

ATCCTGGCTCAG-3') and 1492R (l) (5'-GGTTACCTTGTTACGACTT-3') (Turner et al. 

1999). PCR reactions were performed in 50 µl volume, consisting 5 µl of 10x PCR buffer 

(Invitrogen), 5 µl of 2.5mM DNTPs, (NZYTech), 2.5 µl of 2.5mM MgCl2 (Invitrogen), 2.5 µl of 

10µm each primer, 0.5 µl of 5U/µl Taq DNA polymerase (Invitrogen) and 2.5 µl of 30 ng 
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genomic DNA. PCR cycling profiles: initial denaturation for 5 minutes at 94oC; 30 cycles of 

94ºC for 1 min, 55ºC for 1 min, 72ºC for 2 min; and a final extension for 10 minutes at 72ºC. 

PCR products were purified with PureLink TM Quick Gel Extraction and PCR Purification 

Combo Kit (Invitrogen) and sequenced by the Macrogen Europe using an ABI 3730XL DNA 

Analyzer (Applied Biosystems). Sequences were checked for chimeras using Mallard 

(Ashelford et al. 2006) and were deposited in GenBank (accession numbers KF155235-

KF155265). 
 

DNA extraction from the sponge and surrounding seawater  
 Sponge species H. perlevis (n=2, abbreviated as HM), P. penicillus (n=2, abbreviated 

as PL) and O. papilla (n=3, abbreviated as OP) were processed (described in previous 

section) for total genomic DNA. About 1cm3 sponge tissues was digested according to the 

protocol specified for the gram positive and gram negative bacteria with the PureLinkTM 

Genomic DNA kit (Invitrogen). Surrounding seawater (n=1, abbreviated as SW) was filtered 

through sterile 0.45µm pore size filter. Particles attached to the filter paper were scratched 

out following DNA extraction. Molecular identification of the sponge species were performed 

by using gene marker cytochrome oxidase I (COI). Sponge barcoding primers (Meyer et al. 

2005) were used to amplify a partial region of COI using previously described PCR 

conditions (Alex et al. 2012). Sequences were deposited in GenBank (accession numbers 

KF225481-KF225487). 
 

PCR and 16S rRNA gene library construction 
 Partial 16S rRNA gene was amplified for clone library preparation with the universal 

forward primer U789F (5'-TAGATACCCSSGTAGTCC-3') and reverse primer U1068R (5'-CT 

GACGRCRGCCATGC-3') targeting the hypervariable region V6 of both bacteria and 

archaea (Baker et al. 2003). Triplicate PCR reactions were performed for each sponge 

specimens in 50 µl volume, consisting of similar PCR reaction mixture used for culturable 

bacteria except an increase in primer concentration (5 µl of 10µm each primer), with 

previously reported cycling conditions (Lee et al. 2011). PCR products were gel purified with 

PureLink TM Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen). 

Purified respective 16S rRNA amplicons were pooled and used as DNA insert for 

clone library construction using pTOP TA V2 vectors in Macrogen Europe. Positive clones 

were screened, and clones with ~300bp insert were sequenced bidirectional using vector 

primers.  

 Raw sequence data from 384 clones were searched for vector contamination using 

VecScreen (http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html). The sequences were 

further validated and trimmed to about 300bp with a sequence preprocessing pipeline, 

http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html
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SeqTrim (Falgueras et al. 2010), and if necessary manually inspected and edited in BioEdit 

Sequence Editor (Hall 1999). The processed sequences were checked for chimeras and 

other artifacts using Mallard (Ashelford et al. 2006). Chimera removed dataset (n=349) were 

used for further analyses and deposited in GenBank (accession numbers KF171537-

KF171885). 
 

Operational taxonomic unit (OTU) assignment for clone library 
 Clone library sequences were aligned using Nearest Alignment Space Termination 

(NAST) algorithm (T. Z. DeSantis et al. 2006) implemented in Greengenes 16S rRNA gene 

database (T Z DeSantis et al. 2006). Sequences were assigned and clustered to OTUs at 

different cutoff values using furthest neighbor method implemented in mothur software 

package (Schloss et al. 2009). OTUs defined at a cutoff value of 0.01 (99% similarity) were 

included in subsequent biodiversity and community structure analyses.  
 

Bacterial biodiversity and community structure analyses of clone library 
 Biodiversity indices and the genetic structure for recovered bacterial community from 

host sponges and seawater (SW) were estimated with various calculators implemented in 

mothur package (Schloss et al. 2009). Bacterial richness calculation included observed 

species richness (Sobs) and expected richness with Chao1 estimator (Schao1). Simpson’s 

diversity indices, Dsimpson and E1/D were used to estimate the bacterial dominance and 

evenness. Good’s coverage estimator was used to determine sampling coverage. Genetic 

differentiation among and within sponge-associated bacterial community and surrounding 

water was compared using AMOVA (Excoffier et al. 1992) and HOMOVA (Stewart and 

Excoffier 1996). Similarities among the symbiont community structure were evaluated with 

phylogenetic lineage sorting test (P-test; (Martin 2002)). Pairwise comparison of bacterial 

communities among sponge hosts and seawater was estimated using LIBSHUFF (Singleton 

et al. 2001). Two dimensional Principal Coordinate Analysis (PCoA) was performed to 

visually compare the community dissimilarity among the source using weighted Unifrac 

algorithm with normalization steps (Hamady et al. 2010). 

 

Phylogenetic analysis of cultured bacteria and clone libraries 
  Cultured bacterial 16S rRNA sequences (n=31) and OTUs from seawater and 

respective sponge hosts (n=142) defined at 99% similarity, and its nearest relative obtained 

from GenBank database using BLAST search in September 2012 were aligned to 

greengenes reference database (T Z DeSantis et al. 2006). The taxonomic affiliation is 

further verified with RDP database (Cole et al. 2009) to minimize the taxonomic 

misinterpretation. Maximum-likelihood phylogenetic trees were constructed in PhyML 
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(Guindon and Gascuel 2003) with Nearest-Neighbor- Interchange (NNI) heuristic search 

method. The best fit evolutionary models, GTR+I+G for isolates and TIM+G+I for clone 

libraries were adopted under Akaike Information Criterion with correction (AICc) 

implemented in MrAIC ver. 1.4.4 (Nylander 2004). 
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3.6 Supplementary Information 

 

Figure S1. OTU diversity of bacterial communities retrieved from three sponge hosts H. perlevis, O. papilla and P. 
penicillus and surrounding seawater. OTUs are defined at different similarity threshold.  

 

 

 

Figure S2. Relative abundance of clones distributed in seawater and sponge hosts H. perlevis, O. papilla and P. 
penicillus. A total number of clones retrieved (n=349) from all source are classified at Domain/Phylum/Class level.  
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Figure S3. Maximum-likelihood phylogenetic tree constructed with partial 16S rRNA gene derived from sponge-
associated bacteria. The closest relative retrieved from database was used for tree construction. Different bacterial groups are 

shown in colored rectangular box. Clone sequences derived from this study are represented in bold followed by the clone 

number. The clades are condensed (triangles) and bootstrap support values (%) are indicated.  
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Host Isolates Order Closest relative % similarity 
H

. p
er

le
vi

s 
Isolate 1 Oceanospirillales Cobetia marina strain HNS037 100 
Isolate 2 Alteromonadales Pseudoalteromonas sp. RHS-

str.402 
100 

Isolate 3 Alteromonadales Pseudoalteromonas sp. RHS-
str.402 

100 

Isolate 4 Alteromonadales Pseudoalteromonas sp. RHS-
str.402 

100 

Isolate 5 Vibrionales Vibrio sp. H455 100 
Isolate 7 Vibrionales Vibrio alginolyticus strain J608 99 
Isolate 8 Vibrionales Vibrio alginolyticus strain J608 99 
Isolate 9 Vibrionales Vibrio alginolyticus strain J608 99 
Isolate 10 Vibrionales Vibrio gigantis strain S-50 100 

O
. p

ap
ill

a 

Isolate 1 Vibrionales Vibrio sp. H455 100 
Isolate 2 Vibrionaless Vibrio gigantis strain S-50 99 
Isolate 3 Vibrionales Vibrio breoganii strain C 4.15 100 
Isolate 4 Rhodobacterales Sulfitobacter sp. IS1 99 
Isolate 5 Vibrionales Vibrio gigantis strain S-50 100 
Isolate 6 Bacillales Bacillus sp. L07 100 
Isolate 7 Bacillales Bacillus sp. M71_S14 99 
Isolate 8 Vibrionales Vibrio gigantis strain S-50 99 
Isolate 9 Rhodobacterales Pseudovibrio ascidiaceicola 

strain NBRC 100514  
99 

Isolate 10 Vibrionales Vibrio gigantis strain S-50 100 
Isolate 11 Vibrionales Vibrio sp. E505-4 99 

P.
 p

en
ic

ill
us

 

Isolate 1 Vibrionales Vibrio azureus strain HNS036 99 
Isolate 2 Vibrionales Vibrio alginolyticus strain 

ZDS-6 
100 

Isolate 3 Vibrionales Vibrio alginolyticus strain 
ZDS-6 

99 

Isolate 4 Vibrionales Vibrio gigantis strain V007 99 
Isolate 5 Rhodobacterales Pseudovibrio ascidiaceicola 

strain NBRC 100514 
100 

Isolate 6 Oceanospirillales Hahellaceae bacterium Ez249 95 
Isolate 7 Rhodobacterales Roseobacter sp. 99 
Isolate 8 Bacillales Bacillus sp. LD121 99 
Isolate 9 Rhodobacterales Pseudovibrio ascidiaceicola 

strain NBRC 100514 
100 

Isolate 10 Vibrionales Vibrio sp. K323 99 
Isolate 11 Vibrionales Vibrio alginolyticus strain 

ZDS-6 
99 

 

Table S1. Identified bacterial isolates from three sponges, H. perlevis, O. papilla and P. penicillus. The closest relative 

for each isolate was retrieved showing highest percent of similarity through BLAST search. 
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 Richness  Dominance Evenness Good’s coverage 

 Sobs SChao1 Dsimpson E1/D C 

Seawater 72 300(174-580) 0.005 (0.001-0.009) 2.416 0.306818 

P. penicillus 36 181(84-469) 0.028 (0.007-0.049) 0.969 0.423077 

H. perlevis 26 45(32-88) 0.039 (0.010-0.069) 0.964 0.604651 

O. papilla 12 15(12-34) 0.195 (0.074-0.315) 0.427 0.818282 

 
Table S2. Species richness, dominance, evenness and sampling coverage indices for bacterial communities from 
seawater, P. penicillus, H. perlevis and O. papilla (upper and lower confidence interval in parentheses). 
 
 
 

  SW-PL SW-HM SW-OP PL-HM PL-OP HM-OP 
LIBSHUFF dCxy 0.042 0.057 0.062 0.043 0.062 0.107 
 P-valuexy *** *** *** *** *** *** 
 dCyx 0.034 0.085 0.135 0.078 0.132 0.119 
 P-valueyx *** *** *** *** *** *** 
P-test Score 25 13 8 12 8 7 
 P-value ** ** ** ** ** ** 
AMOVA Fs 8.53 8.20 12.8 11.8 18.5 13.5 
 P-value ** ** ** ** ** ** 
HOMOVA Bvalue 0.73 1.84 1.16 0.27 0.11 0.01 
 P-value * ** ** 0.123 0.244 0.573 
*P < 0.005, **P < 0.001, ***P < 0.0001 

Table S3 - Bacterial genetic diversity and community structure of sponges - O. papilla (OP), H. perlevis (HM), P. 
penicillus (PL) and seawater (SW). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

CChhaapptteerr  44  
 

PPyyrroosseeqquueenncciinngg  cchhaarraacctteerriizzaattiioonn  ooff  tthhee  mmiiccrroobbiiaall  
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mmaarriinnee  ssppoonnggeess  rreevveeaallss  hhiigghh  bbaacctteerriiaall  ddiivveerrssiittyy  
aanndd  tthhee  llaacckk  ooff  ccoo--ooccccuurrrreennccee  ppaatttteerrnnss  
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4.1 Abstract 
 Sponges, the most ancient metazoans, host most diverse and complex microbial 

communities that only recently could be insightfully characterized using deep-sequencing 

techniques. Sponge-associated microbial diversity has been studied from wide oceans 

across the globe, particularly in subtidal sponges, but the microbial communities from 

intertidal sponges have remained mostly unexplored. Here we used pyrosequencing to 

assess the microbial communities in 12 different co-occurring intertidal marine sponges from 

the Atlantic coast, revealing a high microbial diversity with up to 686 operational taxonomic 

units (OTUs) at 97% sequence similarity. Taxonomic assignment of 16S ribosomal RNA tag 

sequences estimated altogether 26 microbial groups, represented by bacterial (75.5%) and 

archaeal (22%) domains. Proteobacteria (43.4%) and Crenarchaeota (20.6%) were the most 

dominant bacterial groups detected in 12 sponge species and ambient seawater samples. 

The Crenarchaeota microbes found here revealed a close similarity with Crenarchaeota from 

geographically separated subtidal Red Sea sponges. Our study showed that most of the 

microbial communities observed in sponges (73%) were also found in the surrounding 

ambient seawater suggesting a common temporary acquisition and/or horizontal transfer of 

microbes. Microbiota analyses among intertidal sympatric sponges revealed the random 

association of microbes and a lack of microbial co-occurrence patterns, favoring the 

hypothesis that the sponge-inhabiting microbes are recruited from the environment mostly by 

chance or due to the influence of environmental factors to benefit the hosts. 
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4.2 Introduction 
 Sponge microbial ecology is attaining momentum with the advancement of 

sequencing technology and the keen interest in unlocking the global sponge-associated 

microbial diversity. The sponge-associated microorganisms can contribute to nearly 40% of 

the total sponge biomass (Vacelet and Donadey 1977) and may benefit the hosts with 

various functional roles. Culture-independent 16S rRNA (ribosomal RNA) gene based 

molecular techniques like clone library (Zhu et al. 2008; Erwin et al. 2011), denaturing 

gradient gel electrophoresis (Li et al. 2006), terminal restriction fragment length 

polymorphism (Sally A. Anderson et al. 2010; Erwin et al. 2011) and culture-dependent 

isolation (Zhu et al. 2008) procedures provided insight into the complex sponge microbial 

consortium. In recent years, deep 454 tag sequencing of the 16S rRNA revealed an 

unexplored exceptional diversity of microbial assemblages residing within the sponge body 

(Webster, Taylor, Behnam, Lücker, et al. 2010; Lee et al. 2011; Schmitt, Tsai, et al. 2012). 

Important pharmaceutical applications of bioactive substances isolated from certain sponges 

and its associated microbes-derived compounds further intensified the effort to understand 

the sponge-associated microbial ecology (Hentschel et al. 2006). 

 Irrespective of the enormous amount of microbial community data from the widely 

distributed sponges, it is still unclear the mechanism of symbiotic establishment and its exact 

role within the sponge host. It has been suggested that microbial interaction may provide the 

sponges with benefits that include the incorporation of dissolved organic matter (Wilkinson et 

al. 1980), production of photosynthates (Wilkinson 1983), antifeedants (Unson et al. 1994) 

and removal of waste products (Wilkinson 1978b). Many of the uncovered sponge 

microbiota has been classified as photosynthetic bacteria (Steindler et al. 2002), non-

photosynthetic bacteria, archaea bacteria (Preston et al. 1996) and non-representative 

candidate phyla (Fieseler et al. 2004; Enticknap et al. 2006). 

 The nature of the microbial association and its abundance among sponges can 

categorize the sponge hosts as “low-microbial-abundance” (LMA) and bacteriosponge or 

“high-microbial-abundance” (HMA) sponges. Sponge-microbe association, its variability and 

similarity have been assessed by the sampling of (i) distinct sponge species from different 

oceans (Schmitt, Tsai, et al. 2012), (ii) congeneric sponges from different oceans (Montalvo 

and Hill 2011) and (iii) congeneric sponges from the same ocean but sampled from 

neighboring sites (Erwin et al. 2012) and (iv) unrelated sponges from the same habitat (Lee 

et al. 2009). These studies have clearly indicated a consistent and a ‘mix of specialist and 

generalist’ microbiota among sponges from (i) different oceans – distantly related sponge 

species (Hentschel et al. 2002a; Erwin et al. 2011) (ii) congeneric sponge species (Montalvo 

and Hill 2011) and (iii) congeners from the same coast (Erwin et al. 2012) suggesting the 
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possibility of an intimate and strict relationship between hosts and partners. However, 

beyond alpha and beta diversity analyses, few studies have been performed to examine the 

co-occurrence pattern in sponge-microbial communities. Determining the bacterial 

community structure and structure-function relationship is crucial to infer the ecological niche 

of bacterial taxa and their interactions (Fuhrman and Steele 2008; Chaffron et al. 2010; 

Barberán et al. 2012).  

 Here, we have used 454 pyrosequencing (i) to characterize the bacterial community 

from 12 different intertidal marine sponge species (class Demospongiae) inhabiting the 

same habitat (single sampling site collection) in the Atlantic Coast of Portugal and (ii) to 

determine the co-occurrence pattern among the sponge-associated microbial communities. 

In depth sequencing from the unexplored Atlantic coast intertidal marine sponges revealed a 

greater diversity of microbial consortium and suggested the random pattern of bacterial 

association with the sponges.  

 

4.3 Materials and Methods 

Sample collection and 454 pyrosequencing 

 Sampling of the 12 different sponge species (Table 1) and surrounding ambient 

seawater has been performed at Praia da Memória (41.2308206N 8.7216926W), an Atlantic 

Ocean rocky beach from Portugal. Sample collection was done on the same day from the 

intertidal region and transported to lab in appropriate conditions. Within one hour of 

sampling, sponge tissues of 1cm3 were washed thoroughly with sterile sea water prior to 

DNA extraction. Approximately 2.5 liters of seawater from the sample location was filtered 

through 0.45µm sterile filter followed by DNA extraction with PureLinkTM Genomic DNA kit 

(Invitrogen). Amplicon libraries for 454 pyrosequencing were constructed with unique 

barcoded universal primers U789F (5'-TAGATACCCSSGTAGTCC-3') and reverse primer 

U1068R (5'-CTGACGRCRGCCATGC-3') 16S rRNA gene (Baker et al. 2003) targeting at 

hypervariable region V6 of bacteria and archaea. Triplicate PCR reactions were performed in 

a total volume of 100 µl constituting 5 U of Pfx50 DNA polymerase (Invitrogen), 1X Pfx50 

PCR mix, 0.3 mM of dNTP’s (NZYTech), 0.5 µM of each barcoded primers and 30 ng of 

genomic DNA. Thermal cycler conditions, initial denaturation at 95ºC for 5 minutes and 26 

cycles of 94ºC for 15 seconds, 63ºC for 30 seconds, 68ºC for 45 seconds and a final 

extension at 68ºC for 5 minutes were used. Gel purified PCR (Macherey-Nagel) products 

were pooled and performed pyrosequencing on ROCHE 454 GS-FLX Titanium platform. 

Raw pyrosequencing reads were submitted to the NCBI Short Reads Archive database 

(SRR949132). 
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   Taxonomy  
Sponge species Sample 

code 
Class Order Family 

Amphilectus fucorum AMF Demospongiae Poecilosclerida Esperiopsidae 
Aplysilla rosea APL Demospongiae Dendroceratida Darwinellidae 
Aaptos papillata AAP Demospongiae Hadromerida Suberitidae 
Cliona celata CCL Demospongiae Hadromerida Clionaidae 
Haliclona simulans HAS Demospongiae Haplosclerida Chalinidae 
Halichondria panicea HAL Demospongiae Halichondrida Halichondriidae 
Ophlitaspongia papilla OPT Demospongiae Poecilosclerida Microcionidae 
Polymastia agglutinans PAG Demospongiae Hadromerida Polymastiidae 
Polymastia penicillus POLY Demospongiae Hadromerida Polymastiidae 
Polymastia sp. POL Demospongiae Hadromerida Polymastiidae 
Phorbas plumosus PHR Demospongiae Poecilosclerida Hymedesmiidae 
Tedania pillarriosae TED Demospongiae Poecilosclerida Tedaniidae 

 
Table 1. Intertidal marine sponge species collected from the Portuguese Atlantic coast and their respective sample codes. 

Ambient seawater collected from the same sampling location was designated the sample code SW. 

 
454 tag sequence processing and OTU picking 
 Pyrosequencing data analyses were performed with QIIME v.1.6.0 (Caporaso et al. 

2010). Briefly, raw multiplexed sequences were pre-processed by trimming with an average 

quality threshold score of 25, removing reads containing ambiguous bases, sequences 

shorter than 100 bp and unassigned reads. Further sequences were assigned to samples 

based on barcodes for downstream analysis. Before proceeding with diversity analysis, pre-

processed dataset was screened by denoising (Reeder and Knight 2010) to avoid over 

representation of species diversity. De-multiplexed reads were checked for chimeras using 

UCHIME (Edgar et al. 2011) against 16S “Gold” database and clustered into operational 

taxonomic units (OTUs) using a 97% similarity threshold with USEARCH algorithm (Edgar 

2010). Taxonomic assignment to phylum, class, order, family and genus level was 

implemented with naïve Bayesian classifier (Wang et al. 2007) on a set of trained 

Greengenes reference sequences and taxonomy (McDonald et al. 2012) by mothur method 

(Schloss et al. 2009) at 80% similarity confidence.  

 

Microbial diversity and co-occurrence analysis 

 The BIOM (Biological Observation Matrix) file obtained after clustering the reads at 

97% similarity was further used for downstream analysis. Community richness, diversity and 

ordination analysis were performed with phyloseq package (version 1.5.15; (McMurdie and 

Holmes 2013) in the R environment (http://www.R-project.org/) and plotted using ggplot2 

(Wickham 2009).Non-random association pattern of microbes among sponges was tested 

using co-occurrence module in EcoSim (Gotelli 2000). We evaluated this relationship 

http://www.r-project.org/
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between microbes that were identified as core i.e., OTUs present in at least 50% of the 

sponge samples. Data set of presence-absence matrix, representing rows as microbes and 

column as sponge species was used to calculate the checkerboard score (C-score; (Stone 

and Roberts 1990)) under a null model. Observed C-scores were compared with expected 

C-scores by fixed rows-equiprobable columns simulation algorithm.  

 

Crenarchaeota microbial community from the Atlantic Ocean and Red Sea sponges 
 Due to the abundance of Crenarchaeota in our study, we compared its similarity with 

Crenarchaeota previously detected in the Red Sea sponges. We retrieved the raw 

pyrosequencing data of the Red Sea sponges (SRA012874.2; (Lee et al. 2011)) from the 

NCBI Short Reads Archive database. The sequencing reads were pre-processed with NCBI 

SRA toolkit (http://eutils.ncbi.nih.gov/Traces/sra/sra.cgi?view=software) and analyzed as 

mentioned above using QIIME. Reads assigned to Crenarchaeota were retrieved from both 

data sets and UPGMA cluster analysis was performed. 

  

4.4 Results 

OTUs and bacterial richness  
 454 sequencing of the microbial communities associated with the sponges and 

seawater derived 138,615 raw pyrosequencing reads. After quality filtering we obtained a 

high quality dataset of 95,951 sequences. Further sorting based on the individual sponge 

species (n=12) and seawater (n=1) provided 88,515 sequences with an average read length 

of 285.4 bp. Chimera removed sequence reads (84,199) were clustered at ‘species-level’ 

cutoff (97% identity) to final OTU table (BIOM format) comprehending 686 OTUs. Clustering 

of the reads at lower sequence similarity thresholds resulted in lower number of OTUs 

(Supplementary Figure S1). The total number of reads retrieved and OTUs (at 3% sequence 

divergence) from each sample were shown in Supplementary Figure S2. Highest number of 

OTUs was observed in the sponge Amphilectus fucorum (AMF), representing up to 370 

OTUs and minimum of 29 OTUs from the sponge Cliona celata (CCL) (Figure 1). OTU 

based alpha diversity measures, abundance-based coverage estimator (ACE) and Chao1 

presented the higher richness of microbial species in the sponge AMF and lowest in the 

sponge CCL. Most of the sponge species and seawater (SW) showed richness ranging from 

100-400. Microbial community diversity, Shannon and Simpson indices indicated higher 

dominance in seawater (SW) compared to the sponge species sampled from the same 

location (Figure 1). Rank-abundance curve suggested the presence of a few abundant 

bacterial species in the sponge samples and in the surrounding seawater (Figure 2).  

 

http://eutils.ncbi.nih.gov/Traces/sra/sra.cgi?view=software
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Figure 1. Alpha diversity indices of microbial communities from the 12 sponge samples and seawater (SW). Community 

richness was estimated using observed species (S.obs), chao 1 estimator (S.chao1) and abundance-based coverage estimator 

(S.ACE). Community diversity was calculated using Shannon and Simpson indices. Refer Table 1 for the sample description. 

 

Taxonomic composition of pyrosequencing reads 
 Taxonomic assignment of qualified reads (88,515) with Greengenes reference 

sequences at a confidence threshold of 97% similarity classified the reads into two major 

domains- bacteria (75.5%) and archaea (22.0%), with 22 bacterial, 3 archaeal and 1 

unknown group. The known bacterial phyla- Actinobacteria, Acidobacteria, Bacteroidetes, 

Chlamydiae, Cyanobacteria, Chloroflexi, Firmicutes, Fusobacteria, Nitrospirae, 

Planctomycetes, Proteobacteria, Spirochaetes, Synergistetes, Verrucomicrobia and several 

candidate bacterial phyla- NKB19, OP3, SBR1093, TM7, TM6, ZB2 and WS3 were detected 

in the sponge samples and ambient seawater (Figure 3). The bacterial group Proteobacteria 

dominated in all samples comprising the major class- Alphaproteobacteria (12.1%), Ga- 

mmaproteobacteria (10.6%), Betaproteobacteria (2.7%), Deltaproteobacteria (1.3%), other 
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Proteobacteria (16.7%) and least represented by Epsilonproteobac- teria (0.2%), but only in 

the sponge AMF. Planctomycetes (15.8%) and Cyanobacteria (1.9%) were also retrieved 

from the sponges studied. The photosynthetic bacterial reads affiliated to Prochlorococcus 

were present in all samples except in the sponges Aaptos papillata (AAP) and C. celata.  

 

 
 

Figure 2. Rank abundance curve showing diversity of bacterial communities associated with sponge species and seawater 

(SW) used in this study. Refer Table 1 for detailed information about sample code. 

 

In this study both seawater and sponges harbored the archaeal group of the phylum 

Crenarchaeota (20.6%) and Euryarchaeota (1.1%) (Figure 3, Supplementary Figure S4-A). 

Crenarchaeota were observed with high frequency in all samples, whereas, Euryarchaeota 

reads were found in lower numbers and were notably absent in a few sponge species 

including CCL, AAP, POLY and TED (Supplementary Figure S4-A). Nitrosopumilus sp. was 

the most abundant archaeon found among the samples analyzed in this study 

(Supplementary Figure S4-B).  

 

Bacterial community similarity and random distribution  
 The non-metric multidimensional scaling (NMDS) plot clearly discriminated the 

bacterial communities among sample sources (Figure 4). Microbial community differentiation 

using phylogenetic information (p-test) showed significant distinction of the microbes 

associated with the sponges and seawater (Supplementary Figure S5). In addition, we 

detected a bacterial community difference among the three intrageneric sponge hosts 

(Polymastia sp.) studied (Supplementary Figure S6). The UPGMA cluster analysis of 

Crenarchaeota obtained here (Atlantic Ocean) and Crenarchaeota from the Red Sea 
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sponges suggested the similarity of archaeal communities, but only among two sponge 

species Hyrtios erectus (HE-2) and Xestospongia testudinaria (XT-1). Most of the sponges 

from both oceans were grouped separately indicating distinct Crenarchaeota communities 

(Figure 5). We analyzed the distribution of core microbes among the sponge hosts, which 

are present in at least 50-100% of the samples. At the phylum level, both Crenarchaeota and 

Planctomycetes were found in all the sponge samples irrespective of the different core 

bacterial ranges defined (Figure 6). 

 The co-occurrence analysis did not support the non-random distribution hypothesis of 

microbes among the sponge samples investigated. At the phylum level, the observed C-

score (0.74242) was significantly lower than the simulated C-score (1.78472; p < 0.001), 

suggesting a random bacterial distribution pattern (Figure 7). Further analysis at the species 

level also supported the random distribution (null hypothesis) of sponge-associated bacteria. 

 

 

 
 
Figure 3. Taxonomic compositions and relative abundance of the OTUs from the sponge species and surrounding seawater. 

Different color pellets are assigned to represent bacterial groups. Refer Table 1 for respective sample codes. 
 

4.5 Discussion 

Microbial consortium from sponges 
 Microbial assemblages in wide oceans are being documented both from open water 

(free-living bacteria) and associated with marine animals. Marine invertebrates, particularly 

sponges have been studied because of its microbial abundance, its ecological role and 
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biotechnological significance (Taylor et al. 2007). Here, we investigated the sponge-

associated bacterial assemblage from 12 different co-occurring intertidal marine sponges 

sampled from the Atlantic coast of Portugal and compared it with the surrounding ambient 

seawater from the sampling location. Tag pyrosequencing revealed altogether 26 different 

groups of microbial communities (Figure 3) suggestive of a complex microbial consortium. 

Proteobacteria formed the most abundant group of bacteria, distributed among all five major 

classes of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Delta- 

proteobacteria and Epsilonproteobacteria. This bacterial group was very prominent in almost 

every sponges studied previously, irrespective of the habitat (i.e., both marine and 

freshwater; (Taylor et al. 2007; Kaluzhnaya et al. 2011) and predominated during isolation 

techniques (Webster and Hill 2001). At the class level classification it is evident that 

Alphaproteobacteria prevailed among all sponge samples followed by Gammaproteobacteria 

(Supplementary Figure S3). The second most diverse microbial group, Crenarchaeota 

predominated both in the seawater and sponge species. Other studies showed increasing 

evidence for the ubiquitous and abundant nature of archaeal communities (Karner et al. 

2001; Galand et al. 2009), which were previously thought to be present only in extreme 

conditions. Interestingly, archaea bacteria are being found in association with marine 

sponges from diverse locations, such as Korea (Lee et al. 2003), Antarctic sponges 

(Webster et al. 2004) and Red Sea sponges (Lee et al. 2011). We reported here for the first 

time the association of archaea bacteria, particularly the diverse Crenarchaeota among 12 

different intertidal marine sponges from the European Atlantic coast (Supplementary Figure 

S4-A). High abundance of Crenarchaeota has previously been reported in the North Atlantic 

Ocean, playing an important role in the oxidation of ammonia to nitrite, indicated by the 

dominance of archaeal ammonia monooxygenase (amoA) genes (Agogué et al. 2008). The 

majority of archaea bacterial reads (20.2%; (Supplementary Figure S4-B) were grouped in 

the genus Nitrosopumilus, which were found in high abundance in the sponge Aaptos 

papillata and least represented in Cliona celata. Overall our study showed higher abundance 

of archaea bacteria among the sponges sampled and suggests the role of marine 

Crenarchaeota in global biogeochemical cycles. 
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Figure 4. Bacterial community differentiations among the intertidal Atlantic Ocean sponges. Non-metric multidimensional 

scaling plots showing the pattern of microbial communities recovered from the sponge samples and seawater (SW). Refer 

Table 1 for further sample abbreviations. 

 

 The high abundance of Crenarchaeota found in the Atlantic Ocean (this study) and 

the Red Sea sponges (Lee et al. 2011); reported the highest archaeal diversity ever 

recorded) prompted us to further investigate a possible similarity between archaeal 

communities from geographically separated sponges. A few samples from both oceans 

grouped differently indicating a clear distinction of multiple Crenarchaeota (Figure 5) 

bacterial communities. The clustering of two Red Sea sponges Hyrtios erectus (HE-1) and 

Xestospongia testudinaria (XT-1) associated archaeal communities with Atlantic Ocean 
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sponges may suggest an uniform bacterial community of the archaeal lineage (Hentschel et 

al. 2002a). 

 

 
 
Figure 5. UPGMA cluster analysis of Crenarchaeotal communities associated with the Atlantic Ocean, Red Sea sponges and 

seawater samples from respective locations. The sample code in a rectangle box indicates seawater samples. For sample 

description refer Table 1 (this study) and (Lee et al. 2011) for Red Sea samples. 

 

 The bacterial groups Planctomycetes and Cyanobacteria were also detected 

frequently in the sponge samples. Various studies have shown the association of 

photosynthetic bacteria with sponges and its benefit to the hosts (Wilkinson 1983) inhabiting 

tropical (Steindler et al. 2002), temperate (Lemloh et al. 2009; Alex et al. 2012) and other 

oceans. It is evident that the majority of the sponges (10 out of 12) studied here harbored 

cyanobacteria (1.9%, including chloroplast; Figure 3). Further lower level taxonomic 

classification revealed the presence of Prochlorococcus, a representative symbiotic 

cyanobacterial genera reported to colonize the sponges ubiquitously (Steindler et al. 2005). 

Since the intertidal sponges here studied are recurrently exposed to light during low tide, the 

prominence of photosymbionts might support the previous hypothesis (Steindler et al. 2005) 

that cyanobionts may supplement the energy requirements of the sponge and protect it from 

UV radiation during environmental exposure. Moreover, we detected Candidatus 

Entotheonella from the sponges Aplysilla rosea, Polymastia sp. and Aaptos papillata in very 
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low abundance (<0.1%). Entotheonella sp. was previously identified in the marine sponge 

Theonella swinhoei (Schmidt et al. 2000), Discodermia dissolute (Schirmer et al. 2005) and 

lithistid sponge D. dissolute (Bruck et al. 2008).  

 

 
 
Figure 6. Core bacterial communities assigned for the sponge samples. X-axis represents the percentage at which the 

microbes are represented in hosts. 

 

 Pyrosequencing revealed the unreported Synergistetes from two sponges (A. rosea 

and A. fucorum). in spite of the highest precautions we have taken to avoid bacterial 

contaminations, it is not clear if the newly assigned group Synergistetes (Paster et al. 2001) 

are present in marine habitat. Our data also revealed the ‘rare’ phyla Chlamydiae and WS3 

at very low abundance (<0.1%). Representatives of uncultivated bacterial members formed 

the ‘candidate divisions’ (Hugenholtz et al. 1998) that have been frequently reported from the 

sponges (Webster, Taylor, Behnam, Lücker, et al. 2010; Lee et al. 2011; Schmitt, Tsai, et al. 

2012) and other environments. TM7 previously reported to transmit vertically in the sponge 

Xestospongia muta (Schmitt et al. 2008) was recovered in our data set. Moreover, we 

detected the presence of two new sponge-associated uncultivated bacterial groups; the 

candidate phyla NKB19 and ZB2, which highlights the usefulness of deep sequencing in our 

study. 
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Figure 7. Histogram representation of the co-occurrence analysis. The observed C-score from the real data set (sponge 

associated microbes) is represented by an arrow on to the simulated C-scores.  

 

Lack of non-random association among sponge microbiota  
 The majority of microbes co-exist in different mode of association within the 

ecosystem and non-random patterns of interaction are known to exist across all domains of 

life (Horner-Devine et al. 2007). These associations play an important role in the structuring 

of the microbial communities (Prosser et al. 2007) through microbe-microbe and microbe-

metazoan interactions. The cataloging of such ecological patterns is important for 

understanding the ecosystem dynamics and the evolutionary ecology of individual organisms 

(Konopka 2009).Considering the exceptionally high microbial diversity found in sponges, it is 

always tempting to conclude a non-random pattern of microbial association, where microbial 

taxa are segregated and exhibit close relationships. However, our results do not support a 

non-random microbial association in the sponges studied (i.e., significantly less observed C-

score; Figure 7), which suggests that other factors may influence the structuring of the 

microbial assemblage in sponges. Co-occurrence analysis considered the bacterial 

communities among varying gradients like different human genotype (Ren et al. 2013) and 

different soil types (Barberán et al. 2012), validating the non-random association. Even 

though we tested the co-occurrence hypothesis among the sponges sampled from similar 

external gradients (temperature, salinity and pH), there might be oscillating internal biotic 

factors among the sponge species influencing the microbial community structuring. Abiotic 
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factors, mainly temperature, can substantially influence the sponge holobionts due to the 

removal of symbionts and the immediate introduction of opportunistic bacteria (Fan et al. 

2013). Although there are widespread competition between microbes for resources, its 

detection in natural environment is not trivial (Konopka 2009). Our current dataset is not 

exhaustive to explain the co-occurrence pattern in sponge microbes, and further studies 

should follow with wide sampling from different ecosystems. 

 

Sponge-associated microbes are not restricted to its host 
 It is noteworthy that nearly 73% of the bacterial groups retrieved in this study were 

represented both in sponges and seawater samples. A decade ago sponge microbiology 

proposed two definitions – ‘sponge-specific’ and ‘sponge-species-specific’ (Hentschel et al. 

2002a) to describe the particular nature of the bacterial association with sponges which was 

further validated later (Simister et al. 2012). In our study we have not defined the “sponge-

specific” or “sponge-species-specific” microbial communities due to the recurrent presence 

of similar bacterial communities among the sponge species and ambient seawater. It is clear 

from our dataset that Chlamydiae, Nitrospirae, and the two candidate phyla SBR1093 and 

TM6 were the only microbial groups found exclusively in association with the sponges. A 

recent comprehensive study by (Taylor et al. 2013) substantiated the widespread (but rare) 

existence of ‘sponge-specific’ microbes in diverse marine environments. The presence of 

such microbes suggests its ability to survive outside the sponge host, which may serve as a 

‘seed bank’ for the colonization sponges (Webster, Taylor, Behnam, Lücker, et al. 2010). 

Current work highlights the usefulness and advancement of the sequencing technology over 

traditional clone library and fingerprinting techniques, where there are greater chances of 

misinterpreting the data.  

 

4.6 Conclusion 
 Here, we provide the first report on the sponge-associated bacterial communities in 

intertidal Atlantic sponges. 16S rRNA tag pyrosequencing exposed a diverse and complex 

nature of sponge-associate microbial communities among 12 different co-occurring intertidal 

sponges (class Demospongiae) from the Atlantic coast of Portugal. OTU definition of 

microbial communities at 97% similarity threshold revealed altogether 26 different bacterial 

groups, including new bacterial groups (candidate phyla NKB19 and ZB2) not detected 

previously in sponges. Comparison of the sponge-associated archaeal communities 

suggests an overlap of Crenarchaeota between geographically isolated Atlantic Ocean and 

distant Red Sea sponges. However, the observation of sponge-associated bacterial 

communities in ambient sea water suggests its widespread nature in marine environments 
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and their existence outside the sponge body either in an active or inactive state. The 

flexibility of sponge-associated microbes to either flourish in seawater or in association with 

sponge host in later stages of life may contribute to the lack of co-occurrence patterns. 

Further detailed evaluation using different gradients at spatial and temporal scale would be 

insightful to clarify the co-occurrence pattern among sponges. 
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4.7 Supplementary Information 

 
Supplementary Figure S1. Total number of OTUs represented at different similarity thresholds. Pyrosequencing reads are 

grouped at various sequence similarity revealing lesser number of OTUs with less sequence similarities. 

 

 

 

Supplementary Figure S2 Graph representing total number of sequencing reads and OTUs recovered from the samples. A. 

Number of reads retrieved from each sample after quality filtering. B. Number of OTUs represented in each sample. Refer 

Table 1 for the detailed description of sample codes. 
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Supplementary Figure S3 Relative abundance of Proteobacteria among the sample sources. Refer Table 1 for sample details. 

 

 
 

Supplementary Figure S4. Relative abundance of archaea bacteria from the samples. (A) Relative abundance of the phyla 

Crenarchaeota and Euryarchaeota . (B) Abundance of archaea bacteria at lower taxonomic level. Sample code details are 

given in Table 1. 
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Supplementary Figure S5. Pairwise comparison of the microbial communities amongst the different sponge species and 

seawater (SW). Heat map representing the p-values obtained from the p-test performed for each pair of samples. Colors are 

coded according to significance values. Sample code details are given in Table 1. 

 

 

 

 

Supplementary Figure S6. Heat map showing pairwise dissimilarity between intergeneric sponge-associated bacterial 

communities using Pearson distance. Three different sponge species, Polymastia agglutinans (PAG), Polymastia penicillus 

(POLY) and Polymastia sp. (POL) sampled were analyzed.  
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5.1 Abstract 
 Sponges harbour a complex consortium of microbial communities living in symbiotic 

relationship benefiting each other through the integration of metabolites. Elucidating the 

mechanisms involved in establishing a successful microbial association with a sponge 

partner through the genome analyses has been the focus of our study. Here, we performed 

the whole genome sequencing of the Pseudovibrio sp. POLY-S9 strain isolated from the 

intertidal marine sponge Polymastia penicillus sampled from the Atlantic coast of Portugal. 

The draft genome analyses revealed an exceptionally large genome size of 6.8 Mbp 

compared to the previously reported genomes of the genus Pseudovibrio isolated from a 

coral and a sponge larvae. Genomic insight further confirmed the presence of eukaryotic-like 

proteins such as the ankyrin-repeat proteins (ARPs), tetratrico peptide repeats (TPRs) and 

fibronectin type III (Fn3) domains which are involved in altering the host behavior through 

protein-protein interactions. The detailed study of the symbiotic bacteria suggests the 

presence of gene repertoire responsible for the adaptive mechanisms facilitating the 

attachment to the eukaryotic hosts and the avoidance of the host’s immune response. 

Furthermore, we observed abundant mobile elements and gene transfer agents (GTAs) 

suggesting the permissive lifestyle of the Pseudovibrio sp. POLY-S9 strain. The enhanced 

horizontal gene transfer (HGT) pathways among the strain POLY-S9 suggests a key role in 

distributing the core functions responsible for the symbioses during their co-evolutionary 

association with their hosts and the ability to harbour a wide range of eukaryotic organisms.  
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5.2 Introduction  
 The marine sponges harbour dense and diverse beneficial bacterial communities. 

Different lineages of microbes live in symbiotic association with the sponges and the 

sponge-microbes form a specific and stable association with its host that are distinct from 

the surrounding seawater (Taylor et al. 2007). The assessment of sponge-bacterial diversity 

greatly depends on the molecular techniques used namely 16S rRNA (ribosomal RNA) clone 

library construction (Erwin et al. 2012), denaturing gel gradient electrophoresis (DGGE) 

(Webster et al. 2012), terminal restriction fragment length electrophoresis (T-RFLP) (Erwin et 

al. 2011) and the next generation sequencing methods (Lee et al. 2011; Schmitt, Tsai, et al. 

2012). The above-mentioned techniques could provide only the diversity and abundance of 

microbial species prevailing in an ecosystem but not the fundamental insight into the 

mechanisms of symbiotic associations. Culture-dependent techniques for the isolation of 

symbiotic bacteria from the sponges have been widely used to benefit from the potential 

bioactive compounds (Taylor et al. 2007; Vogel 2008). However, there are limitations in 

culturing the obligate symbiotic bacteria in artificial conditions. 

 Due to the recent advancement in sequencing techniques, understanding the 

symbiotic relationship with the sponge hosts has begun to unfold. The whole microbial 

community approaches using metagenomics (T. Thomas et al. 2010; Liu et al. 2011; Fan et 

al. 2012) and metaproteogenomics (Liu et al. 2012) provides significant knowledge about the 

functional role of uncultured symbiotic microorganisms. For example, metagenomic analyses 

of the bacterial community in the sponge Cymbastela concentrica revealed the presence of 

large number of transposable insertion elements crucial for the evolution of symbiotic 

relationships. Genomic factors involved in the sponge-microbe symbioses, like adhesion-

related proteins, ankyrin-repeats proteins (ARP) and tetratrico peptide repeat domain-

encoding proteins (TPR) were frequently detected in C. concentrica metagenome (T. 

Thomas et al. 2010) and in the genome of Deltaproteobacteria from C. concentrica (Liu et al. 

2012). Recent whole genome and metabolic analyses of two Pseudovibrio strains isolated 

from a scleractinian coral and from the sponge Mycale laxissima exposed the metabolic 

versatility of the bacteria adapted for the symbioses (Bondarev et al. 2013).  

 The genus Pseudovibrio has been widely reported in marine habitats initially from the 

coastal seawaters and marine invertebrates tunicates and sponges (Hentschel et al. 2001; 

Webster and Hill 2001; Olson et al. 2002; Thakur et al. 2003; Thiel and Imhoff 2003; Thoms 

et al. 2003; Shieh et al. 2004; Agogué et al. 2005; Lafi et al. 2005; Enticknap et al. 2006; 

Fukunaga et al. 2006; Koren and Rosenberg 2006; Hosoya and Yokota 2007; Sertan-de 

Guzman et al. 2007; Kennedy et al. 2008; Muscholl-Silberhorn, Thiel, and J.F. Imhoff 2008; 

Riesenfeld et al. 2008; O’Halloran et al. 2011; Chiu et al. 2012; Flemer et al. 2012; Dupont et 
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al. 2013; Esteves et al. 2013; Moreira et al. 2013). Pseudovibrio denitrificans was the first 

isolated strain described as a potential bacterium capable of denitrification and fermentation 

(Shieh et al. 2004). Further strains of genus Pseudovibrio, P. ascidiaceicola (from a 

tunicate), P. japonicas (from seatwater), P. axinellae (from a sponge), Pseudovibrio sp. FO-

BEG1 (co-isolated with Beggiatoa sp.) and Pseudovibrio sp. JE062 (from a sponge) have 

been isolated and investigated (Fukunaga et al. 2006; Hosoya and Yokota 2007; Brock and 

Schulz-Vogt 2011; O’Halloran et al. 2011). The Pseudovibrio-related bacteria dominated the 

majority of the sponge bacterial isolates and those of the M. laxissima sponge larvae 

(Enticknap et al. 2006) suggesting the vertical transmission of Pseudovibrio sp. Many 

isolated stains of the genus Pseudovibrio are known to produce active secondary 

metabolites with potential antimicrobial activity (Dupont et al. 2013), mainly compounds like 

heptylprodigiosin from P. denitrificans (Sertan-de Guzman et al. 2007), tropodithietic acid 

(TDA) from an epiphytic Pseudovibrio strain isolated from the red algae, Delisea pulchra 

(Penesyan et al. 2011) and pseudovibriocin from coral-associated Pseudovibrio sp. 

(Vizcaino 2011). 

In this study we performed the whole genome sequencing of the Pseudovibrio sp. 

isolated from the sponge Polymastia penicillus (class Demospongiae) (Figure S1) distributed 

along the intertidal region of the Atlantic coast of Portugal to investigate the genomic 

versatility of this bacteria adapted to the symbiotic lifestyle. 

 

5.3 Materials and Methods 
Isolation of bacteria from the sponge and genome sequencing 

The sponge-associated bacteria Pseudovibrio sp. was isolated from Polymastia 

penicillus as previously described (Alex et al. 2013). Genomic DNA was isolated using 

PureLinkTM Genomic DNA kit (Invitrogen) following the manufactures instructions for 

bacterial DNA isolation. The whole genome sequencing was performed with Illumina (HiSeq-

paired end) at Macrogen, South Korea. The sequencing reads were assembled using the 

short read sequence assembler, ABySS (Simpson et al. 2009). Briefly, the raw sequences 

were trimmed off the adapter sequences with cutadapt (Martin 2011) and the best possible 

k-mer for genome assembly was opted from KmerGenie (Chikhi and Medvedev 2013). 

Overall, 336 contigs of >1400 fold coverage were retrieved and contigs were reordered using 

Mauve (Darling et al. 2010) against the reference genome Pseudovibrio sp. FO-BEG1 

(NC_016642.1). 

 

 

 



 

100 
 

Phylogenetic analyses 

 16S rRNA gene sequences of the Pseudovibrio strain from the current study, its 

closest relative and the sequences used previously in the Bondarev et al. (2013) work 

representing the strains of Pseudovibrio sp. obtained from different sources were retrieved 

for phylogenetic analyses. Sequences were aligned with clustalW2 (Larkin et al. 2007) and 

filtered out the alignments using GBlocks (Castresana 2000; Talavera and Castresana 

2007). Maximum-likelihood phylogenetic tree was constructed in PhyML (Guindon and 

Gascuel 2003) using the best fit evolutionary model, GTR+I adopted from Akaike Information 

Criterion with correction (AICc) implemented in MrAIC ver. 1.4.4 (Nylander 2004). 

 

Genome annotation 
 Bacterial genome annotation was performed with the RAST server (Aziz et al. 2008) 

using Glimmer3 (Delcher et al. 2007) software for gene prediction. 

 

5.4 Results and Discussion 
The isolated Pseudovibrio sp. POLY-S9 strain from the intertidal marine sponge P. 

penicillus showed 100% similarity to P. ascidiaceicola strain NBRC 100514 (AB681198), 

which has been previously reported from an ascidian Polycitor proliferus (Fukunaga et al. 

2006). The phylogenetic analyses based on the 16S rRNA sequences of the genus 

Pseudovibrio suggests that this strain might be more closely related to P. ascidiaceicola than 

to the any other known strain (Figure 1). Congruent with the previous study by Bondarev et 

al. (2013), the Pseudovibrio-related bacterial strains sampled from different sources like 

coral, sponges, ascidians, algae and seawater were not differentiated across the 

phylogenetic tree (Figure 1) suggesting wide adaptation mechanisms to thrive as free living 

and also in symbiotic association with diverse marine eukaryotic hosts. 

The genome analyses of the strain Pseudovibrio sp. POLY-S9 revealed the chromo- 

somal genome size of 6.8 Mbp with a G + C content of 51.3% (Figure 2, Table S1) 

consistent with the previously described values for the P. ascidiaceicola strain (Fukunaga et 

al. 2006). The genome assembly of Pseudovibrio sp. POLY-S9 resulted in 336 contigs and 

the annotation with RAST revealed the presence of 6736 coding sequences, greater than 

the estimated coding sequences from the genomes of Pseudovibrio sp. FO-BEG1 and 

Pseudovibrio sp. JE062 (Table S1). 
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Figure 1. Maximum likelihood tree of the 16S rRNA sequences retrieved from the Pseudovibrio strains. The strain delimited by 

rectangular box represents the genome sequenced in this study and those in black bold fonts represent available genomes of 

Pseudovibrio sp. 

 
Symbiont metabolic insight 
 The genomic analyses of the sponge symbiont Pseudovibrio sp. POLY-S9 revealed 

the possible mechanism of carbohydrate metabolism through the Entner-Doudoroff (ED) 

pathway, an alternative pathway which is more widespread (Kersters and Ley 1968) and 

predominant in the marine Alphaproteobacteria (Tang et al. 2009; Kumar et al. 2012). A 

recent study reported the obligatory role of the ED pathway for gluconate utilization and the 

pathogenicity in Vibrio cholerae by enhancing the virulence genes (ctxA and tcpA) and their 

regulator (toxT) (Patra et al. 2012). A previous genomic study hypothesized the potential 

chances of Pseudovibrio strains becoming pathogenic due to their similarity with the 

Escherichia coli in humans (Bondarev et al. 2013), and we speculate that ED pathway may 
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change the lifestyle of Pseudovibrio strains from commensalism or symbiosis to 

pathogenesis. Additionally, the genes encoding for proteins involved in tricarboxylic acid 

(TCA) cycle and pentose phosphate pathway were identified in the genome. The genes for 

glycolysis and pentose phosphate pathway have been reported in other sponge-associated 

microorganisms, Poribacteria (Siegl et al. 2011) and Cenarchaeum symbiosum (Steven J. 

Hallam et al. 2006), indicating the wide range of sugar and carbon utilization to meet their 

energy requirements.  

 
 
Figure 2. Circular view of the Pseudovibrio sp. POLY-S9 chromosme sequenced in this study and its comparison with the 

reference genome Pseudovibrio sp. FO-BEG1. The inner ring (red) represents the sequenced genome and the outermost 

(blue) represent the reference genome. 
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 It was evident from the genome of Pseudovibrio sp. POLY-S9 that, ammonia, the 

metabolic waste product of the host sponges is assimilated by the symbiotic bacteria through 

the glutamine synthase-glutamine oxoglutarate aminotransferase (GS-GOGAT) pathway. 

Consistent with Pseudovibrio strains FO-BEG1 and JE062, we observed gene clusters 

responsible for denitrification and sulfur oxidation (sox) in the strain POLY-S9. It has been 

proved experimentally that Pseudovibrio strains can use reduced sulfur compounds as a 

source of energy (enhanced the aerobic growth of both strains in a medium containing 

thiosulfate; Bondarev et al. 2013).  

 
Nutritional supplement and bioactive compounds by symbiont 
 Apart from the nutrient acquisition and metabolism, the symbiotic bacteria play a 

significant role in synthesizing essential vitamins required for the sponge hosts. In this study 

we discovered the presence of many potential biosynthetic pathway genes associated with 

synthesis of biotin (vitamin H), thiamin (vitamin B1), menaquinone (vitamin K), ubiquinone 

(coenzyme Q10), cobalamin (vitamin B12), riboflavin (vitamin B2), flavodoxin, pyridoxin 

(vitamin B6) and folic acid (vitamin B9). Some of the vital vitamins are produced only by 

prokaryotes which are important for most enzymatic functions and must be procured through 

the diet (Webb et al. 2007). Previous sponge-symbiont genome analyses of Poribacteria 

(Siegl et al. 2011), C. symbiosum (Steven J. Hallam et al. 2006), Pseudovibrio strains 

(Bondarev et al. 2013) and sponge metagenomics (Fan et al. 2012) also revealed the 

presence of genes encoding for the biosynthetic pathways suggesting the significance of 

symbiotic relationship with the sponges. 
 Sponges are proven to be a rich source of bioactive compounds with 

pharmacological application and in recent years it has been shown that the symbiotic 

bacteria associated with sponges produce potential novel chemicals and enzymes (Kennedy 

et al. 2008; Piel 2009). Most bioactive compounds are produced by polyketide synthase 

(PKS) and nonribosomal peptide synthetase (NRPS) (Staunton and Weissman 2001; 

Schwarzer et al. 2003). In the genome of Pseudovibrio sp. POLY-S9 we detected a gene 

cluster similar to NRPS and PKS, most likely involved in the bioactive compound production. 

A previous study also revealed the presence of PKS genes in Pseudovibrio strains isolated 

from the marine sponges (O’Halloran et al. 2011) and the bacterial isolates possessed 

antimicrobial activity. 

 
Sponge-symbiont interaction 
 The successful establishment of symbiosis depends on the ability of the microbes to 

interact with its hosts. Such interactions are mediated by delivering proteins or toxins to gain 

control of the host response through several tools. Among them, secretion systems (SSs) 
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helps to transport the proteins across the membrane of bacteria to facilitate the bacterial 

pathogenesis and bacteria-host interaction (Cossart and Sansonetti 2004). The presence of 

type III (T3SS) and type VI (T6SS) (Figure 3) secretion systems were evident in the genome 

of Pseudovibrio sp. POLY-S9 indicating the possible mechanism in mediating the interaction 

of the symbiotic bacteria with the eukaryotic sponge hosts. T6SS is a complex multi-

component secretion machine often involved in interaction between the eukaryotic hosts and 

the pathogenic or symbiotic bacteria (Filloux et al. 2008). This widespread secretion system 

transports effector molecules into the target cells and enables pathogenic bacteria to 

outcompete other commensal bacteria (Kapitein and Mogk 2013) and are required in the 

biofilm formation (Aschtgen et al. 2008), quorum sensing (Sheng et al. 2013) and 

antipathogenesis (Jani and Cotter 2010).  

 

 

 

Figure 3. Type VI secretion systems (T6SSs) encoded genes in the genome of Pseudovibrio sp. POLY-S9 strain. 

 

 

 Type III secretion systems have been reported to serve the gram negative bacteria a 

central role in pathogenicity and symbiosis (Dale and Moran 2006; Preston 2007) by 

directing the assembly of flagella, to secrete extracellular protein and injecting the effector 

proteins into the host cells. The presence of effector molecules, two copies of YpkA (serine-

threonine kinase) and one copy of YopJ in the genome of Pseudovibrio sp. POLY-S9 (Figure 

4) suggests its role in affecting the cytoskeleton (Wiley et al. 2006) and innate immunity 

(Mukherjee et al. 2006) of the eukaryotic hosts. The consistency of YpkA from previously 

reported Pseudovibrio strains (Bondarev et al. 2013) and the current genome strongly 

confirms the mechanism in which the Pseudovibrio sp. escapes from the phagocytosis. The 

effector protein, YopJ inhibits the mitogen activated protein kinase (MAPK) signaling 

pathway used in innate immune response (Mukherjee et al. 2006), thus Pseudovibrio evades 

the sponge’s response enabling the microbe to survive inside the sponge and to maintain 

the symbiotic relationship.  
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Figure 4. Genes encoding type III secretion system (T3SSs) in the Pseudovibrio sp. POLY-S9. 

 

 In the genome of Pseudovibrio sp. POLY-S9 we could identify genes encoding for 

eukaryotic-like proteins, which contain motifs such as ankyrin-repeats (ANKs), tetratrico 

peptide repeats (TPRs) and fibronectin type III (Fn3) domains (Table 1). These symbiosis 

factors (eukaryotic-like proteins, ELPs) are widely represented in the genomes of pathogenic 

and symbiotic bacteria and postulated to mediate the host behavior by interfering with the 

eukaryotic protein-protein interactions. Sponge-associated microbes have been frequently 

reported to encode ELPs. For instance, metagenomic and metaproteogenomic analysis of C. 

concentrica revealed the presence of ANKs and TRPs (T. Thomas et al. 2010; Liu et al. 

2012) and in several other marine sponge-associated microbial communities (Fan et al. 

2012). Whole genome analyses of sponge symbionts, Poribacteria (Siegl et al. 2011), 

Deltaproteobacteria (Liu et al. 2011) and Pseudovibrio strains (Bondarev et al. 2013) also 

showed the presence of eukaryotic-domain containing motifs. Other than sponge-symbionts, 

the abundance of ANKs encoding genes have been reported in the genomes of obligate and 

facultative symbionts such as Wolbachia pipientis (Iturbe-Ormaetxe et al. 2005), Ehrlichia 

canis (Mavromatis et al. 2006), Legionella pneumophila (Habyarimana et al. 2008) and 

Coxiella burnetii (Voth et al. 2009). It is well understood that the pathogenic bacteria L. 

pneumophila secrete ANK-containing protein and interfere with the eukaryotic host cell 

functions such as polyubiquitylation (Al-Khodor et al. 2008) and vesicular transport (Pan et 

al. 2008). Whereas, ANK of C. burnetti facilitate the survival of the bacteria in the 

mammalian host by preventing pathogen induced apoptosis (Lührmann et al. 2010). The 

possible mechanism of symbiotic association between Pseudovibrio sp. POLY-S9 and the 

sponge hosts was further confirmed by the presence of TPR containing protein, Sel1 

subclass and Fn3 domains. Possible mechanism fibronectin domain III proteins include the 

binding of Fn3 to integrin to mediate the cell-cell contact (Hoffmann et al. 2011) or by 

modifying the host cell surface (Kataeva et al. 2002). 

Consistent with the previously sequenced Pseudovibrio genomes, we observed a 

gene cluster encoding proteins responsible for adhesion to the sponge host surface (Table 

1). These are proteinaceous amyloid adhesins found in non-pathogenic as well as 

pathogenic bacteria (Collinson et al. 1991; Chapman et al. 2002), which are collectively 
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referred to as curli. The function of curli fibres are assumed to be related to bacterial 

attachment and biofilm formation (Kikuchi et al. 2005). Curli fibrils are considered to act as a 

virulence factor by mediating the interaction with a wide range of host protein such as 

extracellular matrix protein (Olsén et al. 1989; Collinson et al. 1993) and contact-phase 

protein (Sjöbring et al. 1994; Ben Nasr et al. 1996; Olsén et al. 2002). In the Pseudovibrio 

sp. POLY-S9 genome the curli producing genes were arranged in an operon and we 

identified genes homologous to csgF and csgG reqired for curli assembly and transport. 

 

Product Gene 
Genes containing ankyrin repeat domains  

Ankyrin repeat protein  
Ankyrin repeat protein  
Ankyrin repeat protein  

Genes containing tetratrocopeptide repeat domains  

Thioredoxin domain-containing protein  ybbN 
Tetratricopeptide repeat protein  
Tetratricopeptide repeat protein  
Cytochrome c-type biogenesis protein cycH 
Tetratricopeptide repeat protein  
Tetratricopeptide repeat protein  
Tol-Pal system YbgF  
Tetratricopeptide repeat domain  
HemY domain protein hemY 

Gene containing fibronectin type III domain  

Fibronectin type III domain protein fn3 
Gene containing sel 1 domain  

Sel 1 domain protein repeat-containing protein  
Invasion associated gene cluster  

Invasion associated locus ialB 
Invasion associated locus ialB 
Invasion associated locus ialB 
Invasion associated locus ialB 
Invasion associated locus ialB 

Amyloid production  

Curlin associated protein  
Curlin associated protein  
Curlin associated protein  
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Curlin assembly/transport csgG 
Curlin assembly/transport csgF 

tda/cpa locus  

Type IV prepilin peptidase TadV/CpaA cpaA 
Flp pilus assembly protein Rcp/CpaB cpaB 
Type II/III secretion system protein Rcp/CpaC, Flp pilus assembly protein  cpaC 
Flp pilus assembly protein CpaD cpaD 
Response regulator receiver protein cpaE 
Type II/III secretion system protein, TadA, cpaF subfamily cpaF 

Genes containing TadE like domain  

TadE like protein  
TadE like protein  
 

Table 1. Genes detected in the genome of Pseudovibrio sp. POLY-S9 responsible for the interaction with its eukaryotic sponge 

hosts. 

 

Though, no experimental evidences are available to demonstrate the exact role of 

these symbioses factors among the sponge-associated bacteria. The presence of various 

genes responsible for adhesion and virulence from the genome of the Pseudovibrio sp. 

POLY-S9 suggests possible symbiotic life style of the bacteria with the host sponge. 
 

Interaction among sponge-associated bacteria 
 Bacterial communication, an essential aspect in a community where microbes 

compete for resource is achieved by a mechanism termed quorum sensing (QS). QS system 

seems to regulate bacterial processes such as biofilm formation, virulence factor secretion, 

bioluminescence, motility, antibiotic production, sporulation and DNA uptake (Ng and 

Bassler 2009). It is induced by diffusible signaling molecules, autoinducers (transcriptional 

regulators) which triggers the expression of specific genes (Fuqua et al. 1994). The current 

genome analysis revealed the presence of proteins containing DNA binding LuxR domains, 

where they act as transcriptional regulators of N-acyl homeserine lactones (AHL), a common 

proteobacterial signaling molecules.  

 
Mobile elements and Gene transfer agents 

When compared to previously sequenced genomes of the Pseudovibrio strains 

isolated from the scleractinian coral and the sponge M. laxissima (Bondarev et al. 2013), it is 

evident that the Pseudovibrio sp. POLY-S9 strain tend to show the presence of more 

number of prophage genes (203 transposases and 19 integrases), a probable reason for the 
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genome size expansion. It is known that the facultative intracellular bacteria usually harbour 

four-fold more mobile-DNA than the obligate intracellular bacteria (Bordenstein and 

Reznikoff 2005), which is consistent with the predictions that the facultative bacteria tend to 

have more mobile-DNA content similar to free-living than the obligate bacteria. As evident 

from other intracellular bacteria, transposable elements constitute the major portion of 

mobile-DNA in the Pseudovibrio sp. POLY-S9 strain. In contrast, sponge symbiont 

Pseudovibrio sp. FO-BEG1 and vertically transmitted symbiont Pseudovibrio sp. JE062 

strains (Bondarev et al. 2013) harbored less mobile elements. The lifestyle of a bacteria 

might influence the genome plasticity, in which the bacteria with small population size 

(obligate bacteria) might experience evolutionary processes resulting in the loss of mobile-

DNA (Bordenstein and Reznikoff 2005). The detection of more mobile elements in the 

current genome of Pseudovibrio sp. POLY-S9 strain indicates the permissive lifestyle of the 

genus Pseudovibrio capable of host-switching.  
We observed one complete set and three partial set of gene transfer agents (GTAs) 

in the Pseudovibrio sp. POLY-S9 genome. GTAs (Figure 5), phage-like entities are 

responsible for the horizontal gene transfer (HGT) by packaging and transferring random 

segments of host bacterial DNA to a recipient cell of closely or distantly related lineages 

(Zhaxybayeva and Doolittle 2011). It is hypothesized that the selection drives the 

maintenance of GTAs and thus enhances the HGT process facilitates the adaptive evolution 

of the host-adaptation systems and allowing the host-range size expansion (Guy et al. 

2013). 
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Figure 5. Gene transfer agent-encoding gene clusters in the genome of Pseudovibrio sp. POLY S-9. A represents the complete 

set of gene transfer agents (GTAs). B, C and D show the presence of incomplete GTAs across the genome of Pseudovibrio sp. 

The encoded functions are indicated above and those without name indicate either hypothetical or predicted GTA like proteins. 
 

5.5 Conclusion 
Our genome analyses of the Pseudovibrio sp. POLY-S9 isolated from the marine 

sponge P. penicillus shows a genomic repertoire for living in symbioses with the eukaryotic 

sponge host. The genomic flexibility for the symbiotic lifestyle includes their potential ability 

to interact with the invertebrate host and thus mediate the establishment of symbioses. This 

is further confirmed by the presence of genes responsible for the adhesion molecules and 

type III secretion systems (T3SS) playing an important role in initiating the cell surface 

contact and the secretion of effector molecules into the host cells. In addition, it is clear that 

the genes containing eukaryotic-like repeat domains (ankyrin-repeat domains, tetratrico 

peptide repeat domains, fibronectin type III domains, TadE like domains) function as effector 

molecules, which interfere with the host’s immune system. Strikingly, we observed unusual 

number of mobile genetic elements and gene transfer agents (GTAs) in the genome of 

Pseudovibrio sp. POLY-S9 when compared to previously sequenced strains of Pseudovibrio 

sp. suggesting the existence of a more frequent horizontal gene transfer mechanism. Our 

analyses concluded the host-adaptability features of the Pseudovibrio sp. POLY-S9 to form 
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symbiotic association with the marine sponges. Further experimental evaluation by growing 

the isolate in artificial laboratory conditions would be insightful to better understand the 

metabolic nature of the symbiotic bacteria. 
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5.6 Supplementary Information 

 

Genome features POLY-S9 FO-BEG1 JE062 

Size 6,887,826 bp 5,916,782 bp 5, 726, 521 

G + C content 51.3% 52.5% 52.4% 

Coding sequences 6736 5478 5225 

 

Table S1. Genome overview of Pseudovibrio sp. POLY-S9 strain sequenced from this study and other previously reported 

genomes (Pseudovibrio sp. FO-BEG1/ Pseudovibrio sp. JE06; Bondarev et al. 2013). Genome size of FO-BEG1 and JE062 

includes plasmid DNA also. 

 

 
 

Figure S1. Intertidal marine sponge, Polymastia penicillus used for the isolation of the symbiotic bacteria Pseudovibrio sp. 

POLY-S9. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  



 

 
 

  

CChhaapptteerr  66  
  

SSppoonnggee  mmiittooggeennoommiiccss::  ppeerrvvaassiivvee  ppoossiittiivvee  
sseelleeccttiioonn  pprroovviiddeess  eevviiddeennccee  ffoorr  eevvoolluuttiioonnaarryy  

ssuucccceessss  ooff  aa  bbaassaall  mmeettaazzooaann  
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter will be submitted for publication 

 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

115 
 

6.1 Abstract 
Owing to their vital roles in cellular bioenergetics and physiology, the protein coding 

genes of mitochondria are thought to be subjected to strong evolutionary pressures like 

purifying selection to maintain stability and positive selection as a mean for adaptation to 

newer habitats. Here, we evaluated the evolutionary pattern of the mitochondrial protein 

coding genes of sponges (Porifera), a basal metazoan group, with 43 complete 

mitochondrial genomes datasets, comprising both marine (n = 40) and freshwater (n = 3) 

species. Different comparative genomic methods were used to evaluate the adaptive 

evolution of the sponge mitochondrial protein-coding sequences. The Branch-Site methods 

employed in this study detected five genes (ND1, ND5, ND6, ATP8 and CO2) in the 

freshwater sponges to be under the influence of positive selection while five genes (CO2, 

ND1, ND5, ND6 and CYTb) were found to be under Darwinian selection in other branches of 

the phylogeny. Mixed effects evolutionary models identified several positively selected sites 

on 11 of the 14 protein coding genes. Selection at non-coding sites was also evident from 

the analyses. This study provides the first evidence of the evolutionary pressure influencing 

the mitogenome and the energy metabolism related genes in basal metazoans. These 

results should form basis for the evolutionary characterization of the evolution of 

bioenergetic pathways in metazoa, parazoa and eumetazoa.  
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6.2 Introduction  
  Mitochondria is the most conspicuous membrane enclosed organelle in the 

eukaryotic cell and are the ‘energy houses’, their main contribution being ATP synthesis 

through oxidative phosphorylation (OXPHOS). They differ from all other metazoan intra-

cellular organelles in that they possess an independent genome (mitochondrial DNA; 

mtDNA) where distinct classes of genes (ribosomal RNA; rRNA, transfer RNA; tRNA, protein 

coding genes) responsible for a series of metabolic cascade are encoded. The mitochondrial 

respiratory chain (RC) is composed of 7 subunits of complex I (NADH-ubiquinone 

oxidoreductase), 1 subunit of complex II (succinate-ubiquinone oxidoreducatse), 1 subunit of 

complex III (ubiquinol-ferricytochrome c oxidoreductase), 2 subunits of complex IV 

(cytochrome c oxidoreductase) and 2 subunits of complex V (F1F0-ATPase) proteins which 

carry out the electron transport and are important in structural and catalytic activities 

(Saraste 1999; Acín-Pérez et al. 2004; Fonseca et al. 2008). However, metazoan mtDNA 

tend to accumulate elevated mutational pressure (Brown et al. 1979) and are targets of 

oxidative damage by reactive oxygen species (ROS). The bioenegetic property of 

mitochondria is very critical for proper functioning of the cell and hence mtDNA experiences 

both purifying and positive selection (Wallace 2005; Meiklejohn et al. 2007). 

 Evolutionary pattern of mtDNA has been widely studied revealing its role in the 

adaptation of an organism to the habitat (Ballard et al. 2007; Castellana et al. 2011) given its 

physiological and metabolic demands. Signatures of adaptive evolution in mitochondrial 

protein coding genes have been found among terrestrial animals living in hypoxic condition 

(Xu et al. 2005; Luo et al. 2008; Yu et al. 2011), strong purifying selection have been found 

in the mitochondrial protein coding genes of flying birds (Shen et al. 2009) and humans most 

likely for cold adaptation (Ruiz-Pesini et al. 2004). In aquatic environment, mtDNA may 

experience strong selective pressure towards mainly pH, temperature, oxygen content and 

migratory ability (Bradbury et al. 2010; Sun et al. 2011). Studies with migratory marine fishes 

showed evidences of selective pressure in cytochrome c oxidase (COX2) genes of billfishes 

(Dalziel et al. 2006) and positive selection in the ND2 and ND5 genes in Pacific salmon 

species indicating the importance of mtDNA evolution for the adaptation and survival of 

these species (Garvin et al. 2011). 

 So far no evidence is available regarding the evolutionary pressure on mtDNA of 

sessile aquatic invertebrates living in marine and freshwater habitats. Here, we analyzed the 

mitochondrial genomes of 43 Poriferan (sponge) species to check for the evidence of 

adaptive evolutionary signatures on their protein coding genes. Sponges, the simplest and 

ancient sessile multicellular invertebrates are known to inhabit marine as well as freshwater 

ecosystems. The majority of sponges live in oceans ranging from shallow intertidal to deeper 
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parts and a few live in freshwater habitats (Hooper and Soest 2002). Freshwater invertebrate 

fauna are subjected to thrive in wide habitats like high carbonate, low sodium chloride and 

low potassium (Pennak 1985), and possess characteristic features like an efficient 

osmoregulatory system. Unlike other metazoans, sponges have a simple body plan, 

commonly thought to be at a cellular grade of organization, with pores (ostia) on its body 

surface drawing in water into its internal chamber where water circulates and moves out of 

the body, through the osculum, specialized cells called choanocytes facilitate the filter 

feeding in sponges (Reiswig 1971). Sponges lack body fluids to maintain an ionic gradient. 

Contractile vacuole in freshwater sponge species (Gatenby and Tahmisian 1959) are proven 

to be involve in osmoregulation in species such as Spongilla lacustris (Brauer 1975). 

 Freshwater sponges have typical structures, the reduction bodies, to respond to 

stress situations. They also possess an ability of sporulation during adverse climate, where 

in the gemmules are composed of nutrient rich cells covered by a spongin coat (Simpson 

and Gilbert 1974; Manconi and Pronzato 1991; Manconi and Pronzato 2007). The hatching 

of gemmules and reduction bodies do not need external nutrients or energy and thus 

suggest that this process occurs with the stored energy sources (Pronzato and Manconi 

1995). Thus the bioenergetics of freshwater sponges should be significantly different from 

that of their marine relatives. Here we checked whether freshwater sponges, namely 

Ephydataia muelleri, Eunapius subterraneus and Lubomirskia baicalensis may exhibit 

signatures of adaptive evolution in their mitochondrial genome owing to their adaptation to 

the freshwater habitats. In addition we also looked at the adaptive evolutionary patterns of 

43 sponge genomes to gain insights into the mitogenomes dynamics of these primitive 

metazoans. 

 
6.3 Materials and Methods 
Sequence data compilation and phylogeny construction 

 Coding sequences of all mitochondrial protein coding genes were downloaded from 

GenBank for 43 sponge taxa (in January 2012). Translated sequences were aligned using 

MUSCLE (Edgar 2004) and back-translated (preserving the codon information) and used for 

downstream analyses. Misaligned regions were removed from the resulting alignments using 

GBLOCKS (Castresana 2000) with the “relaxed” parameter (Talavera and Castresana 2007; 

Privman et al. 2012). The best partition regimen and nucleotide substitution model (for the 

best partition scheme) was found using PartitionFinder (Lanfear et al. 2012) checking for “all” 

possible partitions. Maximum likelihood phylogenies were built in Garli v.2.0 (Zwickl 2006) 

using the best nucleotide model (chosen with AICc) and best partition regimen (chosen with 

BIC). Eight runs of maximum likelihood searches with two replicates for each run (8×2) were 
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carried out, and the tree with the best likelihood was selected from among all the replicates. 

It was ensured that the symmetric distance between the best maximum likelihood tree and 

the second-best tree was zero before deciding to stop the maximum likelihood searches 

(analysis done using DendroPy package; Sukumaran and Holder 2010). This best ML tree 

was used for all the downstream analyses, whenever some genes were lacking in a species 

such tips were pruned from the phylogeny before using the species tree for analyzing 

positive selection in those genes. Bootstrap replicates (100 times) were also carried out for 

each dataset in GARLI.v.2.0. The bootstrap probabilities were mapped on to the nodes of 

the best maximum likelihood tree using sumtrees program available in the DendroPy 

package (Sukumaran and Holder 2010). 

 

Comparative evolutionary genomic analyses 

 Different methods were used to evaluate adaptive evolution in the coding sequences. 

 A likelihood ratio test (LRT) between the site-models implemented in PAML 4 (Yang 2007) 

were employed to check if the protein was evolving under the influence of positive selection. 

M0-M3, M1a-M2a and M7-M8 comparisons were made using the GY94 codon models 

(Goldman and Yang 1994). The LRTs provide evidence of positive selection acting in the 

sequence, the exact sites under the influence of positive selection were identified using the 

BEB (Yang et al. 2005) procedure. We also used the MEME (Murrell et al. 2012) model, to 

identify the positively selected sites in the protein coding genes of the sponge mitochondrial 

genome. MEME is capable of identifying instances of both episodic and pervasive positive 

selection at the level of an individual site (Murrell et al. 2012), we chose to use this method 

since it has been shown previously that episodic positive (CITE) selection is prevalent in 

protein coding sequences. The Branch-Site-REL method (Pond et al. 2011) was used to 

identify episodic instances of positive selection on the branches of the phylogeny. The 

classical Branch-site tests (Zhang et al. 2005) of positive selection finds selective pressure 

(ω), the ratio of non-synonymous (dN) to synonymous (dS) substitution rates, checking if the 

proportion of sites in the sequence provides statistically significant support for ω > 1 along 

the lineages of interest, if found so, then the lineage of interest is thought to be under the 

influence of episodic positive selection. However, this requires that the lineage of interest 

has to be defined a priori, thus if all the branches have to be tested then each branch could 

be tested sequentially (Anisimova and Yang 2007). These, methods were found to be sub-

optimal and a better formulation of the Branch-Site method (Pond et al. 2011) has been 

proposed which was used here. Next we used the FMutSel model (Yang and Nielsen 2008), 

which finds the non-neutral evolution on the silent (synonymous) sites of a sequence by 

explicitly modeling the mutational bias and selection at the silent sites in a codon. This model 

was compared to the null model FMutSel0 (Yang and Nielsen 2008) where a significant LRT 



 

119 
 

would signal to codon usage bias and selection on silent sites. It should be noted that this 

analysis does not invalidate the test of dN/dS since it models the rate of evolution on the 

replacement sites, while this analysis tests evolutionary rate variation on the synonymous 

sites (Hughes and Criscuolo 2008; Yang and Nielsen 2008). We also used the conditional 

nucleotide frequency (CNF) codon model (Yap et al. 2010) to find the omega (ω;dN/dS) 

values for the sponge mitochondrial protein coding genes. Since this codon model guards 

against compositional sensitivities, which could be crucial for a basal metazoan like sponge, 

and does not ignore the context effects of neighbouring codon positions. We chose to 

compare the ω values retrieved with this codon model against the other two codon models 

mentioned above (GY94 and FMutSel). Since, it has also been shown that the GY94 

(Goldman and Yang 1994) codon models systematically show lower ω (dN/dS), when the 

sequence has compositional bias (Yap et al. 2010), we wanted to test if this is the case 

(lower ω values using GY94 codon model). The CNF model was implemented using 

PyCogent (Knight et al. 2007) version 1.5.3, the site-models and FmutSel model was 

implemented using PAML (Yang 2007) and the Branch-Site-REL and MEME models were 

implemented using the HYPHY package version 2 (Pond et al. 2005). All analyses were 

automated with in-house python scripts. 

 

6.4 Results and Discussion 

 The LRT comparing the M0 and M3 identified that all the genes had variable ω 

values among sites. The M7 vs M8 LRT comparisons identified 8 genes to be under the 

influence of positive selection while the M1a vs M2a comparison identified no genes to be 

positively selected. The exact sites positively selected in each of the genes were identified 

using MEME and the BEB analysis and are presented in Table 1. Six genes (CYTb, ND1, 

ND5, ND6, CO2 and ATP8) were found to be evolving under episodic positive selection 

(Figure 1). The clade comprising the freshwater sponges had five genes positively selected, 

and had more positive selection than other clades in the phylogeny.  

 The FmutSel analysis identified that there was statistically significant evidence for 

selection at silent sites in the sponge mitochondrial protein coding genes (Table 2), thus 

silent sites are not evolving neutrally. The proportion of advantageous mutations (P+) ranged 

from 0.19-0.33 (Table 3) with an average value of 0.29 which is lesser than the average 

values identified in earlier studies for different taxa (Hughes and Criscuolo 2008; Yang and 

Nielsen 2008). The coefficient for advantageous (S+) and disadvantageous (S-) mutations 

(Table 3) were similar to the average values retrieved earlier for human-chimpanzee 

mitochondrial dataset (Yang and Nielsen 2008), where they identified stronger selection in 

mitochondrial genes than nuclear genes. The stronger selection on codon usage could point  
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Figure 1. Maximum likelihood mitogenomic phylogenetic tree of sponge species used studied. The grey and pink colored 

boxes represent marine and freshwater sponge species respectively. The positively selected genes are shown on the tree 

branches and the bootstrap values are given.  

 

at increased efficiency of removal of recessive mutations from the haploid mitochondrial 

genomes, or could point to a case where selection acts in favour of an increased 

translational efficiency (Yang and Nielsen 2008).  
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Gene ∆lnL M0-M3 ∆lnL M1-M2 ∆lnL M7-M8 

ATP6  364.54071 0 -7.463393 
ATP8 146.686241 0 -9.343156 
ATP9 27.964102 0.000761 -0.00078 
CO1  861.429463 0 0.000026 
CO2  569.115467 0 39.61947 
CO3  361.033048 0 -0.0026 
CYTB   602.648538 0 -0.000844 
ND1 503.841692 0 -11.123037 
ND2 583.268881 -0.000001 -24.563975 
ND3 212.065733 0 -0.001179 
ND4 802.41492 0 -22.868446 
ND4L 80.181549 0.000946 -0.00098 
ND5 1360.974757 0 31.076264 
ND6 501.693505 0 19.820529 

 
Table 1. Likelihood parameter estimates of the PAML site-models applied to each protein coding gene in the sponge 

mitochondrial genome. 

 

 The omega values found using the CNF models were more similar to the omega 

values identified by the FMutSel-M0 model than the simple GY94-M0 model (Table 4). 

However, it should be noted that the ω values are well below one (neutral evolution) thus 

indicating that the mitochondrial proteins are under the influence of strong purifying selection 

(see also Stewart, Freyer, Elson, Wredenberg, et al. 2008; Stewart, Freyer, Elson, and 

Larsson 2008; Yang and Nielsen 2008). The LRTs for site-models M1a vs M2a and M7 vs 

M8 were also non-conclusive and found less evidence of positive selection on the proteins. 

The site-models are less powerful in detecting sites under positive selection, as seen here 

where no sites in all the 14 genes were found to be under positive selection using M2a or M8 

models, which could be due to the assumption that the omega values are constant through 

the phylogenetic tree (branches or time). The MEME which used mixed assumptions of 

omega to vary between site-site and branch-branch has been useful in our case to identify 

candidate sites of positive selection. The MEME model (Murrell et al. 2012), which finds 

episodic events of positive selection, could identify several sites under the influence of 

positive selection, although it should be noted that the values after correction for False 

Discovery Rates (FDR) were always not significant (Table 5). 
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Gene fmutsel-M0 fmutsel0-M0 2∆ lnL fmutsel0-M3 fmutsel-M3 2∆ lnL 

ATP6 -12330.811764 -12506.71588 351.808232 -12139.898345 -11941.621472 396.553746 

ATP8 -4079.596133 -4144.26646 129.340654 -4046.016926 -3979.116434 133.800984 

ATP9 -2665.810386 -2763.55079 195.480808 -2739.248101 -2646.406824 185.682554 

CO1 -22913.706963 -23244.822619 662.231312 -22414.437203 -22079.754484 669.365438 

CO2 -12287.130205 -12472.752444 371.244478 -11866.01375 -11682.473087 367.081326 

CO3 -11361.844724 -11557.614663 391.539878 -11200.600753 -11000.151946 400.897614 

CYTB -19508.0161 -19762.855949 509.679698 -19117.110752 -18836.89581 560.429884 

ND1 -15215.864763 -15412.22996 392.730394 -14802.289879 -14596.057402 412.464954 

ND2 -24826.409334 -25192.542053 732.265438 -24608.162612 -24220.862177 774.60087 

ND3 -5528.526039 -5636.312468 215.572858 -5407.106716 -5291.662485 230.888462 

ND4 -24255.513533 -24614.569655 718.112244 -23789.896802 -23418.279969 743.233666 

ND4L -4591.808076 -4674.082629 164.549106 -4597.892308 -4516.843268 162.09808 

ND5 -31627.047247 -32020.93361 787.772726 -30577.596105 -30139.155716 876.880778 

ND6 -9885.292705 -10055.706639 340.827868 -9703.254727 -9541.110548 324.288358 

 
Table 2. Likelihood parameter estimates of the fmutsel models (with model 0 and 3) applied to the protein coding genes of 

sponge mitochondrial genome. 

 

 It should be noted that there was an increased incidence of positive selection in the 

branches comprising the freshwater sponge clade, according to the results of the Branch-

SiteREL tests, compared to the whole phylogenetic tree, which points towards selection 

playing an important role during marine to freshwater transition. 

  Evolutionary success of freshwater sponges may include an efficient mechanism of 

osmotic control with contractile vacuoles and the adaptation to extreme conditions though 

the production of gemmules. Freshwater invertebrates tend to use more oxygen because of 

greater energy demand than their marine counterparts in order to maintain the osmotic 

pressure (Pennak 1985). There is minimum physiological evidence available to support a 

scenario of high energetic cost among sponges acclimatized to freshwater habitat, however 

studies have shown that there exits high metabolic demand and energetic cost in 

diadromous fishes adapted to varying salinity gradients (Hwang and Lee 2007; Tomy et al. 

2009). Mitochondrial protein coding gene analysis of diadromous teleost fishes exhibited 

evidence for stronger selective constraints or purifying selection probably due to increased 

energy demands (Sun et al. 2011). 
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Gene P+ S+ S- 

ATP6 0.29375 0.68948 -1.10769 

ATP8 0.28203 0.73373 -1.16561 

ATP9 0.19320 0.94441 -2.42202 

CO1 0.32336 0.56917 -0.95439 

CO2 0.33881 0.55051 -0.80697 

CO3 0.32425 0.57898 -0.94949 

CYTB 0.31555 0.64265 -0.92493 

ND1 0.33793 0.54548 -0.81625 

ND2 0.30410 0.67555 -1.00875 

ND3 0.29372 0.72317 -1.07005 

ND4 0.31647 0.62960 -0.93017 

ND4L 0.29838 0.65973 -1.17037 

ND5 0.32122 0.61186 -0.90635 

ND6 0.22521 0.91368 -1.60999 

 
Table 3. FMutSel parameter estimates with the M0 model 

 

 The evidence for positive selection among the freshwater sponges in this study may 

indicate the importance of evolutionary shifts in the mitochondrial proteins in the adaptation 

to freshwater. The freshwater sponge E. subterraneus and L. baicalensis are endemic 

sponges known to inhabit in caves near Ogulin, Croatia (Bilandžija et al. 2007) and in Lake 

Baikal respectively. Both sponges thrive in unique environment characterized by constant 

conditions of temperature and humidity. Lake Baikal sponge L. baicalensis experiences 

extreme cold (0oC) during winter and comparatively higher temperatures (17oC) during 

summer (Kozhova et al. 1998). A detailed investigation revealed that okadaic acid produced 

by symbiotic dinoflagellates helps to defend the freshwater sponge L. baicalensis against the 

cold stress (Müller et al. 2007). However, there is no physiological evidence for the role of 

mitochondrial bioenergetics in sponges and their adaptation towards the extreme climatic 

situations. In this study, we provide preliminary evidence for the possible role of 

mitochondrial protein coding genes acting in favor of freshwater adaptation. 
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Gene GY94* (M0) Fmutsel (M0) CNFGTR 

ATP6 0.05475 0.08574 0.0742 
ATP8 0.13019 0.20527 0.1943 
ATP9 0.01337 0.01200 0.0107 
CO1 0.02520 0.03313 0.0284 
CO2 0.05110 0.06335 0.0575 
CO3 0.03271 0.04500 0.0386 
CYTB 0.05645 0.07516 0.0689 
ND1  0.04079 0.05668 0.0506 
ND2 0.06106 0.08757 0.0809 
ND3  0.05121 0.07725 0.0709 
ND4  0.04288 0.06479 0.0590 
ND4L 0.01495 0.03435 0.0340 
ND5 0.05325 0.07353 0.0652 
ND6 0.05219 0.09387 0.0858 

GY94 is specified by F3X4 codon frequencies in codeml. 

 
Table 4. Omega values estimated with three different codon models assuming an alternate model of non-neutrality 

 

 

Gene Sites 
ATP6 14, 132 
ATP8 19, 34, 58(q=0.011) 
ATP9 NIL 
CO1 512 
CO2 3,5,6,7,8,9,12,32 
CO3 NIL 
CYTB 230,233,302 
ND1 103,134,226,244,247,250,253 
ND2 4,21,95,108 
ND3 10,20 
ND4 42,129,424,473 
ND4L NIL 
ND5 448,465,509,557 
ND6 1,2,92,106,107,112,161 

 

 

Table 5. Positively selected sites on the protein coding genes of the sponge mitochondrial genome. The sites were selected 

using a cutoff P-value of < 0.05; note that the q-value was significant only in one case. 

 

  Mitochondrial complex I subunits ND1 and ND6 were found to be under positive 

selection in freshwater sponges. NADH, the largest and indispensable part of enzyme 

complex has earlier been suggested to be involved in adaptive evolution of mammalian 

mitochondrial genomes (Fonseca et al. 2008), particularly ND6 subunit was found to be 

under the influence of positive selection in animals living at high altitude (Xu et al. 2007; Yu 

et al. 2011). The proton-pumping efficiency may have been enhanced or hindered by 
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substitutions that occur in NADH subunits. Studies with Antarctic ice fishes (Zhuang and 

Cheng 2010) suggests that residual changes in ND6 may improve the protein conformation 

facilitating the complex I interactions at sub-zero temperatures or modulate the redox 

potential and reactive oxygen species (ROS) production. Complex IV subunits (CO1 and 

CO2) responsible for electron transfer and proton translocation, displayed positive selection 

pattern in carnivorous plants (Jobson et al. 2004) and fishes (Dalziel et al. 2006) most 

probably in order to meet energy requirements. We detected adaptive evolutionary patterns 

of CO2 in two freshwater sponges, which may be an adaptive strategy towards freshwater 

habitats and cold stress. Mitochondrial F1F0-ATP synthase subunit of complex V involves in 

the ATP production, in which ATP8 presented higher amino acid changes in mammals 

(Fonseca et al. 2008), suggesting the possibility of varying regulatory roles. It is interesting 

that we detected positive selection in mitochondrial ATP8 gene for all three freshwater 

sponges which may indicate adaptive evolution associated with the habitat. In other 

invertebrates, like parasitic wasp (Oliveira et al. 2008) and snail (Parmakelis et al. 2013), 

ATP8 genes were identified as evolving under the effect of positive selection. 

 Understanding the evolutionary pattern of sponge mtDNA is crucial because it would 

reveal the evolutionary pressures in a simple metazoan. Sponge mtDNA displays a higher 

diversity of gene orders, particularly among class Demosponge, they are also characterized 

by loss of tRNA genes in some species while some species had a hairpin-region containing 

repetitive elements (Wang and Lavrov 2008). Substantial variation in mitochondrial gene 

order is common across other invertebrates like mollusks (Hoeh et al. 1996), insects (Shao 

et al. 2003), arthropods (Xu et al. 2006) and have been positively correlated with rates of 

nucleotide substitutions. However, in this study we have not analyzed the relationship 

between gene rearrangement and selection.  

 Our results regarding the positive selection in freshwater sponge mitogenome should 

be treated with caution, and should be confirmed with more data. The positive selection 

analysis using different codon models, GY, CNF and FmutSel, has been useful to interpret 

the sponge mitogenome evolution in detail. It should also be noted that the different models 

and analysis were complementary and the results of each analysis did not invalidate the 

results of other analyses. 
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7.1 Discussion 

The research performed in this thesis included the study of the bacterial communities 

diversity associated with marine sponges and the evolutionary genomic insight of the proto-

eukaryote symbioses. 

I used intertidal marine sponges as a model organism to investigate the symbiotic 

association between animals and bacteria. Sponges are the most basal invertebrate 

metazoans widely distributed in tropical, temperate and polar waters. Easy access to the 

marine habitat, particularly the intertidal sponges along the Atlantic coast of Portugal made 

this project feasible. Three chapters of the thesis (Chapter 2, Chapter 3 and Chapter 4) 

explored the diversity of bacterial communities associated with the marine sponges. I started 

by estimating the diversity of the photosynthetic bacteria associated with the host sponge H. 

perlevis revealing the presence of unusual cyanobacteria and the lack of co-evolutionary 

pattern among the sponge and the associated cyanobacteria (Chapter 2). The diversity and 

specificity of the sponge-associated bacterial communities were further evaluated 

quantitatively and compared with the bacterioplankton communities found in the surrounding 

seawater using culturing techniques and 16S rRNA gene clone libraries (Chapter 3). In 

depth analysis of the microbial diversity was carried out using advanced next-generation 

sequencing (NGS) technique, namely 454 pyrosequencing of 12 different intertidal marine 

sponge species that supported the hypothesis of absence of microbial co-occurrence 

(Chapter 4). In order to gain genomic insight of the symbiotic association of the bacteria with 

the sponges, I took advantage of the advancement in NGS techniques and performed the 

whole genome sequencing (Illumina), the genome assembly and annotation of a symbiont 

Pseudovibrio sp. (Chapter 5) isolated from the sponge P. penicillus. Finally (Chapter 6), I 

examined the adaptive strategy of the mitochondrial protein coding genes of the sponges 

living in marine and freshwater habitats and detected signatures of positive selection in 

some of the freshwater sponges mitochondrial genes.  

Overall, my study examined the diversity of the microbial consortium among different 

sponge species, the sequencing, assembly and annotation of a symbiotic microbial genome 

and the adaptive evolution of the mitochondrial protein coding genes among marine and 

freshwater sponges. Major achievements of my research are: 

 

(i) Sponge species H. perlevis harbored some unusual cyanobacteria 

Xenococcus sp. and Acaryochloris sp. (Chapter 2). 

(ii) Identified an inconsistency in the cyanobacterial association through the 

geophylogeny analyses, and lack of co-evolution between the photosynthetic 

bacteria and the host sponge (Chapter 2). 
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(iii) H. perlevis showed greater genetic diversity within a range of ~500 km 

sampling distance and further suggested the reliability of the mitochondrial 

gene markers like ATP6 (ATP synthase subunit 6), COI (Cytochrome oxidase 

I) and SP1 (Intergenic spacer region) for the population genetic structure 

analyses (Chapter 2).  

(iv) 16S rRNA gene clone library analyses confirmed that the microbial 

communities in three sponge species, H. perlevis, O. papilla and P. penicillus 

were distinct from the ambient seawaters (Chapter 3). 

(v) Retrieved unique bacterial groups, Betaproteobacteria, Spirochaetes and 

Chloroflexi from the sponge species O. papilla and P. penicillus. The sponge-

associated microbes also displayed a greater generalist nature of 

associations (Chapter 3). 

(vi) Enabled the isolation of sponge-associated microbes similar to P. 

ascidiaceicola, Roseobacter sp., Hahellaceae sp. and Cobetia sp. (Chapter 
3). 

(vii) Massive parallel sequencing (454 pyrosequencing) of 12 different intertidal 

marine sponge species revealed the presence of diverse microbial 

assemblages (Chapter 4). 

(viii) Pyrosequencing allowed the estimation for the first time of a greater diversity 

of Proteobacteria and Crenarchaeota from the Atlantic Ocean sponges. 

Further comparison showed the similarity of archaeal communities with the 

geographically separated Red Sea sponge-associated microbial communities 

(Chapter 4). 

(ix) Demonstrated the random pattern of microbial association among the sponge 

hosts (Chapter 4). 

(x) Genome analyses of isolated symbiotic bacterium, Pseudovibrio sp. POLY-S9 

indicated the genomic mechanisms involved in adaptation to the symbiotic 

lifestyle (Chapter 5). 

(xi) The adaptive evolution analyses revealed the episodic positive selection on 

the protein coding mitochondrial genes of the freshwater sponges (Chapter 
6).  

 

7.1.1 Sponge-associated microbial diversity  
 The sponge-associated bacterial community assessment has become crucial to 

understand the microbial biodiversity in the marine environment. Here, I evaluated the 

diversity of bacterial communities among the intertidal marine sponges sampled from the 

Atlantic coast of Portugal. The intertidal zones encompass a wide variety of invertebrate 
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animals along with different sponge species sharing the ecological niche. The search for 

photosynthetic bacteria from the sponge species H. perlevis (Chapter 2) revealed the 

occurrence of previously unreported cyanobacterial association. The electron microscopy 

and 16S rRNA analysis revealed the presence of Xenococcus like morphotypes and 

Acaryochloris sp. among the sponge samples. The most common intertidal marine sponge 

H. perlevis studied here was predominated by Synechococcus sp. and uncultured marine 

cyanobacteria. It is known that the intertidal marine sponges tend to harbour more 

photosynthetic organisms due to their dependence on autotrophic symbionts to meet the 

essential energy requirements and to get protection during the exposure to sunlight 

(Steindler et al. 2002).  

The cyanobacterial association with H. perlevis was inconsistent throughout the 

sampling location and season, suggesting a possible influence of environmental factors on 

the cyanobacterial association. Lack of co-evolution further supports this argument. There 

are greater chances that the retrieved cyanobacteria might have been acquired through 

horizontal transmission. Investigation of the genetic variability of the host sponges revealed 

an unexpected genetic diversity among the sponge H. perlevis sampled across the Atlantic 

coast of Portugal (Chapter 2). The extended search for bacterial communities from three 

sympatric sponges (living in close proximity) failed to retrieve any cyanobacteria (Chapter 
3). The failure to detect photosynthetic bacteria might be due to the inefficiency of the 

primers employed in chapter 3 when compared to the previous study where cyanobacteria 

specific primers have been used (Chapter 2).  
Extended search for sponge-associated bacterial communities with 16S rRNA gene 

clone libraries from three co-occurring sponges, H. perlevis, O. papilla and P. penicillus 

revealed the presence of unique and more generalist microbial consortium (Chapter 3). 

Quantitative assessment with ecological metrics confirmed a clear distinction between the 

sponge-associated microbial communities and the seawaters. The presence of unique 

bacterial communities suggests the symbiotic nature of the bacterial association which may 

play an essential role in providing the sponges with nutrition (Erwin et al. 2012). The sponge-

associated microbes have tendencies to show specialist and generalist associations among 

the various host species (Erwin et al. 2012; Schmitt, Tsai, et al. 2012). The species-

specificity of sponge microbes strictly reveal the possibility of vertical transmission of the 

bacteria through the sponge larvae (Schmitt, Tsai, et al. 2012), though later studies reported 

the presence of sponge-specific bacteria in the water column also (Taylor et al. 2013), a 

trend observed in chapter 4. 
More comprehensive analyses using 454 sequencing of microbes from 12 different 

intertidal marine sponges (Chapter 4), revealed the presence of complex and diverse 

bacterial communities. The use of high-throughput DNA sequencing technique yielded 
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detailed information of the microbial communities (Sogin et al. 2006) over the traditional 

methods like DGGE, T-RFLP and clone libraries. It is evident from chapter 4 that the 

pyrosequencing revealed more diverse microbial consortium, detecting 26 different microbial 

groups including the archaea bacteria. Detection of the major bacterial phyla (Chapter 3 and 

Chapter 4) and several candidate bacterial phyla (Chapter 4) were congruent with other 

studies (Lee et al. 2011; Schmitt, Tsai, et al. 2012). Abundance of Crenarchaeota (20.6%) 

among the sponge samples was one of the most interesting findings (Chapter 4), showing 

close similarity with microbes from the Red Sea sponges. 

 Most of the sponge microbial ecology studies have been focused on the estimation 

of bacterial diversity and its specificity (Hentschel et al. 2002b; Taylor et al. 2004; Radwan et 

al. 2010; Erwin et al. 2011; Lee et al. 2011; Erwin et al. 2012; Schmitt, Tsai, et al. 2012; 

Webster et al. 2012; Taylor et al. 2013). In contrast, there have been few studies conducted 

to explore the interactions between the microbial taxa coexisting in sponge samples. 

Assessment of the microbial interactions (co-occurrence) across the complex and diverse 

communities may help to determine the functional roles of uncultured microorganisms 

(Fuhrman and Steele 2008; Chaffron et al. 2010). In chapter 4, the sampling of 12 different 

sympatric sponges and massive sequencing data of the microbial communities revealed the 

lack of co-occurrence suggesting the random association of microbes among the host 

sponges. However, previous studies assured the co-occurrence pattern in soil microbial 

communities (Barberán et al. 2012) and even suggested the non-random association pattern 

to be a general characteristic feature across all life domains (Horner-Devine et al. 2007). The 

absence of co-occurrence among the sponge-associated microbial communities (Chapter 4) 

affirms that the environmental factors or host’s internal biotic factors may influence in the 

structuring of the microbial community.  

 

7.1.2 Sponge-symbiont interaction 

The bacterial association is crucial for the sponge health and survival by providing 

beneficial supplements. However, there is a very little evidence to understand the 

mechanisms involved in the symbiotic interaction due to the limitations in isolating the 

symbiotic microbes. For instance, the role of symbiotic bacteria for nitrogen fixation has been 

suggested using the molecular techniques by searching for the nitrogen fixing gene, nifH 

(Mohamed et al. 2008) from the whole bacterial communities. Recent advancement in 

sequencing technique made the sponge-symbioses research approachable (T. Thomas et 

al. 2010; Liu et al. 2011; Liu et al. 2012) and enabled to gain knowledge regarding the 

mechanisms underlying the sponge-symbiont interactions. In the present study, successful 

isolation of sponge-associated bacteria from intertidal marine sponges (Chapter 3) and 

genomic features provided insight into the symbiotic lifestyle of Pseudovibrio sp. POLY-S9 
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strain (Chapter 5). The genomic characterization of a symbiotic bacterium revealed the 

functional aspects of the host-adaptive strategies like the presence of a repertoire of genes 

responsible for metabolism, secretion systems, cell-cell attachment proteins, mobile 

elements and gene transfer agents. The study suggests that the remarkable diversity of 

microbes and genomic versatility of the symbiotic bacteria makes sponge-symbiont study an 

important model for evaluating the evolutionary genomics of the proto-eukaryote symbioses.  

 

7.1.3 Case study of sponge mitochondrial adaptation  
 Since the mitochondria descend from an ancient endosymbiotic proteobacteria 

(Thrash et al. 2011) and the symbiotic association of bacteria is known to exist in sponges 

from the Precambrian period (Wilkinson 1984; Li et al. 1998), it is relevant to evaluate the 

evolutionary pattern of the mitochondrial protein coding genes in sponge species from 

marine and freshwaters ecological niches. The comparative evolutionary genomic analyses 

using 43 sponge mitochondrial genomes revealed positive selection signatures among the 

mtDNA of the freshwater sponges (Chapter 6). Mitochondria, the major energy power house 

of the eukaryotic cells respond according to the energy demands specific to the habitats like 

high altitude hypoxic conditions (Yu et al. 2011), cold climatic conditions (Ruiz-Pesini et al. 

2004) and high-energy demanding physical activities among birds (Shen et al. 2009) and 

migratory fishes (Dalziel et al. 2006). The likelihood ratio test (LRT) found six protein coding 

genes in freshwater sponges – ATP8, ND1, ND5, ND6, CYTb and ATP8 - evolving under 

positive selection. Freshwater sponges may experience ecological stress to maintain the 

osmotic pressure and tend to use more oxygen than their marine counterparts. Episodic 

selection among the freshwater sponges in the phylogenetic tree indicates an evolutionary 

advantage required for the transition from marine to freshwater mode of life. 

 

7.2 Conclusion 

 This thesis aims to improve our understanding of the sponge microbial ecology, 

namely to answer the following questions: 

 

1) What is the diversity of sponge-associated cyanobacteria among the intertidal marine 

sponge H. perlevis and is there any co-evolutionary pattern among the cyanobacteria 

and its host? 

2) What is the genetic variation among the sponge H. perlevis sampled from the Atlantic 

coast of Portugal? 

3) How diverse and specific are the heterotrophic bacterial communities among three 

intertidal marine sponges? 
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4) Is the sponge-bacterial association non-random? 

5) What is the bacterial-host adaptation mechanisms involved in maintaining the 

symbiotic relationship with the sponges? 

6) Is there any evolutionary pattern among the mitochondrial genomes of the most 

ancient invertebrate species? 

 

My research highlights the importance of assessing the microbial diversity associated 

with sponges. It adds knowledge to the existing bacterial and archaeal diversity reported 

from the sponges across different geographical locations. For instance, the report of new 

cyanobacterial symbionts from the current study suggests the unexplored diversity of the 

photosynthetic bacteria among the sponge hosts. Further study revealed the diversity of 

sponge-associated bacterial communities which are unique and distinct from the seawater 

microbes. The lack of co-evolution and inconsistent association between the cyanobionts 

and its hosts were evident in the study, suggesting the possibility of seasonal influence or 

the acquisition of cyanobacteria from the environment via horizontal transfer. We also 

demonstrated intra-specific genetic diversity among the sponge host and suggested the use 

of mitochondrial protein coding genes ATP6, CO1 and the spacer region SP1 for the genetic 

diversity analyses among marine sponges.  

This research also established the need of next-generation sequencing in estimating the 

microbial diversity from the environmental samples and demonstrates the lack of co-

occurrence among the sponge-associated bacteria. The study also enabled the isolation of 

bacterial strains associated with the sponge species H. perlevis, O. papilla and P. penicillus. 

This prompted to the screening of the symbiotic bacteria Pseudovibrio sp. using whole 

genome sequencing. The draft genome analyses of the Pseudovibrio sp. POLY-S9 strain 

revealed the mechanisms involved in the symbiotic association with the eukaryotic host. The 

analyses of the evolutionary pattern among the sponge mitochondria revealed positive 

selection signatures in the protein coding genes of sponges suggesting the adaptive 

evolutionary strategy of the freshwater sponges to thrive in cold waters.  
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7.2.1 Future perspectives 
The present study described the microbial diversity in the intertidal marine sponges 

sampled from the Atlantic coast of Portugal. It also revealed the genomics of symbiotic 

bacteria and the evolutionary pattern among the sponge mitochondrial genomes. However, a 

good deal of work should be carried out in the future to extend the current knowledge, 

including:  

 

 Microbial ecology could benefit by extending the understanding of microbial diversity 

among the sponge species from subtidal region of the Atlantic Ocean and other parts 

of the globe.  

 Determining sponge natural products, isolation of sponge-associated bacteria and its 

screening for novel active secondary metabolites for human health applications could 

be a potential topic to proceed. 

 Future studies including the sequencing and comparative genomics of photosynthetic 

and non-photosynthetic symbiotic bacteria could give further insight into the role of 

symbioses and the evolution of sponge-microbe symbioses. 

 Further investigation of sponge-associated bacterial genomes and our preliminary 

mitogenomic data could help to compare the molecular evolutionary pattern of the 

orthologous mitochondrial and bacterial genes with regard to various ecological 

niches adaptation. 
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