
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


 

 

Microbiology of marine sponges:  

from community structure to symbiont function 

 

 

 

 

María del Carmen Astudillo García 

 

 

 

 

A thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy in the Biological Sciences. 

University of Auckland 

October 2017 

  



 

 

 

 

 

 

 

 

 



i 
 

Abstract 

Marine sponges are filter-feeding metazoans that can host complex microbial communities 

which comprise as much as 35% of total sponge biomass.  In this thesis I have employed 

high-throughput, next-generation sequencing technologies to study the sponge microbiota at 

two different scales.  Firstly, I studied complex communities associated with different sponge 

assemblages, then subsequently conducted an in-depth investigation of an enigmatic sponge 

symbiont which has largely escaped attention until now.   

Analysis of the marine sponge microbiota poses unique conceptual and analytical challenges, 

as microbial species may number in the thousands.  One way to overcome this issue is to 

consider only the persistent and/or abundant species, i.e. the „core‟ community.  While this 

approach has been widely used to analyse diverse biological systems, including sponge 

microbiota, to date its robustness has not been rigorously evaluated.  Thus, in this thesis I 

systematically evaluated the applicability of the core microbiota approach for the complex 

microbial communities of three Xestospongia species from southeast Sulawesi (Indonesia), 

using 16S rRNA gene-based amplicon sequencing (Illumina MiSeq).  Different factors for 

OTU selection were then considered to generate a set of different core communities, 

including percentage occurrence, minimum abundance threshold and sample set selection.  

Alpha- and beta- diversity analyses conducted on the core communities were largely 

insensitive to major changes in core microbiota definition, thus revealing the robustness of 

this approach when considering closely related sponge species.  Furthermore, none of the 

applied core definitions altered ecological network structure summarising interactions among 

bacteria within the sponges. 

Sponge reefs often comprise an array of different and sometimes phylogenetically distant 

sponge species, with most of them hosting distinct microbial communities.  Thus, to further 

assess the strength and sensitivity of the core microbiota approach in complex sponge 

assemblages, I analysed the associated bacterial communities of 20 co-occurring sponge 

species from the south coast of Wellington (New Zealand), using the same 16S rRNA gene-

based amplicon sequencing approach described above.  The application of different core 

definitions resulted in a marked (and uneven at sponge species level) decrease in bacterial 

OTU and phylum richness.  As a consequence of this decrease in richness, alpha- and beta- 

diversity patterns changed significantly.  Therefore, although the application of a core 

microbiota approach may seem appropriate in closely related systems (e.g. congeneric 
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sponges), I showed that this approach can have a profound influence on the results obtained 

when studying complex host species assemblages.  

While sponge microbiota surveys have tended to focus on the study of a few dominant 

symbionts, other, less prominent members of these diverse communities remain poorly 

understood.  To shed light on one abundant but under-studied community member, I 

investigated the distribution and phylogenetic status of the sponge symbiont SAUL (sponge-

associated unclassified lineage).  A meta-analysis of the available literature revealed the 

ubiquitous distribution of this clade and its association with taxonomically different sponge 

species.  Additionally, the phylogeny of SAUL was revisited using both a 16S rRNA gene-

based phylogeny and a concatenated set of single-copy marker genes.  Phylogenetic analyses 

revealed the monophyletic nature of this clade and, consequently, I suggest its status as a 

novel putative candidate phylum.  To provide the first information on the putative function of 

SAUL clade members, I conducted a comprehensive analysis of two draft genomes 

assembled from sponge metagenome data, revealing novel insights into the physiology of this 

ubiquitous symbiont.  This included the identification of genes encoding several symbiosis 

factors such as eukaryotic-like repeats (involved in symbiont recognition) and the presence of 

a CRISPR-Cas defense system, as well as the genomic capability of secondary metabolite 

production.  

This thesis represents the first systematic evaluation of the widely applied core microbiota 

approach, and highlights the importance of testing data sensitivity before its implementation.  

Moreover, the phylogenetic and genomic analyses of the SAUL lineage conducted here have 

contributed to expand the knowledge of less prominent and poorly understood sponge-

associated microorganisms. 
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1.1 Marine sponges 

Marine sponges (phylum Porifera) are among the oldest extant metazoans (Hooper and Van 

Soest, 2002b; Müller, 2003).  They appeared in Precambrian times, with a fossil record dating 

to ca. 580 million years (Li et al., 1998; Müller et al., 1999).  To date, around 11,000 species 

have been formally described (approximately 8,500 species are considered valid after 

accounting for junior synonyms and genus transfer), and this number may reach up to 12,000 

by the end of the present century (Van Soest et al., 2012).  Sponges are found in essentially 

all aquatic habitats, from shallow tropical reefs (Bell et al., 2014) to cold-water and 

mesophotic depths (Olson and Kellogg, 2010; Schöttner et al., 2013), the polar sea and the 

deep ocean (Webster et al., 2004; McClintock et al., 2005; Janussen and Reiswig, 2009; 

Göcke and Janussen, 2013; Post et al., 2017).  Moreover, representatives of this phylum also 

occur in freshwater lakes and rivers (Manconi and Pronzato, 2002; Gernert et al., 2005; 

Ruengsawang et al., 2017).  

 

1.1.1 Marine sponge morphology 

Marine sponges are mostly filter-feeding organisms, taking up small food particles from 

seawater such as bacterioplankton and, in some cases, dissolved organic matter (De Goeij et 

al., 2008).  An exception to this feeding strategy is a small family of non-filtering carnivorous 

sponges (Porifera, Cladorhizidae), commonly present in deep-sea environments (Vacelet and 

Boury-Esnault, 1995).  Sponges vary greatly in size, shape and colour (Figure 1.1), and do 

not possess true tissues or organs.  Instead, they possess a three-dimensional sponge matrix, 

called the mesohyl.  Lining this extracellular matrix are choanocytes, flagellated cells which 

form chambers (choanoderm) where feeding takes place (Figure 1.2).  Present in the mesohyl 

are the totipotent archaeocytes – cells responsible for the digestion of food particles via 

phagocytosis and that may produce all of the differentiated cells in the sponge.  The body of 

the sponge is shaped and held by collagen fibrils and spongin fibres embedded in the 

mesohyl, and an inorganic skeleton formed by calcareous or siliceous structures such as 

spicules.  The outer layer of the sponge, the pinacoderm, is composed of flat cells called 

pinacocytes.  This layer has numerous microscopic openings or pores (ostia) through which 

water flows into the sponge, aided by the synchronized movement of the choanocytes.  After 

being filtered, the water is often near-sterile.  It is then expelled from the sponge via the 
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osculum, an exhalant opening usually located on top of the sponge which is connected with 

the inhalant pores by chambers lined with choanocytes  (Hentschel et al., 2002; Hooper and 

Van Soest, 2002b; Hooper et al., 2002; Taylor et al., 2007; Van Soest et al., 2012).  Sponges 

can be assigned into three groups based on body organisation: asconoids, syconoids and 

leuconoids.  Asconoids represent the simplest body structure; they are small in size with a 

tube- or vase-shaped body.  Syconoid sponges present a more complex structure where the 

body plane is thicker, with incurrent canals rather than pores.  Leuconoid sponges are the 

most complex, presenting a denser mesohyl matrix with choanocyte cells arranged in 

connected chamber structures (Figure 1.2). 

 

 

 

Figure 1.1.  Diversity of shapes, colours and sizes in marine sponges.  From left to right the sponges Tedania 

digitata, Axinella cannabina and Xestospongia testudinaria. Adapted from Taylor et al. (2007) and used with 

permission of the author.  
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Figure 1.2.  Structure of different sponge types: from left to right, asconoid, syconoid, and leuconoid 

sponge. Yellow: pinacocytes; Red: choanocytes; Grey: mesohyl; Blue: water flow (Picture used with 

permission of Philcha. Published under Creative Commons Attribution ShareAlike 3.0 License). 

 

 

1.1.2 Reproduction strategy                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

Sponge reproduction may occur either sexually (viviparously, oviparously or 

ovoviviparously) or asexually.  In sexual reproduction, with respect to gamete production, 

sponges can be either gonochoristic without sexual dimorphism, or hermaphroditic.  

Oviparous sponges release gametes into the water and are characterised by external 

embryonic development, with the formation of a free-swimming larval stage.  By contrast, 

eggs of viviparous sponges are fertilised internally, and the embryos are kept within the 

mesohyl until release.  However, the internal fertilisation process is not clearly understood.  

In contrast, asexual reproduction typically occurs by budding, gemmulation or fragmentation.  

While only few marine sponges rely mainly on this type of reproduction, some sponges 

adapted to freshwater and estuarine habitats produce gemmules (Maldonado and Riesgo, 

2008). 

 

1.1.3 Taxonomic classification 

Marine sponges are currently divided into four distinct classes, comprising 25 orders, 128 

families and 680 genera.  Many of the higher taxa, however, are currently under review due 

to new data obtained from molecular systematic methods and morphologic analyses (Van 

Soest et al., 2012). 
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Demospongiae Sollas, 1885.  The demosponges represent the most diverse class of Porifera, 

containing the vast majority of extant species.  Grouped into 14 orders, they are generally 

marine species, though some representatives live in freshwater, for example, the suborder 

Spongillina subord. nov. (Demospongiae, Haplosclerida) (Manconi and Pronzato, 2002).  

Their reproduction may be either viviparous or oviparous.  This class represents 85% of all 

described species (Hooper and Van Soest, 2002a).  A monophyletic family of carnivorous 

sponges (Porifera, Cladorhizidae) also forms part of this diverse class (Hestetun et al., 2016).  

Carnivorous sponges were first described by Vacelet and Boury-Esnault (1995) after the 

discovery of a cladorhizid sponge (Asbestopluma sp.) in a Mediterranean marine cave.  

Members of this family are commonly found in deep-sea floors, although some have been 

recorded in shallow waters (Van Soest and Baker, 2011).  This family presents a different 

body plan to other poriferans, with complete or partial reduction of the aquiferous system and 

choanocytes.  In their place, there exists a combination of skeletal and organic tissue features 

that allow the sponges to catch small invertebrates, mainly crustaceans such as copepods and 

cladocerans.  This modification of the feeding strategy is generally considered to be an 

evolutionary adaptation to the food-poor (deep-sea) environments which they inhabit.   

Hexactinellida Schmidt, 1870.  These sponges, also known as glass sponges, are exclusively 

marine and their distribution is mainly limited to deep waters.  All glass sponges are 

viviparous.  This class comprises about 500 species (7% of all Porifera) (Reiswig, 2002). 

Calcarea Bowerbank, 1868.  Exclusively present in marine environments, this class presents 

a worldwide distribution.  Their skeleton is formed entirely of calcium carbonate and their 

reproduction is viviparous (Manuel et al., 2002). 

Homoscleromorpha.  Previously considered as a family or suborder of the subclass 

Tetractinellida (Demospongiae, Porifera), Homoscleromorpha has recently been proposed as 

the fourth class of Porifera (Gazave et al., 2012).  This is a small group (two families, seven 

genera and 87 species described), mostly present in shallow waters but with some 

representatives in abyssal depths.  Their morphology is often encrusting or lobate with a 

smooth surface.  Reproduction is viviparous, with embryo incubation, although asexual 

reproduction has also been observed (Ereskovsky and Tokina, 2007). 
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1.1.4 Functional roles in marine ecosystems  

Marine sponges can have a major impact in marine systems due to their immense filtering 

capacities, with pumping rates of up to thousands of litres of seawater per kilogram of sponge 

biomass per day (Vogel, 1977).  Sponges thus perform important roles in the functioning and 

maintenance of the entire reef community, such as the regulation of primary and secondary 

production (both directly and indirectly), and energy transfer between pelagic and benthic 

environments (Gili and Coma, 1998; Duckworth et al., 2006; Bell, 2008; de Goeij et al., 

2013).  These key roles can even be traced back to the start of the Phanerozoic Eon (541 

MYA), where sponges were considered to be important reef builders (Hooper and Van Soest, 

2002b).   The wide range of functional roles fulfilled by sponges has been assigned by Bell 

(2008) to three main areas: 

(a) Substrate modification.  This includes bioerosion (by boring sponges), reef 

creation and substrate stabilisation, consolidation and regeneration.    

(b) Bentho-pelagic coupling.  This includes carbon cycling and energy flow (Perea-

Blázquez et al., 2012), silicon cycling, oxygen depletion and nitrogen cycling. 

(c) Associations with other marine organisms.  These associations facilitate primary 

and secondary production (Gili and Coma, 1998),  provide (micro)habitats for 

associated fauna (Beaulieu, 2001; Miller et al., 2012; Gerovasileiou et al., 2016) 

and microorganisms (Taylor et al., 2007), enhance predation protection, survival 

success, range expansions and camouflage, provide settlement substrata, 

disruption of near-boundary and reef-level flow regimes, biological disturbance, 

release of chemicals, sponges used as tools by other organisms (Wulff, 2001). 

 

 

1.1.5 Biotechnological potential of marine sponges 

Beyond the significant roles performed in the marine environment, sponges also have 

important economic traits, being used by humans since early Greek civilisation as bath 

sponges (Pronzato and Manconi, 2008).  Nowadays, interest is focused on the 

biotechnological aspect of sponges, as they are a very rich source of diverse biologically 

active metabolites.  As sedentary benthic organisms, marine sponges have had to develop 

chemical mechanisms to protect themselves from predators and/or competitors, including the 

production of bioactive molecules or secondary metabolites.  Sponge-derived compounds 
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include lectins, alkaloids, peptides, polyketides and terpenoids (Pawlik, 2011; Gardères et al., 

2015; Ancheeva et al., 2017; Blunt et al., 2017).  Some of the characteristics attributed to 

these compounds include antiviral, antitumor, antimicrobial and general cytotoxic properties, 

which make them biotechnologically and pharmacologically promising.  Initially thought to 

be produced by the sponge itself, it is now evident that some of these important natural 

products are in fact of microbial origin (Piel et al., 2004; Taylor et al., 2007; Sala et al., 

2014). 

Marine sponges have also been used in bioremediation projects, using the sponge itself as a 

natural support for immobilised microorganisms that may degrade pollutants.  In this context, 

the loofa sponge (Luffa cylindrica) has been successfully used as a matrix for the 

immobilisation of microbial cells, including microalgae, fungi and bacteria (Saeed and Iqbal, 

2013).  Moreover, the immobilisation of white-rot fungi in L. aegyptica led to the removal of 

up to 74% of phenol from fresh phenol solution (10 mM) (Carabajal et al., 2016).  The 

demosponge Hymeniacidon perlevis has also been examined for its use in bioremediation and 

as a bioindicator due to its capacity to filter large volumes of water, accumulate the microbial 

pollutants and survive in polluted environments (Longo et al., 2010).  However, these results 

should be treated with caution as it has been shown that, while sponges may digest a great 

variety of pathogenic microbes, sometimes they may actually enhance the development of 

some of these pathogens (Maldonado et al., 2010).   

Interestingly, some glass sponges possess spicules that, aside from their roles in structure and 

support, possess fibre-optic properties.  Spicules in the deep-sea glass sponge Euplectella sp. 

resemble commercial telecommunication fibres: they are made of the same material, have 

comparable dimensions and similar refractive indices (Sundar et al., 2003).  These structures 

also have the advantage of being produced at ambient temperature, avoiding one of the most 

restrictive problems in the production of synthetic optical fibrers.  These lower temperatures 

also allow the incorporation of doping substances in the spicule structure to increase strength 

and resistance.  A more recent study used recombinant silicatein (an enzyme that mediates 

spiculogenesis) from the sponge Suberites domuncula to direct the in vitro formation of 

biosilica microstructures (Polini et al., 2012).  
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1.2  Sponge-associated microbial communities 

The distinctive features of sponges (as described above) have allowed for the colonisation of 

different environments by these extremely adaptable organisms, thus contributing to the 

organisation and functioning of both the community and the ecosystem.  The evolutionary 

success of sponges can, to some extent, be attributed to their close association with 

microorganisms – an association that dates back to the Precambrian era (Wilkinson, 1984; 

Uriz et al., 2012).  

Since the first studies describing sponge microbiota (Vacelet, 1970, 1975; Vacelet and 

Donadey, 1977; Wilkinson, 1978a, 1978b, 1978c), and subsequent studies documenting a 

great microbial diversity (Webster et al., 2001b, 2010; Taylor et al., 2007; Thomas et al., 

2016), the field of sponge microbiology has greatly expanded (see Webster and Thomas 

(2016) for a recent review on the topic).  Major themes addressed in sponge microbial 

ecology include the specificity or ubiquity of the sponge microbiota (Hentschel et al., 2002; 

Thacker and Starnes, 2003; Webster et al., 2013; Reveillaud et al., 2014) and its 

spatiotemporal dynamics (Erwin et al., 2012b; Björk et al., 2013).  Other themes receiving 

increasing attention include the effect of changes in the associated microbiota on sponge 

health (Webster et al., 2008b; Sweet et al., 2015).  The effects of changing climate and 

anthropogenic perturbations on sponge-microbe associations are being studied as a means to 

evaluate the resilience of these associations (Lemoine et al., 2007; Simister et al., 2012b; Fan 

et al., 2013).  Another aspect of sponge microbiology, incorporating the chemical ecology of 

sponges, is focused on the discovery and testing of bioactive natural products (i.e. secondary 

metabolites) derived from the associated microbiota (Piel et al., 2004, 2005; Taylor et al., 

2007; Piel, 2009; Pawlik, 2011; Wilson et al., 2014; Indraningrat et al., 2016), as well as the 

spatiotemporal dynamics of these bioactive compounds (Evans-Illidge et al., 2013).  

 

1.2.1 Microbial diversity, abundance and specificity 

Pioneering studies conducted some four decades ago, based on electron microscopy and 

bacterial cultivation (Vacelet, 1970, 1975; Vacelet and Donadey, 1977; Wilkinson, 1978a, 

1978b, 1978c), revealed the presence of abundant microbial communities inhabiting the 

mesohyl of several sponge species.  Subsequent molecular studies have supported these early 

findings, revealing an abundant and highly diverse microbial community in the mesohyl 
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matrix of many sponges (Hentschel et al., 2006; Taylor et al., 2007; Webster et al., 2010; 

Thomas et al., 2016).  In some sponges, also known as high-microbial-abundance sponges 

(see Section 1.2.1.1. for details), these microbial communities can constitute up to 35% of 

total sponge biomass (Vacelet, 1975; Webster et al., 2001a; Hentschel et al., 2012). 

 

1.2.1.1 Diversity and abundance of sponge-associated microbes 

Sponge-associated microbial communities encompass members of the three domains of life: 

Bacteria, Archaea and Eukarya.  The taxonomic diversity of these communities can be 

highly variable and usually depends on the identity of the sponge species studied, with 

associated microbes spanning up to 52 different microbial phyla and candidate phyla (Schmitt 

et al., 2012b; Reveillaud et al., 2014; Thomas et al., 2016).   As an example, a study of eight 

different sponge species (seven of them congeneric) revealed a highly diverse bacterial 

community, comprising 47 different phyla (Reveillaud et al., 2014).  Moreover, a recent 

study based on data from more than 80 sponge species detected 41 phyla (including candidate 

phyla), with each sponge species hosting at least 13 phyla (Thomas et al., 2016).  Overall, the 

most frequently reported phyla from marine sponges include: Acidobacteria, Actinobacteria, 

Chloroflexi, Gemmatimonadetes, Nitrospira, ―Poribacteria‖, Proteobacteria (mainly Alpha-, 

Beta- and Gammaproteobacteria) and Thaumarchaeota (Taylor et al., 2007; Webster et al., 

2010; Radax et al., 2012a; Hardoim and Costa, 2014; Thomas et al., 2016).  

The abundance and diversity of associated microbial communities varies considerably among 

different sponge species.  Early microscopy studies of sponge microbiota revealed a 

compelling relationship between several metabolic and morphological features in sponges, 

such as tissue density and pumping rate, and the abundance of associated microbes (Vacelet 

and Donadey, 1977; Wilkinson, 1978a, 1978b, 1978c).  Since then, and best revealed by 

electron microscopy, sponges have often been classified into two ecological types, suggesting 

two different life strategies.  On the one hand, sponges with dense tissue, low pumping rates, 

small choanocyte chambers and abundant and morphologically diverse microbial 

communities, have been termed bacteriosponges; by contrast, sponges with well-irrigated low 

density tissues, high pumping rates and harbouring few bacteria (which often belong to a 

single morphotype), are non-bacteriosponges (Reiswig, 1981; Boury-Esnault et al., 1990; 

Weisz et al., 2008) (Figure 3.1).  More recently, and to reflect the diversity of non-bacterial 

microbes also present in sponges (i.e. Archaea and Eukarya), these two types of sponges 
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were renamed as high-microbial-abundance (HMA) and low-microbial-abundance (LMA) 

sponges (Hentschel et al., 2003).  The estimated microbial component ranges from 10
5
-10

6
 

cells per gram of sponge tissue in LMA sponges (similar to seawater), and 10
8
-10

10
 cells per 

gram of sponge tissue in HMA sponges, exceeding that of seawater by two to three orders of 

magnitude (Hentschel et al., 2006).  This pattern has also been found in the offspring of each 

type of sponge (Maldonado, 2007; Schmitt et al., 2007; Gloeckner et al., 2013b).  A more 

recent electron microscopy study reviewing the HMA-LMA dichotomy was conducted on 56 

sponge species, extending our knowledge of this microbe-based sponge ―classification‖ 

(Gloeckner et al., 2014).  However, those authors highlighted that some sponge species could 

not be assigned to either HMA or LMA, as they harboured an intermediate microbial load.  

This finding, combined with similar results obtained in other studies (Giles et al., 2013; 

Easson and Thacker, 2014), suggests that in fact the HMA-LMA dichotomy should be best 

described as a continuum in microbial abundance with a marked bimodal distribution in 

which the extreme ends correspond with both HMA and LMA species.   

HMA sponges commonly harbour bacteria that are highly enriched in marine sponges, the so-

called sponge-specific bacteria (see section 1.2.1.2 below for details) (Hentschel et al., 2003; 

Blanquer et al., 2013), while LMA communities often reflect those of the surrounding 

environment.  HMA sponges usually harbour a higher diversity of microbes.  The most 

common phyla found in HMA sponges are Proteobacteria (Alpha-, Gamma- and 

Deltaproteobacteria), Chloroflexi, Nitrospira, Actinobacteria, Gemmatimonadetes and the 

candidate phyla ―Poribacteria‖ and SAUL (Webster et al., 2010; Lee et al., 2011; Simister et 

al., 2013).  In contrast, the bacterial communities of LMA sponges are commonly defined by 

low phylum diversity (3-5 dominant phyla), often dominated by Proteobacteria and/or 

Cyanobacteria (Blanquer et al., 2013; Giles et al., 2013; Gloeckner et al., 2013a).  Each 

LMA sponge tends to host a species-specific bacterial community, with relatively little 

overlap observed between these communities.  
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Figure 1.3.  Transmission electron microscopy of selected high-microbial-abundance (HMA) species, A. 

Stelletta sp., and B. Latrunculia sp.; and low-microbial-abundance (LMA) species C. Clathrina sp., and D. 

Leucetta sp. Scale bar, 2 µm; b, bacteria; sc, sponge cell; n, nucleus.  TEM micrographs taken by C. Astudillo-

García.  

 

A number of studies have sought to identify patterns in the microbial communities of HMA 

vs LMA sponges.  In the first such study, 11 sponge species were examined by electron 

microscopy, with the conclusion that sponges with a high microbial abundance also 

harboured a more diverse community (Vacelet and Donadey, 1977).  More recently, 

molecular studies have supported these findings, indicating that HMA species present the 

highest microbial diversity, even when spatiotemporal dynamics are considered (Björk et al., 

2013; Bayer et al., 2014a; Erwin et al., 2015), while LMA sponges usually harbour less 

diverse, but distinct, microbial communities (Giles et al., 2013; Gloeckner et al., 2013a).  

Similar results were found when investigating the abundance of common sponge symbionts 

such as Chloroflexi, ―Poribacteria‖, Actinobacteria and Archaea (Schmitt et al., 2011; Bayer 

et al., 2014a).  (In this thesis, the terms ―symbiont‖ and ―symbiosis‖ are used in a broad 

definition, to refer simply to the long term association of two or more organisms, similar to 

the original de Bary definition (Taylor et al., 2007)).  By contrast, other surveys have 
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revealed that some LMA sponges harbour an exceptionally high bacterial diversity, 

sometimes even higher than in some HMA species (White et al., 2012; Blanquer et al., 2013; 

Schöttner et al., 2013).  With respect to microbial physiology, HMA sponges obtain large 

amounts of symbiont-derived nutrients compared with LMA sponges, particularly with 

respect to nitrogen metabolism (Weisz et al., 2007; Bayer et al., 2008; Schläppy et al., 2010) 

and dissolved organic carbon uptake (Ribes et al., 2012).  Other studies, however, have 

shown that nutrient transfer is influenced more by host-symbiont productivity and phylotype 

than by symbiont abundance (Freeman et al., 2013).  Differences in the abundance and 

distribution of certain polyketide synthase (PKS) genes derived from the candidate phylum 

―Poribacteria‖ were also detected between HMA and LMA species, with no presence of 

either this phylum or PKS genes in the latter (Hochmuth et al., 2010).  Interestingly, recent 

metagenomic analyses of several HMA and LMA sponges have revealed that some functional 

features may be shared between these two groups (Fan et al., 2012; Bayer et al., 2014b), 

suggesting the existence of functional equivalence and providing insights into symbiont 

function.  

 

1.2.1.2 Specificity of sponge-associated microbes: generalists vs specialists 

Many studies have investigated the specificity of marine sponge-associated microbes.  The 

relationships between sponges and microbes are often stable and highly sponge specific, with 

similar bacterial 16S rRNA gene sequences being recovered from taxonomically and 

geographically distant sponges, but not from surrounding seawater, sediment or other marine 

organisms (Hentschel et al., 2002, 2012; Taylor et al., 2007).  One of the earliest works in 

this field identified similar, facultatively anaerobic bacteria shared among three 

taxonomically distant sponges (Pericharax heteroraphis, Jaspis stellifera and Neofibularia 

irata), but not found in the ambient seawater (Wilkinson, 1978b).  A subsequent molecular 

study conducted on 190 sponge-derived 16S rRNA gene sequences identified overlapping 

microbial communities present in geographically distant, unrelated sponge species, again 

appearing to differ from those microorganisms in the surrounding seawater and sediments 

(Hentschel et al., 2002).  Phylogenetic analysis of these sequences led to the identification of 

14 monophyletic, sponge-specific sequence clusters (SC) belonging to seven bacterial phyla, 

namely Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Nitrospira 

and Proteobacteria.  By definition, such clusters comprise at least three 16S rRNA-derived 
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sequences that (i) have been recovered from different sponge species and/or different 

geographic locations; (ii) are more closely related to each other than to any other sequence 

from non-sponge sources; and (iii) cluster together independently of the phylogenetic treeing 

method.  When all sequences available at that time were analysed, 70% were assigned to 

these clusters.  Subsequent meta-analyses of the burgeoning sponge-derived 16S rRNA 

datasets yielded broadly similar findings.  Analysis of ~1,500 16S rRNA gene sequences in 

2006 assigned 32% of them to SC, with varying proportions among different bacterial phyla 

(Taylor et al., 2007).  Moreover, many of the 16S rRNA sequences considered formed 

exclusive monophyletic clusters with sequences derived from corals, thereby establishing the 

notion of sponge-coral-clusters (SCC).  Yet another update of these analyses, conducted on 

>7500 sponge-derived sequences in late 2010 (Simister et al., 2012a)                                                                                                                                                                                                                                                                                               

led to 27% of these sequences being assigned to a total of 173 different SC.  These SC 

encompassed 14 bacterial phyla (well represented by Chloroflexi, Cyanobacteria, 

―Poribacteria‖, Betaproteobacteria and Acidobacteria), as well as Archaea and fungi.   

The aforementioned analyses were conducted on 16S rRNA gene sequences obtained from 

clone libraries, cultivated microbes and excision of denaturing gradient gel electrophoresis 

bands.  As early as 2007, it was speculated that the apparent existence of ‗sponge-specific 

clusters‘ may be an artefact, with members of such clusters also being present outside of 

sponges (particularly in seawater) but at abundances too low to be detected by clone libraries 

and other standard methods of the time (Taylor et al., 2007).  A technological breakthrough, 

in the form of so-called next-generation sequencing approaches such as 454 pyrosequencing 

and later the Illumina platform, confirmed that this was indeed the case (Webster et al., 

2010).  Numerous surveys have now identified supposed sponge-specific bacteria in seawater 

and sediment samples, albeit at very low abundances (Taylor et al., 2013; Moitinho-Silva et 

al., 2014; Thomas et al., 2016).  Whether such organisms are truly active outside of the 

sponge host, or merely surviving until they colonise a new sponge, remains unknown.  

However, the idea that sponges recruit symbionts both vertically (from the parent sponge) 

and horizontally (from the surrounding environment) has been proposed (Webster et al., 

2010). 

One group of microorganisms warranting special mention is the candidate phylum 

―Poribacteria‖, which occurs in high numbers in diverse marine sponges (Fieseler et al., 

2004; Lafi et al., 2009) but is rare or even absent outside of sponge hosts (Taylor et al., 

2013).  Several studies of ―Poribacteria‖ using both environmental and single-cell genomics 
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(Fieseler et al., 2006; Siegl et al., 2011; Kamke et al., 2013, 2014) have revealed diverse 

symbiotic characteristics, such as the enrichment of eukaryotic-like domain containing 

proteins putatively related to sponge-symbiont recognition (Kamke et al., 2014), as well as 

functional capabilities that reflect the importance of this bacterium in the symbiosis 

established with marine sponges.  

Host specificity has also been recognised within sponge-associated microbial communities 

(Taylor et al., 2004b; Webster et al., 2010; Reveillaud et al., 2014).  Thirty-two sponge 

species from eight worldwide locations harboured substantial species-specific bacterial 

communities (comprised by OTUs present only in one sponge species), although no 

correlation with host phylogeny was revealed (Schmitt et al., 2012b).  In addition, a minimal 

core bacterial community comprised of very few OTUs (ranging between three and 18 

depending on OTU definition) was found in 22 of those species.  Microbial communities 

associated with 13 sponge species from the Great Barrier Reef (Australia) were similarly host 

specific, with no OTUs shared among all of the sponges (Webster et al., 2013).  Such a high 

degree of host specificity can even be observed among closely related (congeneric) sponges.  

For example, each of three Dysidea species hosted a different strain of the cyanobacterium 

Oscillatoria spongeliae, indicating a great degree of specificity between these bacteria and 

their hosts (Thacker and Starnes, 2003).  Furthermore, five Oscarella species presented 

distinct bacterial profiles, while the bacterial communities in five colour morphs of a single 

species, O. lobularis, were very similar (Gloeckner et al., 2013a).  Similar trends were 

observed in two Ircinia spp., with the difference that each colour morph also contained a 

distinct bacterial community (Pita et al., 2013).   

The presence of either sponge-specific clusters or sponge species-specific symbionts reveals 

an oftentimes high microbial specificity within marine sponge hosts.  In this context, a mix of 

host-specific and sponge-specific microbes has been reported in disparate sponge 

assemblages (Taylor et al., 2004b; Montalvo and Hill, 2011; Schmitt et al., 2012b; 

Reveillaud et al., 2014).  However, divergent results obtained from numerous studies (see 

above) indicate that a distinctive microbial community structure shared among marine 

sponges could not be established.  
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1.2.2 Symbiont transmission and acquisition 

Understanding the mechanisms that lead to the establishment and maintenance of sponge-

microbe associations is a central theme in sponge microbiology.  Sponge-microbe 

associations are maintained either by the transfer of symbionts from adults to offspring (i.e. 

vertical transmission), or by their acquisition from the surrounding environment (i.e. 

horizontal transmission) (Bright and Bulgheresi, 2010).  Vertical transmission of sponge-

associated microorganisms has been proposed as a mechanism for host-specific species 

transfer and maintenance over time (Schmitt et al., 2012b).  This type of symbiont 

transmission has been reported for numerous sponge species, both oviparous and viviparous 

(Usher et al., 2001, 2005; Enticknap et al., 2006; Schmitt et al., 2007, 2008; Steger et al., 

2008; Lee et al., 2009; Gloeckner et al., 2013b).  The Australian sponge Chondrilla 

australiensis contained microbial symbionts within eggs, nurse cells and sperm, revealing 

that both females and males were able to transmit sponge symbionts to the next generation 

(Usher et al., 2001, 2005).  Analysis of eight sponge species with distinct reproductive 

strategies allowed the identification of up to 28 ―vertical transmission clusters‖ (defined as 

clusters of phylotypes present in adult and offspring samples of the same sponge species) 

(Schmitt et al., 2008).   

As mentioned above, symbiont acquisition from the surrounding environment has also been 

proposed.  In the seminal 2002 study by Hentschel and colleagues, the majority of the 

sponge-specific microbes they described were generally not deep branching within their 

respective phyla, which might have been expected in the case of a truly ancient symbiosis 

(Hentschel et al., 2002).  Additionally, with the application of deep sequencing methods 

revealing that many supposedly sponge-specific microbes are also present in seawater 

(Webster et al., 2010; Taylor et al., 2013; Thomas et al., 2016), it has been suggested that this 

―rare biosphere‖ (Sogin et al., 2006; Lynch and Neufeld, 2015) may act as a seed bank for 

these bacteria.  Although the mechanisms implied in this transmission are not clearly 

established, it is plausible that some degree of recognition of the microbes by the host, 

possibly involving the innate immune system, is needed (Müller and Müller, 2003) (also see 

Section 1.2.5).  

Another strategy for symbiont acquisition could involve a mixture of the two previously 

described modes of transmission, termed ―leaky vertical transmission‖.  This strategy would 

imply that symbionts are acquired both vertically via parental transmission and from the 
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surrounding environment.  This combination would balance the benefits and costs of each 

method of transmission (reviewed in Thacker and Freeman (2012)), although the extent to 

which this occurs is still unknown.   

 

1.2.3 Physiological features and microbial metabolism 

Sponge-associated microbes perform a variety of important physiological and ecological 

roles in both sponges and the wider marine ecosystem (e.g. actively involved in nutrient 

cycling such as carbon or nitrogen).  Microbes can thus influence sponge health and nutrition 

by, for example, producing protective antibiotic compounds, acquiring limiting nutrients or 

processing metabolic waste (Taylor et al., 2007; Hentschel et al., 2012; Webster and Thomas, 

2016).  Pure cultures of several sponge-associated microbes belonging to diverse bacterial 

phyla provided the first insights into the physiology of these symbionts (Burja et al., 1999; 

Burja and Hill, 2001; Enticknap et al., 2006), including the production of antimicrobial 

compounds (Oclarit et al., 1994; Hentschel et al., 2001; Chelossi et al., 2004) and antibiotic 

resistance (Phelan et al., 2011).  Additionally, the sequencing of genomes from some of these 

cultivated symbionts, such as Ruegeria sp., has revealed the genomic potential for quorum 

sensing molecule production (Zan et al., 2011).  However, the functionality of specific 

sponge symbionts as well as their symbiotic mechanisms is not easily determined, as the 

majority of these microbes have resisted cultivation and therefore in vitro manipulations 

cannot be conducted.  Notwithstanding this limitation, physiological experiments such as 

isotope labelling, in combination with different molecular approaches including functional 

gene amplification and (meta)genome sequencing, have provided further knowledge of the 

metabolic potential of sponge symbionts, including the deciphering of diverse metabolic 

pathways (Weisz et al., 2007; Bayer et al., 2008; Hoffmann et al., 2009; Mohamed et al., 

2010; Schläppy et al., 2010; Fan et al., 2012).     

 

1.2.3.1 Carbon metabolism 

As heterotrophic animals, sponges can acquire carbon through the consumption of microbes 

present in the water column or via the uptake of dissolved organic carbon (De Goeij et al., 

2008).  Carbon uptake can also be mediated by associated photosymbionts, such as 

cyanobacteria, which inhabit sponge tissues and are thought to translocate photosynthates 
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(mainly in the form of glycerol) to the host (Wilkinson, 1979).  In tropical environments, the 

microbial contribution to carbon fixation and translocation to the sponge host is crucial, as 

their activity compensates for the lack of certain vital nutrients in the reef waters (Arillo et 

al., 1993).  Thus, these oligotrophic habitats are mostly dominated by phototrophic sponges, 

i.e. sponges that rely on cyanobacterial symbionts for carbon nutrition, especially in those 

areas away from the seashore.  Phototrophic sponges can receive >50% of their energy 

requirements from associated cyanobacteria (Wilkinson, 1983).  However, on nearshore reefs 

these sponges are often rare, or even absent, due to higher levels of suspended matter and 

turbidity which reduces light penetration to the photosynthetic symbiont.  

Isotope labelling experiments have measured the transfer of nutrients, including carbon and 

nitrogen, from symbiont to hosts.  Experimental manipulation of irradiance levels showed 

that sponges hosting cyanobacterial symbionts (Aplysina cauliformis, A. fulva and 

Neopetrosia subtriangularis) had lower growth rates and lower chlorophyll a concentration 

under shaded conditions, suggesting the dependence of these sponges on symbiont-derived 

photosynthates (Freeman and Thacker, 2011).  These experiments also showed that transfer 

of carbon and nitrogen from the symbiont to the sponge host differed substantially even 

among closely related sponges (Freeman and Thacker, 2011; Freeman et al., 2015).  Overall, 

such studies have suggested that nutrient transfer is more influenced by host-symbiont 

identities, irradiance and the ratio of productivity to respiration than by symbiont abundance 

(Freeman et al., 2013).  

The application of genomic and proteomic analyses to the sponge microbiota has helped to 

decipher complex metabolic pathways, including those related to carbon metabolism.  

Reconstruction of draft genomes using either metagenomic or single-cell genomic approaches 

has allowed for the identification of genes encoding enzymes involved in central metabolic 

pathways such as the tricarboxylic acid (TCA) cycle, glycolysis, pentose phosphate pathway 

and oxidative phosphorylation (Hallam et al., 2006b; Siegl et al., 2011; Gao et al., 2014; 

Burgsdorf et al., 2015).  Detailed analyses of each of these draft genomes revealed different 

strategies for utilising or fixing carbon.  A member of the candidate phylum ―Poribacteria‖ 

possessed genes involved in the reductive TCA cycle, in which carbon is fixed, thus 

indicating the capability of autotrophic carbon assimilation (Siegl et al., 2011).  The same 

autotrophy was revealed for the archaeon ―Cenarchaeum symbiosum‖, though instead using 

the 3-hydroxypropionate cycle (Hallam et al., 2006a, 2006b). 



18 
 

1.2.3.2 Nitrogen metabolism 

Microbial nitrogen metabolism has been widely studied in sponges, with evidence for the 

involvement of sponge symbionts in almost all steps of the nitrogen cycle.  Nitrogen fixation 

is an important source of nitrogen in the marine environment, with nitrogen-fixing 

prokaryotes found in a number of marine hosts including sponges (Fiore et al., 2010; 

Mohamed et al., 2010).  Nitrogen fixation in sponges was first detected by measuring 

nitrogenase activity in two sponges from the Red Sea (Wilkinson and Fay, 1979).  

Subsequent studies employing physiological experiments (e.g. isotope labelling) as well as 

molecular techniques (e.g. genomics, transcriptomics and proteomics) have shown that this 

nitrogen fixation and the remaining steps involved in the nitrogen cycle (nitrification, 

denitrification and ammonification) were also mediated by microorganisms in sponges, 

although only few genes involved in the later steps of nitrification have been found 

(Wilkinson and Fay, 1979; Bayer et al., 2008; Hoffmann et al., 2009; Schläppy et al., 2010; 

Fiore et al., 2015).  Ammonia oxidation is perhaps the best-studied component of nitrogen 

metabolism in sponge symbionts, with ammonia oxidisers identified among both bacteria and 

archaea (Hallam et al., 2006b; Steger et al., 2008; Mohamed et al., 2010; Radax et al., 

2012a).  A combination of molecular techniques and stable isotope experiments provided 

evidence for the presence of anaerobic ammonium oxidation (anammox) and denitrification 

in the sponge Geodia barretti (Hoffmann et al., 2009).  Likewise, the screening of ammonia 

monooxygenase genes (amoA) and rRNA markers for anammox in Mycale laxissima led to 

the first report of both aerobic ammonia-oxidising bacteria (AAOB) and anaerobic ammonia-

oxidising bacteria (AnAOB) in the same sponge (Mohamed et al., 2010).  More recently, 

amoA and other functional genes associated with nitrite reduction and ammonia oxidation 

(amoA, nirS, nirK and nxrA) were detected in seven sponge species from geographically 

distant locations (ranging from deep-sea to shallow water sponges), suggesting a potential 

ecological role for prokaryotes in sponge-related nitrogen transformation (Han et al., 2013).  

The employment of molecular techniques considering all the genomic diversity present in 

sponge-associated microbial communities has increased our understanding of these nitrogen 

metabolic pathways.  Metagenomic analyses of six sponge species and seawater revealed an 

enrichment in nitrogen metabolism-related functions in sponge samples (Fan et al., 2012).  

Enzymes involved in denitrification, bacterial and archaeal ammonia oxidation (AmoA) were 

identified, although their abundance varied among sponge species.  Nitrate/nitrite antiporters 

(NarK), responsible for importing nitrite into the bacterial cell and exporting nitrate from the 
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cytoplasm, were also detected.  Furthermore, this study revealed that these pathways were 

mediated in each sponge species by a different (and host-specific) microbial consortium 

utilising different enzymes, thus revealing functional equivalence.  Similar functional 

convergence was observed for nitrification as well as dissolved organic carbon and 

ammonium uptake in two sympatric Mediterranean sponges (Ribes et al., 2012), suggesting 

that these processes have prime importance for maintenance of the sponge holobiont.  

Moreover, the metatranscriptome generated from the microbial community of Xestospongia 

muta showed significant differences in the expression of amoA genes between different reef 

locations and in accordance with different fluxes of dissolved inorganic nitrogen (Fiore et al., 

2015).  

The utilisation of urea, mostly derived from degradation of nucleic and amino acids, has also 

been proposed as an alternative nitrogen source to ammonia, nitrite and nitrate (Hentschel et 

al., 2012).  Urease activity was revealed in the bacterial community of the barrel sponge 

Xestospongia testudinaria, as well as diverse bacterial ureC genes (Su et al., 2013).  

Furthermore, genomic analyses of two sponge symbionts, a member of the candidate phylum 

―Poribacteria‖ and the thaumarchaeote ―Cenarchaeum symbiosum‖, indicated the presence 

of urease subunits and accessory proteins in conjunction with several urea ABC-transporters 

(Hallam et al., 2006a; Siegl et al., 2011).   

 

1.2.3.3 Sulphur metabolism 

Sulphur is an essential nutrient for microorganisms, forming part of amino acids and enzyme 

cofactors.  Evidence for an active sulphur cycle has been found in the microbial communities 

of marine sponges, with both sulphate-reducing and sulphur-oxidising microorganisms being 

identified.  Sulphate-reducing bacteria (SRB) were identified in the choanosome of the cold-

water sponge Geodia barretti by fluorescence in situ hybridisation (FISH) (Hoffmann et al., 

2005).  Subsequent lipid biomarker analyses showed biomass transfer from these SRB and 

other anaerobic microbes to sponge cells, suggesting a mutualistic interaction.  White and 

colleagues also detected putative sulphate reducers and sulphur oxidisers in the sponge 

Axinella corrugata (White et al., 2012).  Within the latter group, members of the genus 

Ectothiorhodospiraceae (purple sulphur bacteria), involved in the formation and excretion of 

elemental sulphur, were dominant within the sponge tissue.  Phylogenetic analyses of AprA 
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sequences from the Caribbean deep-water sponge Polymastia cf. corticata indicated the 

presence of both sulphur-oxidising bacteria (SOB) and sulphate-reducing archaea (Meyer and 

Kuever, 2008).  The existence of this bacteria/archaea complex in the choanosome of the 

sponge, as well as intermittent tissue anoxia (generated by differences in pumping activity), 

suggests the presence of an endosymbiotic sulphur cycle within the host sponge.  Analysis of 

the first genome of a sponge-associated SOB revealed a mixotrophic metabolism, the 

capability to detoxify sulphide, and the presence of symbiotic features (e.g. genes encoding 

eukaryotic-like repeat proteins that are putatively involved in symbiont recognition) (Tian et 

al., 2014).  These characteristics, and it being mainly found in marine sponges, suggested the 

potential symbiotic role of this SOB. 

 

1.2.3.4 Phosphate metabolism  

Although phosphate is a limiting nutrient in most oligotrophic environments, its cycling in 

marine sponges has barely been examined.  An important recent study conducted in three 

Caribbean sponges revealed the microbial production and storage of polyphosphate (polyP) 

granules (Zhang et al., 2015).  The storage of these polyP granules within microbial cells may 

represent a source of phosphorus for the sponge host in deprivation periods, which may 

contribute to the stability of the sponge holobiont (Colman, 2015).  However, further studies 

should be conducted in order to gain a deeper understanding of nutrient cycling and how it is 

affected by the phosphorus sequestration carried out by sponge symbionts.  

 

1.2.3.5 Vitamin biosynthesis 

Vitamins are essential compounds that marine sponges (like all metazoans) are unable to 

synthesise and must therefore be obtained through the diet.  Genomic and metagenomic 

analyses have revealed the capacity for vitamin biosynthesis among sponge-associated 

microorganisms (Thomas et al., 2010; Fan et al., 2012).  Evidence for vitamin biosynthesis 

by sponge symbionts includes the identification of enzymes involved in thiamine (vitamin 

B1), riboflavin (B2), biotin (B7), cobalamin (B12) and pyridoxine biosynthesis (Hallam et 

al., 2006a; Thomas et al., 2010; Siegl et al., 2011; Fan et al., 2012; Fiore et al., 2015).  The 

production of vitamins by sponge symbionts would, therefore, potentially benefit the sponge 

host and consequently promote the sponge-symbiont association. 
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1.2.4 Biotechnological potential of sponge-associated microorganisms   

The production of secondary metabolites by microbial symbionts has been reported for a 

wide variety of marine organisms, including sponges, cnidarians, bryozoans and tunicates 

(see Lopanik, (2014) for a review).  As soft-bodied and sedentary metazoans, sponges have to 

rely on morphological and/or chemical defenses for protection against predators and 

epibionts.  Due to their ability to produce a wide range of chemicals with bioactive properties 

and pharmaceutical potential, sponges are considered one of the richest sources of secondary 

metabolites (Pawlik, 2011; Gardères et al., 2015; Ancheeva et al., 2017).  However, the 

origin of many compounds remains controversial (Hentschel et al., 2012), as some of these 

compounds are produced by the sponge, while others are synthesised by associated 

microorganisms (Piel et al., 2004; Taylor et al., 2007; Sala et al., 2014; Flórez et al., 2015).  

Bioactive compounds synthesised by sponge-associated microbes include those with 

antiviral, antibacterial, antifungal and antiprotozoal properties (Indraningrat et al., 2016). 

Polyketide synthetases (PKSs) and non-ribosomal peptide synthetases (NRPSs) are typical 

enzymes associated with secondary metabolite biosynthesis.  Biosynthetic gene clusters 

encoding for these proteins have been reported in the associated microbial communities of 

several sponge species (Fieseler et al., 2007; Hochmuth and Piel, 2009).  Using a 

metagenomic approach, genes involved in the synthesis of antitumor polyketides onnamide A 

and psymberin were identified in the sponges Theonella swinhoei and Psammocinia bulbosa, 

respectively (Piel et al., 2004; Fisch et al., 2009).  Moreover, screening metagenomes of 

numerous sponge species from different oceans revealed the presence of an exceptionally 

small and sponge-specific group of PKSs, designated sup for sponge symbiont ubiquitous 

PKS (Fieseler et al., 2007; Sala et al., 2014).   

Whole genome sequencing of cultured Pseudovibrio sp. POLY-S9 isolated from the sponge 

Polymastia penicillus revealed the potential capability of producing bioactive compounds as 

several biosynthetic gene clusters were identified (PKSs, NRPSs and siderophore) (Alex and 

Antunes, 2015).  Furthermore, single-cell and metagenomics approaches were applied for 

identifying the machinery involved in production of polytheonamides by members of the 

candidate genus ―Entotheonella‖, a symbiont of the sponge Theonella swinhoei (Wilson et 

al., 2014).  Similarly, genomic analysis of a single amplified genome derived from a member 

of the ―Poribacteria‖ identified fragments of the Sup-type PKSs (Siegl et al., 2011). 
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1.2.5 Host-symbiont interactions 

As explained above, many marine sponges host abundant microbial communities either 

within the mesohyl matrix or (to a lesser extent) intracellularly.  Moreover, sponges feed on 

microorganisms present in the water column.  A central question in sponge microbiology is 

thus how sponges discriminate between a symbiont and food bacteria, or how a sponge 

symbiont protects itself against sponge defense mechanisms and avoids being digested.  A 

landmark early study showed that symbiotic bacteria fed to sponges were not digested but 

rather expelled, in contrast to seawater non-symbiotic bacteria which were retained within the 

sponge (Wilkinson et al., 1984).  The same study also proposed a mechanism by which 

bacterial identity is masked by capsular sheaths. 

Recent studies of sponge-associated microbial communities using genomic and metagenomic 

strategies have identified adaptive symbiosis factors such as eukaryotic-like proteins, 

particularly ankyrin (ANK), tetratricopeptide (TPR) and leucine-rich (LRR) repeat proteins 

(Thomas et al., 2010; Siegl et al., 2011; Fan et al., 2012).  These factors, which have been 

detected in the genomes of pathogenic microbes as well as facultative or obligate symbionts 

(Habyarimana et al., 2008; Al-Khodor et al., 2010; Cerveny et al., 2013), may mediate 

protein-protein interactions in eukaryotes, improving attachment to the eukaryotic host and 

avoidance of the host‘s immune response.  Whole genome analyses of sponge symbionts 

have also revealed the presence of eukaryotic-like proteins in the candidate phylum 

―Poribacteria” (Kamke et al., 2014), ―Ca. Synechococcus spongiarum‖ (Burgsdorf et al., 

2015), Pseudovibrio sp. (Alex and Antunes, 2015) and in a sulphur-oxidising bacterium 

associated with the sponge Haliclona cymaeformis (Tian et al., 2014). 

Quorum sensing (QS), a cell-to-cell signalling mechanism employed to coordinate and 

regulate gene expression, is found across a wide range of bacterial species (Fuqua and 

Greenberg, 2002).  QS has also been detected in the microbial communities of marine 

sponges (Taylor et al., 2004a), suggesting its involvement in regulating symbiotic 

interactions with sponge hosts.  The use of N-acyl homoserine lactones (AHLs) as a QS 

mechanism is broadly distributed among Proteobacteria (Mohamed et al., 2008) and has 

been recently identified in the genomes of both Ruegeria sp. strain KLH11 (Zan et al., 2011) 

and Paracoccus sp. Ss63 (Saurav et al., 2016).  However, the importance of these compounds 

for holobiont interactions remains unknown.  
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1.2.6 Adaptation to the sponge environment and stability of sponge-microbe symbioses 

Sponge symbionts must cope with changing host environmental conditions that generally 

lead to stress, such as the presence of host- or microbially-generated bioactive metabolites 

(Piel, 2009).  The screening of metagenomes of sponge-associated microbes has revealed an 

enrichment in proteins related to stress responses, such as the universal stress protein and the 

periplasmic protein PotD (Fan et al., 2012).  These stress-related proteins, usually synthesised 

as a response to environmental stress (Nyström and Neidhardt, 1994), might help sponge 

symbionts manage diverse host stressors, including heavy metal bioaccumulation, antibiotics, 

oxidative agents, nutrient starvation and changes in temperature or pH. 

Additionally, marine sponges and their associated microbial communities are exposed to 

changes in the surrounding environmental conditions that may affect stability of the 

hologenome.  The extent to which the symbiosis is affected by changes in environmental 

factors such as temperature, pH, nutrient load, and sedimentation, has been examined by 

several studies (Webster et al., 2001a; Luter et al., 2012; Simister et al., 2012c; Pineda et al., 

2016; Ribes et al., 2016).  One of the best-studied factors is seawater temperature, due largely 

to concerns over the effects of global warming.  Increases in seawater temperature may result 

in disruption to the microbe-sponge interaction, with potentially severe consequences for the 

host sponge.  Healthy X. muta individuals exposed to a stressful thermal environment 

presented higher levels of hsp70 gene expression (an indicator of stress) and even mortality in 

a laboratory aquarium (López-Legentil et al., 2008).  Moreover, a substantial shift in bacterial 

community structure (Webster et al., 2008a; Simister et al., 2012b; Fan et al., 2013), with the 

loss of symbionts and introduction of microorganisms with a scavenging lifestyle (Fan et al., 

2013), was also revealed for the sponge Rhopaloeides odorabile when exposed to increasing 

seawater temperatures, even exhibiting signs of cell discharge and necrosis within 72 h when 

kept at elevated temperatures.  However, the effects of temperature increases may vary 

among different sponge species due to, among other factors, differences in microbial 

community composition.  For example, two different die-off episodes correlating with 

increases in seawater temperature in the Mediterranean differentially affected the populations 

of two sponge species, Ircinia fasciculata and Sarcotragus spinolosum (Cebrian et al., 2011).  

While I. fasciculata, a sponge hosting both phototrophic and heterotrophic bacteria, suffered 

high mortality rates, the population of S. spinolosum, which mainly hosts heterotrophic 

bacteria, remained unaffected.  This asymmetry in response was explained as the 



24 
 

consequence of a breakdown of the phototrophic bacteria-sponge symbiosis in I. fasciculata, 

causing death of the sponge in most cases.  

Irradiance levels may also influence some sponge-microbe symbioses.  For example, 

symbiont carbon fixation and transfer to the sponge host was positively correlated with 

higher irradiances (Freeman et al., 2013).  In contrast, Schöttner and colleagues (2013) found 

that changes in depth, and consequently differences in light levels, only led to small effects 

on the microbial communities hosted by 12 sponges from cold-water coral reefs off Norway.  

Furthermore, the response to changes in irradiance can be highly species specific.  

Manipulative shading experiments revealed that two closely related species (Aplysina 

cauliformis and A. fulva), both hosting stable, abundant and similar communities, exhibited 

different responses to changing irradiance levels (Freeman et al., 2015).   

Changes in the associated microbial community structure (i.e. composition and abundance) 

can also be considered as either a cause or consequence of sponge disease.  While numerous 

studies have aimed to elucidate the main drivers (either environmental conditions and/or 

changes in sponge symbionts) of sponge disease outbreaks (Webster, 2007; Webster et al., 

2008b; Luter et al., 2012), confirmed etiological agents have only rarely been determined 

(Webster et al., 2002; Sweet et al., 2015).   

 

 

1.3  Approaches for studying the diversity and function of microbial 

communities 

A wide range of techniques have been used to document the diversity of microbial 

communities.  The first such techniques used in sponge microbiology were microscopy-based 

methods (Vacelet, 1970, 1971, 1975; Vacelet and Donadey, 1977) and culture-based 

approaches (Wilkinson, 1978a, 1978b, 1978c).  However, as the majority of sponge bacteria 

have so far resisted cultivation, the latter approach can severely underestimate microbial 

diversity.  Similarly, a lack of distinguishing morphological features among bacteria will also 

lead to gross underestimates of taxonomic diversity if a pure microscopy approach is used. 
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1.3.1 Cultivation-independent techniques 

The ribosomal RNA genes have long been considered as among the best markers for 

molecular phylogenetic studies (Woese and Fox, 1977; Pace et al., 1986; Woese, 1987), as 

they are universally present and contain both variable fragments (allowing for the 

discrimination of different microbial taxa) and highly conserved regions (permitting universal 

primer design and facilitating subsequent sequence alignments) (Vos et al., 2012).  Over the 

last few decades, the field of microbial ecology has seen enormous progress with the 

development of a wide variety of molecular techniques for the description and 

characterisation of microbial diversity with ever-greater accuracy.  Some of these molecular 

techniques include rRNA gene cloning and sequencing, fingerprinting approaches such as 

denaturing/temperature gradient gel electrophoresis (DGGE/TGGE), terminal restriction-

fragment length polymorphism (T-RFLP) or ARISA, and fluorescence in situ hybridisation 

(FISH).  However, although the employment of these molecular techniques has allowed 

conducting comprehensive microbial community descriptions and comparisons as well as 

diversity quantifications, they were usually time-consuming, underestimated diversity and 

provided limited information related to the organism identity.   

More recently, direct amplicon sequencing analysis, i.e. the systematic PCR amplification 

and direct sequencing of conserved genes (mainly 16S rRNA genes) from environmental 

samples, has significantly enriched our knowledge of the taxonomy and diversity of 

microbial communities.  However, this approach also has its limitations, such as failing to 

distinguish between very closely related bacterial species (due to the conserved nature of 

rRNA genes), and precluding quantitative estimates for each organism due to PCR 

amplification biases.  The use of the 16S-23S rRNA internal transcribed spacer (ITS) region 

can result in increased fine-scale phylogenetic resolution (Erwin and Thacker, 2008).  Other 

conserved genes such as RNA polymerase beta subunit (rpoB), gyrase beta subunit (gyrB), or 

recombinase A (recA), have also been proposed as useful markers (Santos and Ochman, 

2004; Izumi et al., 2010; Choudhury et al., 2015). 

The application of this single gene-based methodology to investigate disparate microbial 

communities has been facilitated by the advent of low-cost, massively parallel community 

profiling methods known as next-generation sequencing (NGS) technologies.  These include 

Roche 454 pyrosequencing (Margulies et al., 2006), Ion Torrent PGM (Rothberg et al., 2011) 

or Illumina (Bennett, 2004) sequencing platforms.  Recently, the use of Pacific Biosciences 
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sequencing system (Fichot and Norman, 2013) targeting 16S rRNA gene has been proposed 

as a means to supplement reference databases with full-length sequences (Schloss et al., 

2016).  

 

1.3.2 Genomics and metagenomics 

The molecular approaches described in the previous section are commonly based on single-

gene analyses and, consequently, are limited in their ability to address the function of 

microorganisms and the mechanisms underlying their interactions.  By contrast, the 

exploration of microbial communities through whole-genome analysis provides a 

comprehensive and integrated approach to decipher microbial function and physiology.  The 

aim of this approach is to sequence and reconstruct the complete genome of a single 

organism to subsequently annotate the sequences into open reading frames and then predict 

the encoded proteins and infer putative functions.  In this context, the use of single-cell 

genomics allows the separation and sequencing of individual and specific uncultured 

microbial cells to subsequently infer their detailed genomic potential (Stepanauskas, 2012). 

Additionally, the use of a metagenomic approach, i.e. the direct analysis of all genomes 

contained in an environmental sample (Thomas et al., 2012), provides access to the 

functional gene composition of entire microbial communities, giving a much broader 

description than single gene/genome-based studies.  The rapid development and 

extraordinary cost reductions of next-generation sequencing technologies has greatly 

increased the number of available metagenomic datasets and, consequently, our knowledge of 

the functioning of complex microbial communities.  Metagenomic approaches permit the 

researcher to not only choose from a wide range of phylogenetic markers to improve 

taxonomic annotation, but also to use a combination of markers to increase resolution when 

reconstructing phylogenies.  The main steps of a typical metagenomics project are described 

in Figure 1.4.   



27 
 

 

Figure 1.4.  Workflow of a metagenomics project.  Adapted from Thomas et al. (2012). 

 

Assembly of obtained sequence reads into contigs and their subsequent binning can lead to 

the recovery of individual draft genomes allowing, in a similar fashion to single-cell 

genomics, analysis of genomes from specific organisms in order to decipher their metabolic 

potential.  (Meta)genomics studies can also be complemented with the description of 

expressed activities utilising other molecular approaches such as (meta)transcriptomics, in 

which expressed genes are sequenced, and (meta)proteomics, where the focus is on the 

proteins expressed (Graves and Haystead, 2002; Moran, 2009).   

 

1.3.3 Ecological networks 

The great complexity of sponge-associated microbial communities renders traditional 

approaches to describing diversity to sometimes be less than optimal.  In order to fully 

identify and understand the patterns of interactions among community members, as well as 

the eco-evolutionary mechanisms shaping them, ecological network analyses can be 

undertaken. 
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Ecological networks can be defined as maps that describe the interactions (links) taking place 

between the members (nodes) of a specific community (Blüthgen et al., 2008; Bascompte, 

2009).  Ecological network analyses have been widely used to describe traditional food webs 

(establishing trophic links among organisms), host-parasitoid systems (focusing on distinct 

guilds of terrestrial insects (hosts) and tracing the links from host to the parasitoids), and 

mutualistic webs (as pollination or frugivore networks) (see Ings et al. (2009) for a review).  

Description of different interaction patterns, such as degree of specialism or network 

connectivity, helps to describe the ecological mechanisms underlying ecological networks, 

providing a better understanding of the relationship between complexity and ecological 

stability (Montoya et al., 2006, 2009; Bascompte and Jordano, 2007).  

Despite the generality of the interactions between prokaryotes and eukaryotes and almost any 

other species present in a given environment, links between eukaryotes and prokaryotes have 

been poorly studied in comparison with other species interaction networks.  Although this 

lack of knowledge certainly extends to the interactions between sponges and their associated 

microbial communities, some studies have already considered this approach to describe 

different sponge-symbiont interaction systems.  A recent study applying this ecological 

network approach to the most abundant bacteria associated with three coexisting sponges 

revealed that host-microbe specificity depended on both taxonomic aggregation (i.e. 

sequences grouping at different taxonomic levels) and the time-scale considered (Björk et al., 

2013).  Moreover, ecological network analysis conducted on the microbial communities of 81 

sponge species revealed that these complex communities were characterised by a 

predominance of both specialist and generalist bacteria (Thomas et al., 2016).  However, 

when only the core microbiomes were considered, the generalist symbionts were dominant 

with a comparative under-representation of specialists.  As shown in these studies, the 

inclusion of this approach when evaluating such complex associations can increase our 

understanding of these relationships and help to identify their core components. 
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1.4 Thesis objectives 

This PhD thesis has four main objectives: 

1. To evaluate the robustness of using a core microbiota approach, focusing only on 

the stable and permanent symbionts, when analysing microbial communities 

associated with closely related sponge species.  

Addressed in Chapter 2.  Bacterial communities associated with three Xestospongia 

species were analysed with the aim of testing the robustness of the core microbiota 

approach.  To do so, different factors such as minimum relative abundance or 

percentage occurrence were systematically applied and a set of different core 

communities generated.  Changes in alpha- and beta-diversity metrics were 

subsequently analysed and the structure of ecological networks compared among the 

different core definitions.  

 

2. To assess the suitability of the core microbiota approach when considering 

microbial communities associated with a complex sponge assemblage.   

Addressed in Chapter 3.  Different core community definitions (adapted from Chapter 

2) were applied to the bacterial communities associated with 20 co-occurring sponge 

species.  Alpha- and beta-diversity analyses were then conducted for each of the 

generated core communities and results were compared in order to evaluate the effect 

of applying the different core definitions. 

 

3. To determine the distribution and phylogenetic position of the common and 

widespread sponge bacterial symbiont lineage known as sponge-associated 

unclassified lineage (SAUL).   

Addressed in Chapter 4.  A meta-analysis was conducted in order to investigate the 

prevalence of the SAUL clade.  Furthermore, different phylogenetic and 

phylogenomic approaches were employed to determine the phylogenetic status of this 

sponge-associated lineage. 

 

4. To elucidate the genomic potential of the aforementioned SAUL lineage. 

Addressed in Chapter 5.  Genomic analyses were conducted on two draft genomes 

constructed from metagenome data derived from two different sponge species.  These 

data provide the first insights into the potential metabolism of SAUL bacteria.  
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Chapter 2 

Evaluating the core microbiota in complex communities: a 

systematic investigation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is a modified version of: Astudillo-García, C., Bell, J. J., Webster, N. S., Glasl, 

B., Jompa, J., Montoya, J. M. and Taylor, M. W. (2017). “Evaluating the core microbiota in 

complex communities: a systematic investigation”.  Environmental Microbiology.  

doi:10.1111/1462-2920.13647 
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2.1 Introduction 

 

Microbial communities in nature are often highly complex, comprising hundreds or even 

thousands of species across a diverse array of taxa.  Exemplary in this regard are the 

microbiotas of soil (Ramirez et al., 2014), the human gut (Bäckhed et al., 2012; Huse et al., 

2012) and marine invertebrates such as sponges (Thomas et al., 2016).  Each of these 

ecosystems harbours members of the Bacteria, Archaea and Eukarya domains, as well as 

innumerable viruses (Fierer et al., 2007; Taylor et al., 2007; Arumugam et al., 2011; Laffy et 

al., 2016).  Such complexity poses formidable conceptual and analytical challenges, with 

each ecosystem member potentially capable of interacting with all others.  These challenges 

are further amplified when one considers transient or allochthonous community members 

(Savage, 1977), which may contribute little to the functionality of the system but are still 

detected by today‘s sensitive molecular approaches.  The concept of a ‗core‘ microbiota, 

which only considers persistent (and sometimes abundant) members of a microbial 

community, has thus garnered increasing research attention (Shade and Handelsman, 2012). 

 

Consideration of the core microbiota may be particularly beneficial in the study of host-

microbe associations.  Some holobiont associations involve highly specific partnerships 

between a single host and a single microbe, such as the well-known mutualism between the 

squid Euprymna scolopes and the bioluminescent bacterium Vibrio fischeri (Nyholm and 

McFall-Ngai, 2004).  These relatively ‗simple‘ symbiotic systems have provided many 

unique insights into the mechanisms of interaction; however, more complex systems 

involving a greater number of participants are ubiquitous in nature.  In this context, host-

microbe interaction networks offer fascinating insights into the ecology and evolution of 

symbiosis due to the key role these taxonomically diverse microbial communities play within 

their hosts.  Among the most commonly studied host-microbe interaction systems are those 

comprised of vertebrates and their gut microbes which play an important role in host nutrition 

and pathogen defense.  Such interactions have been described for fishes (Sullam et al., 2012), 

birds (Waite and Taylor, 2014), reptiles (Martin et al., 2010) and mammals (Ley et al., 2008), 

as well as being a primary focus of research in humans (Turnbaugh et al., 2007; Hamady and 

Knight, 2009; Shafquat et al., 2014).  The Human Microbiome Project utilised a core species 

approach to identify stable and consistent associations, facilitating the identification of 
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correlations between changes in the microbiota and human health (Turnbaugh et al., 2007; 

Hamady and Knight, 2009; Huse et al., 2012). 

Invertebrates have also been the focus of research into host-microbe interactions, both in 

terrestrial (e.g. insects (Dillon and Dillon, 2004)) and marine (e.g. corals (Bourne et al. 

2016)) ecosystems.  In marine systems, the hosts are in direct contact with seawater and the 

myriad of microorganisms within it.  Hence, evaluating the host microbiota demands 

consideration of potential transient organisms, including those serving as food for prodigious 

filter feeders such as ascidians and marine sponges.  Many sponges harbour highly diverse 

and abundant microbial communities (Taylor et al., 2007; Hentschel et al., 2012; Thomas et 

al., 2016), which can comprise up to 35% of sponge biomass and whose collective genomes 

ultimately define the sponge‘s phenotype (Webster and Thomas, 2016).  The nature of the 

relationship between sponges and microbes ranges from pathogens/parasites (Webster et al., 

2002; Webster, 2007) to mutualistic symbionts (Freeman et al., 2013).  However, the great 

complexity of the marine sponge microbiota poses challenges when one considers the entire 

microbial community, as microbial species may number in the thousands (Webster et al., 

2010; Thomas et al., 2016).  One way to approach this challenge is to identify and analyse 

core species; that is, persistent and abundant species (Magurran and Henderson, 2003) either 

through time or among different environments, hosts or geographic locations. 

 

We hypothesise that detection of changes in highly diverse systems, such as the marine 

sponge microbiota, may be affected by noise arising from this very diversity, only revealing 

true patterns when permanent and stable units, i.e. the core microbiota, are considered.  Here 

we test this hypothesis by applying different core microbiota definitions to study the 

influence of environmental quality and sponge species identity on the sponge microbiota.  

Although some definitions of the core microbiota did lead to significant differences among 

groups of samples, our overall findings were remarkably resistant to the particular core 

microbiota definition which was applied.   
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2.2 Materials and methods 

 

In order to test our hypothesis about the core microbiota, we generated a sample dataset 

comprising three closely related species of marine sponge that occur across a gradient of 

environmental quality. 

 

2.2.1 Sample collection and processing 

 

Samples from three putatively different sponge species (species A, B and C) within the genus 

Xestospongia were collected at the Wakatobi Marine National Park, in southeast Sulawesi, 

Indonesia, in June 2012.  These three Xestospongia species are considered to be cryptic 

species based on their assignment to three genetic groups using microsatellite data (see Bell 

et al. 2014).  A similar pattern of cryptic speciation has also been shown for other local 

Xestospongia species with the use of mitochondrial markers (Setiawan et al., 2016).  Samples 

of the three species in our study were collected from sites experiencing different 

environmental conditions based on observations of live coral presence, water turbidity, fish 

abundance and distance to human populations, as previously described (McMellor and Smith, 

2010; Bell et al., 2014; Powell et al., 2014).  Seven sites were used based on their 

environmental conditions, ranging from high (Kerang Gurita and Tomea 2) to low (Wanci 

Harbour and Sampela) quality areas, together with sites of intermediate quality (Kaladupa 

Double Spur, the Ridge, and Tomea 1) (Appendix A, Table A10).  Each sponge species was 

collected from each site (n=8 individuals per putative sponge species at each environmental 

condition area), except for species C that was not found at the lowest quality sites.  Samples 

were preserved in 100% ethanol and stored at 4°C until processing.  Previous research has 

shown that storage of sponge samples in absolute ethanol is appropriate for subsequent 

assessment of microbial communities (Reveillaud et al., 2014). 

 

2.2.2 DNA extraction and PCR amplification of 16S rRNA genes 

 

Bacterial DNA extraction from approximately 30 mg of sponge tissue was carried out using 

the PowerSoil®-htp 96 Well Soil DNA Isolation Kit, following the manufacturer‘s protocol 

(MoBio Inc., Carlsbad, CA, USA).  DNA yield and quality were evaluated using Nanodrop 

2000 (Thermo Scientific) and extracts were normalised to a concentration of 5 ng/µL prior to 
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PCR amplification.  The hypervariable V4-V5 region of the 16S rRNA gene was targeted 

using primers (533F and 907R) and thermal cycling conditions optimised for the sponge 

microbiota (Simister et al. 2012c; Cárdenas et al. 2014).  Specific Illumina adaptor nucleotide 

sequences were also added to the primers.  Correct-sized PCR products were purified using 

AMPure XP beads (Agencourt, Beckman Coulter, MA, USA).  DNA was quantified using 

Qubit® dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, USA), with DNA quality 

and quantity measured for a random selection of samples using the Agilent Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA, USA).  A second PCR to attach dual indices and 

Illumina sequencing adaptors, as well as the subsequent amplicon sequencing, was performed 

by the Centre for Genomics, Proteomics and Metabolomics through NZ Genomics Ltd at the 

University of Auckland, using the MiSeq Illumina sequencing platform.  Sequence data were 

deposited in the NCBI Sequence Read Archive under accession number SRP064500. 

 

2.2.3 Sequence data processing 

 

A total of 4,162,130 16S rRNA gene sequences were processed using mothur (Schloss et al., 

2009) to join demultiplexed paired-end reads and to conduct subsequent quality trimming and 

data dereplication.  After initial processing, 1,334,891 unique sequences were then 

considered for downstream analyses.  The UPARSE pipeline (Edgar, 2013) was used for de 

novo OTU-picking, using USEARCH_64 (Edgar, 2010) cluster_otu command to construct a 

set of OTU representative sequences from the amplicon reads, with a 97% similarity 

threshold.  Detection and removal of putative chimeras was done with uchime_ref, using 

SILVA as the reference database, identifying three chimeras among the 439 OTUs previously 

defined.  The original (fasta) file of joined sequences was then mapped against the 

representative OTU sequences to include abundance data into the dataset, using the 

usearch_global command.  The file created was converted to a biom table using biom 

software (McDonald et al., 2012), with –convert function, to run further analyses within 

QIIME 1.9 (Caporaso et al., 2010).  Taxonomic assignment for each sequence was performed 

using the RDP classifier in QIIME 1.9, with Greengenes (version 13.5) (DeSantis et al., 

2006) as the reference database.  In addition, to evaluate the specificity of the sponge-

associated microbes, all OTUs were assessed for their affiliation with previously defined 

sponge- or sponge-coral –specific clusters (Simister et al. 2012a).  Assignment to such 

clusters was carried out as described previously (Taylor et al., 2013). 
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2.2.4 Defining the core microbiota 

 

A central aim of this study was to determine whether applying different definitions of the 

―core‖ microbiota had an influence on the results obtained.  To do so we evaluated the effect 

on the core communities of three factors for OTU selection: (1) percentage of occurrence, i.e. 

the percentage of samples in which an OTU has to be present in order to be considered for 

further analysis; (2) a minimum relative sequence abundance; and (3) the sample set used to 

calculate (1).  To resolve which factor had the largest effect, we defined different core 

communities so that each of these three factors could be isolated and examined 

independently: 

 

(1) To evaluate the impact of percentage of occurrence, minimum abundance threshold 

and sample set must be held constant.  To do so, we applied five different occurrence 

percentages to two different core definitions (‗specific core‘ and ‗overall core‘, see 

below). 

(2) To evaluate the impact of minimum abundance threshold, the percentage of 

occurrence and sample set must be held constant.  To do so, we applied two different 

abundance thresholds to the whole community dataset, and to the two types of core 

definition. 

(3) To evaluate the impact of the sample set selection, one must apply the same 

conditions, i.e. the same percentage of occurrence and relative abundance threshold, 

to all datasets.  This is already covered with the analyses mentioned above. 

 

To address the above, we generated and analysed 33 different communities, namely: 

 

(1) Whole community, considering different relative abundance thresholds 

a. Whole community A – all detected bacterial OTUs were included in the 

analysis. 

b. Whole community B – only OTUs with ≥0.01% relative sequence abundance 

across the entire dataset. 

c. Whole community C – only OTUs with ≥0.1% relative sequence abundance 

across the entire dataset. 
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(2) Specific core community – we constructed 15 different core microbiotas considering: 

a. only those OTUs that were present in ≥12% (1 sample), 25% (2), 50% (4), 

90% (7) and 100% (8), of samples for a given sponge species / environmental 

quality combination (i.e. we effectively created 8 different core microbiotas = 

one for each combination and then combined all of them for the subsequent 

analyses). 

b. only those OTUs with ≥0.01% relative sequence abundance across the entire 

dataset AND that were present in ≥12%, 25%, 50%, 90% and 100% samples 

for a given sponge species / environmental quality combination. 

c. only those OTUs with ≥0.1% relative sequence abundance across the entire 

dataset AND that were present in ≥12%, 25%, 50%, 90% and 100% samples 

for a given sponge species / environmental quality combination. 

This definition of core microbiota is specific in the sense that each treatment combination (of 

sponge species and environmental quality category) has its own core microbiota, based on 

occurrence - i.e., presence/absence – and in definitions b. and c. also on abundance.   

 

(3) Overall core community  – we constructed 15 core microbiotas considering: 

a. only those OTUs that were present in ≥5% (3 samples), 25% (16), 50% (32), 

90% (58) and 100% (64) of all samples. 

b. only those OTUs with ≥0.01% relative sequence abundance across the entire 

dataset PLUS each OTU had to be present in ≥5%, 25%, 50%, 90% and 100% 

of samples. 

c. only those OTUs with ≥0.1% relative sequence abundance across the entire 

dataset PLUS each OTU had to be present in ≥5%, 25%, 50%, 90% and 100% 

of samples. 

In this case, the definitions were based on both occurrence and abundance across the overall 

community (64 samples), thus defining different overall cores.    

 

Two relative sequence abundance thresholds, of 0.01% and 0.1%, were chosen with the aim 

of retaining many rare taxa but discarding transient bacteria and accounting for sequencing 

errors. 
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Data representing each of these community types were selected from the original dataset, and 

all statistical analyses and comparisons described below (with the exception of Indicator 

Value Analyses) were conducted with the whole community and all of the different core 

microbiota datasets.   

 

2.2.5 Statistical analyses of sequence data 

 

Bacterial community analyses and statistical tests were conducted in QIIME 1.9.  Alpha- and 

beta-diversity analyses were conducted after sample normalisation.  To normalise sequencing 

depth, different rarefaction thresholds were applied to the different datasets (Appendix A, 

Table A9) to reflect the lowest sequencing depth for each dataset. 

 

For alpha-diversity, unweighted species-based measures such as Chao1 (Chao, 1984) and 

number of observed species, and weighted species-based measures such as Shannon and 

Simpson diversity indices, were compared among sites of contrasting environmental quality 

and across sponge species.  Beta-diversity analyses were based on both Bray-Curtis (Bray 

and Curtis, 1957) and weighted UniFrac distance (Lozupone and Knight, 2005).  The latter 

takes into account both the lineages contained in each group and the relative abundance of 

each type of organism, thus revealing community differences that are due to changes in 

relative taxon abundance.  Both weighted UniFrac and Bray-Curtis distance matrices were 

used to draw non-metric multidimensional scaling (nMDS) ordinations and to conduct 

permutational analyses of variance (PERMANOVA) (Anderson, 2001).  PERMANOVA 

analyses were conducted in PRIMER 6/PERMANOVA+ (Clarke and Gorley, 2006) to test 

differences in microbial community abundance and composition among the three sponge 

species and amongst sites of differing environmental quality.  Two fixed factors were 

considered (Species, Sp, and Quality, Q) as well as their interaction (Sp x Q).  R (R Core 

Team, 2014) was used to construct MDS plots representing the similarity between samples, 

based on species abundance and composition. 

To further explore the structure of the whole community, and with the aim of identifying 

relevant OTUs significantly associated with either different sponge species or different 

environmental qualities, we conducted Indicator Value Analysis (IndVal, De Cáceres and 

Legendre, 2009) following a previously described approach (Glasl et al., 2016).  
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2.2.6 Ecological network analyses 

 

Ecological network analyses are becoming increasingly widely used within microbial ecology 

(Berry and Widder, 2014; Coyte et al., 2015).  We therefore wanted to explore the influence 

of the core microbiota definition on the properties of the ecological network.  This was 

undertaken using the Bipartite package (Dormann et al., 2008) in R (R Core Team, 2014). 

 

Nodes in the network correspond to hosts and microbes, with links indicating the presence of 

a microbe in a host.  Modularity and the presence of modules were calculated using the 

Quanbimo algorithm (Dormann and Strauss, 2014) for binary bipartite and weighted 

networks.  Clusters or modules correspond to a group of species more connected with each 

other than with the rest of the system, and their presence can be interpreted as evidence of 

non-random assembly processes.  Modularity Q was calculated as follows: 

 

  
 

  
∑(        )        

  

 

 

where m is half the total number of observed links in the network, Aij is the weighted edge 

matrix, with values of 1 if a link between i and j exists, and 0 otherwise; and Kij the matrix of 

expected weights, based on the null model.  ci and cj represent the module to which a species i 

or j is assigned.  Additionally, we calculated the degree of specialism of the network (H2’).  

This was calculated by taking into account interaction frequencies, i.e. the relative abundance 

of each microbe on each host.  We used an information theory metric developed by Blüthgen 

et al. (2006) that, in contrast to other quantitative metrics, is scale independent.  The degree 

of specialisation in each web is defined as the deviation from an expected probability 

distribution of interactions (see Appendix A Experimental procedures for its calculation).  

The degree of specialisation ranges from 0 (high generalism degree) to 1.0 (high specialism 

degree). 
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2.3 Results and discussion 

 

Given the increasingly widespread use of the core microbiota concept in microbial systems 

including the human gut (Hamady and Knight, 2009; Huse et al., 2012; Zhang et al., 2014; 

Cheng et al., 2016), plant roots (Lundberg et al., 2012; Yeoh et al., 2016) and marine 

invertebrates (Schmitt et al., 2012b; Ainsworth et al., 2015; Thomas et al., 2016), it is 

prudent to examine whether the definition of the core microbiota may impact the results 

obtained (and therefore the conclusions drawn) from a study.  To achieve this, we analysed 

the high-diversity microbial communities of three closely related species of the marine 

sponge genus Xestospongia, which hosts microbes spanning 14 bacterial phyla and 8 

candidate phyla (Figure 2.1).  These analyses were conducted within the broader – and highly 

topical - ecological framework of determining how microbiotas respond to variation in 

environmental quality (Cárdenas et al., 2014; Zeglin, 2015). 

 

2.3.1 Robustness of the core microbiota approach 

 

Overall, we found that even very substantial changes to the core microbiota definition did not 

overtly influence findings of beta-diversity within the Xestospongia spp. microbiota (Table 

2.1, Appendix A Tables A1 and A2).  Indeed, for many of the applied core definitions, even 

varying the percentage occurrence from 12% to 100% had negligible effect on the results 

obtained.  This was particularly true for the ‗overall core‘ communities, although there were 

some beta-diversity differences among the more stringent (90 and 100% core definitions) 

‗specific core‘ communities.  In contrast to the robustness of core definition, choice of 

diversity metric had a larger effect, at least when examining the influence of environmental 

quality.  With use of the Bray-Curtis dissimilarity metric, a significant effect of environment 

was obtained irrespective of core definition, whereas for Weighted UniFrac only one out of 

the 33 community types yielded a significant result (Table 2.1, Appendix A Tables A1 and 

A2.  For pairwise comparisons see Tables A3-A5).  However, the two metrics were more 

similar (though not identical) when examining the effect of sponge species.  nMDS 

ordination did not reveal specific groupings corresponding to host species identity or 

environmental quality for any of the applied core microbiota definitions (Figure 2.2, 

Appendix A Figure A1).  Moreover, no significant differences in sample dispersion were 

observed within any of the datasets (PERMDISP, p>0.05). 



40 
 

 

 

 
 

Figure 2.1.  Relative 16S rRNA gene sequence abundance of bacterial phyla present in each dataset considered: 

whole community A, B and C; specific core 12-100% and overall core 5-100% both no minimum abundance 

threshold, 0.01% and 0.1% relative abundance threshold.  The definition of each core community is outlined in 

Section 2.2.  Percentages indicated in each community refer to percentage occurrence.  
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Figure 2.2.  Non-metric multidimensional scaling (nMDS) plot based on weighted UniFrac distance matrices for 

the whole bacterial community (a), specific core 100% occurrence (no minimum abundance) (b), specific core 

100% occurrence AND 0.01% relative abundance threshold (c), specific core 100% occurrence AND 0.1% 

relative abundance threshold (d), and overall core 100% occurrence (no minimum abundance) (e) overall core 

100% occurrence AND 0.01% relative abundance (f) overall and core 100% occurrence AND 0.1% minimum 

abundance threshold (g). In the legend, A, B, C refers to host species A, B and C, respectively; H, M, L refers to 

High, Moderate and Low quality habitats respectively.  
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The way in which the core microbiota was defined had a more pronounced effect on alpha-

diversity.  As might be expected when applying an increasingly stringent core definition, 

unweighted alpha-diversity metrics, such as number of observed species and Chao1, varied 

substantially according to which definition was used (Table 2.2).  However, weighted metrics 

that also take taxon abundance into consideration (i.e. Shannon and Simpson diversity 

indices) did not show such variation across datasets.  Of the 436 total OTUs identified, 370 

were considered for the whole community analyses after rarefaction.  This number decreased 

to 81 OTUs in the most stringent core microbiota definition, namely the overall core with 

0.1% relative sequence abundance and 100% occurrence (for number of OTUs per 

community see Appendix A Table A8).  For each dataset, we also evaluated significant 

changes in alpha-diversity metrics among different sponge species and across habitats with 

different environmental quality.  When all associated bacteria (i.e. whole community) were 

considered, alpha-diversity did not significantly change with sponge species identity or across 

sites with differing environmental quality (Table 2.2, Appendix A Table A6).  In contrast, 

marked differences were evident in the specific core community, with sponge species, 

environmental quality and their interaction exhibiting significant differences using certain 

diversity metrics (Table 2.2, Appendix A Table A6).  For the overall core community, only 

the observed number of ‗species‘ (97% OTUs) at sites of different environmental quality 

differed significantly. 

 

There is little consensus within the literature about how to define a core microbiota.  In a 

thought-provoking review article in 2012, Shade and Handelsman (2012) highlighted a 

number of key points to consider, such as whether to account only for OTU membership 

(presence/absence) or also abundance, as well as persistence through time.  One strict core 

definition that is frequently used is that a given taxon must be present in all samples, as 

applied in a recent study of two species of Anopheles mosquitoes (Segata et al., 2016).  

Segata and colleagues identified a core microbiota of 12 OTUs shared by all tissues, which 

increased to 54 OTUs when the criterion was relaxed to consider those organisms present in 

at least 90% of samples.  The same threshold was applied by Givens et al. (2015) when 

assessing the gut microbiota of 12 bony fish and three shark species.  In the latter study, the 

core microbiota was defined as the group of OTUs present in all samples for a given species, 

thus creating up to 15 different core microbiotas.  Overall, a wide range of core definitions 

have been applied across a broad array of environmental samples (e.g. Huse et al., 2012; 

Otani et al., 2014; Benjamino and Graf, 2016; Wang et al., 2016).  
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Table 2.1.  Influence of core microbiota definition on statistical evaluation of differences relating to 

environmental quality and sponge species, as well as the key ecological network properties modularity (Q) and 

specialisation (H‘2).  Core community definitions are as outlined in Section 2.2.4. A, B, and C refer to minimum 

relative abundance thresholds applied to each community (0, 0.01 and 0.1% respectively). Percentages indicated 

in each community refer to percentage occurrence (12-100% for ‗Specific core‘ and 5-100% for ‗Overall core‘).  

Sig. = denotes a statistically significant difference (p<0.05). Further details on the statistical analyses are 

provided in Appendix A Tables A1 and A2.  

 

  
 

Weighted UniFrac Bray-Curtis 
  

    
Community 

Environ. 

quality 

Sponge 

species 
spxq 

Environ. 

quality 

Sponge 

species 
spxq Q H'2 

W
h

o
le

 c
o

m
m

. non min. 

abund. 
whole A - - - sig. - - Low Low 

0.01 rel. 

abund. 
whole B - - - sig. - - Low Low 

0.1 rel. 

abund. 
whole C - - - sig. - - Low Low 

S
p

ec
if

ic
 c

o
re

 c
o

m
m

u
n

it
y

 

non min. 

abund. 

core 1A 12% - - - sig. - - Low Low 

core 1A 25% - - - sig. - - Low Low 

core 1A 50% - - - sig. - - Low Low 

core 1A 90% - sig. - sig.* sig.* sig. Low Low 

core 1A 100% - sig. - sig.* sig.* sig. Low Low 

0.01 rel. 

abund. 

core 1B 12% - - - sig. - - Low Low 

core 1B 25% - - - sig. - - Low Low 

core 1B 50% - - - sig. - - Low Low 

core 1B 90% sig. sig. - sig.* sig.* sig. Low Low 

core 1B 100% - sig. - sig.* sig.* sig. Low Low 

0.1 rel. 

abund. 

core 1C 12% - - - sig. - - Low Low 

core 1C 25% - - - sig. - - Low Low 

core 1C 50% - - - sig. - - Low Low 

core 1C 90% - - - sig. sig.* sig. Low Low 

core 1C 100% - - - sig. sig.* - Low Low 

O
v

er
al

l 
co

re
 c

o
m

m
u

n
it

y
 

non min. 

abund. 

core 2A 5% - - - sig. - - Low Low 

core 2A 25% - - - sig. - - Low Low 

core 2A 50% - - - sig. - - Low Low 

core 2A 90% - - - sig. - - Low Low 

core 2A 100% - - - sig. - - Low Low 

0.01 rel. 

abund. 

core 2B 5% - - - sig. - - Low Low 

core 2B 25% - - - sig. - - Low Low 

core 2B 50% - - - sig. - - Low Low 

core 2B 90% - - - sig. - - Low Low 

core 2B 100% - - - sig. - - Low Low 

0.1 rel. 

abund. 

core 2C 5% - - - sig. - - Low Low 

core 2C 25% - - - sig. - - Low Low 

core 2C 50% - - - sig. - - Low Low 

core 2C 90% - - - sig. - - Low Low 

core 2C 100% - - - sig. - - Low Low 
* Species and Environmental quality factors interaction also significant (p<0.05) 
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Table 2.2.  Core communities for which some alpha diversity mean values differ at p<0.05.  Only those metrics 

for which significant differences were found are shown here; others, as well as significant p-values, are included 

in Appendix A Table A6.  Percentages indicated in each community refer to percentage occurrence. In Sponge 

species, A, B, C refers to host species A, B and C, respectively; in Environmental quality, H, M, L refers to 

High, Moderate and Low quality habitats, respectively.  

 

   
Sponge species Environ. quality 

 
  % occurrence Observed sp Chao 1 Observed sp Chao 1 

S
p

ec
if

ic
 c

o
re

 c
o

m
m

u
n
it

y
 

no min. abund. 
90% B-C//A-C B-C//A-C H-M//M-L H-M//M-L 

100% B-C//A-C B-C//A-C H-M//M-L H-M//M-L 

0.01% abund. 

12% - - H-M - 

90% B-C//A-C B-C//A-C H-M//M-L H-M//M-L 

100% B-C//A-C B-C//A-C H-M//M-L H-M//M-L 

0.1% abund 
90% A-B//B-C//A-C B-C//A-C H-M//H-L H-M  

100% A-B//B-C//A-C B-C//A-C H-M//H-L H-M  

O
v
er

al
l 

co
re

 

co
m

m
u
n
it

y
 

no min. abund. 90% - - H-L - 

0.01% abund. 
5% - - H-M - 

50% - - H-L - 

0.1% abund 

5% - - H-L - 

90% - - H-L - 

100% - - H-L - 

 

 

In previous research from the Taylor laboratory on the marine sponge microbiota, they 

defined a core community as comprising OTUs that were present in at least 70% of the 32 

analysed sponge species (Schmitt et al., 2012b).  At a 97% OTU level, only three OTUs met 

this core definition (vs 8 with a less stringent 95% OTU definition).  In a very recent study 

encompassing more than 800 samples from 81 sponge species, core OTUs were identified for 

the five sponge species with sufficient samples (at least 47 samples each) to conduct bacteria-

bacteria interaction network analyses (Thomas et al., 2016).  For a given host species, a core 

OTU was present in at least 85% of replicates from that species, yielding cores of 7 to 20 

OTUs.  By contrast, the core microbiotas of two coral species comprised phylotypes present 

in at least 30% of samples for each species (Ainsworth et al., 2015).  The most logical 

occurrence threshold to use will typically depend on the aims of a particular study.  Here we 

investigated bacterial communities associated with three closely-related host species, 

allowing us to set a broad range of percentage occurrence values; in other studies that 
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consider numerous distantly related host species (Schmitt et al. 2012; Thomas et al. 2016) 

this may be less appropriate, as the number of shared OTUs may be much lower. 

 

Here we included a range of core microbiota definitions for our comparison, some of which 

take into account the relative abundance of individual OTUs and/or the percentage 

occurrence, while others do not.  It is important to acknowledge the arbitrary nature of any 

core microbiota definition.  Whilst it is not our intention here to advocate for a particular core 

definition, we draw attention to the potential for disparate conclusions when different 

definitions are applied, and encourage adopters of the core microbiota approach to explore 

the sensitivity of their data to the various definitions of ‗core‘. 

 

2.3.2 Networking symbionts: elucidating interactions within the marine sponge 

holobiont 

 

Despite the ubiquity of interactions between prokaryotes and other species present in a given 

environment, ecological links between eukaryotes and prokaryotes have been poorly studied 

(Ings et al., 2009).  This knowledge gap certainly extends to the interactions between marine 

sponges and their associated microbial communities.  Other ecosystems rivalling in 

complexity to host-bacteria multispecies interactions tend to be dominated by specialist 

species, with a small number of generalists (Montoya et al., 2006; Bascompte, 2009; Björk et 

al., 2013).  However, our results showed a low degree of specialism at the network level 

(Table 2.1; Appendix A Table A7), much lower than what has been reported for free-living 

mutualistic networks, including pollination and seed dispersal networks, and ant-

myrmecophyte and ant-nectar plant interaction systems (Blüthgen et al., 2007).  Our network 

results are consistent with those of Thomas and colleagues (Thomas et al., 2016), in that their 

core sponge microbiotas were stable and characterised by generalist symbionts exhibiting 

amensal and/or commensal interactions.  The low degree of specialism found in our study 

indicates that OTUs present in these communities are not particularly host selective, and that 

host-microbe networks allow for more generalism to occur than in other ecological networks.  

In addition, while multivariate analyses identified significant differences (depending on core 

community definition and diversity metric considered) between bacterial communities from 

different host species and different environmental conditions, deeper ecological network 

analyses revealed that these differences were not mapped into the existence of network 

modules or compartments (Table 2.1; Appendix A Table A7).  Network visualisation of core 
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communities showed that the OTUs comprising these cores were distributed across all sponge 

species, across sites of different environmental quality and among each sponge species within 

each quality site (see representative examples in Appendix A Figure A2).  The use of 

different core community definitions had negligible effects on the outcomes of these 

ecological network analyses (Table 2.1, Appendix A Table A7).  Other ecological networks, 

in particular food webs (Ings et al., 2009; Thébault and Fontaine, 2010) and host-phage 

networks (Flores et al., 2011), are highly modular, and functional group diversity tends to 

increase with modularity in food webs (Montoya et al., 2015).  The failure to detect any such 

modules in our sponge-associated bacterial community network suggests that, in addition to 

the low degree of specialism, the system may not have a well-defined network structure.  Our 

study, however, focused on phylogenetically closely related host species, so both generalism 

and lack of modularity is likely to occur. Closely related sponge species commonly harbour 

similar microbial communities.  For instance, analysis of full-length 16S rRNA gene 

sequences derived from two geographically distant Xestospongia species (X. muta and X. 

testudinaria) revealed similar bacterial community structures (Montalvo and Hill, 2011), and 

the microbiotas of two Ircinia species (I. fasciculata and I. variabilis) were also found to be 

highly similar (Erwin et al., 2012a).  This relationship between bacterial community 

similarity and sponge phylogenetic relatedness has also been observed at higher taxonomic 

levels, for example, within the family Geodiidae (Schöttner et al., 2013).  However, factors 

specific to each host (e.g. nutrient levels, depth, morphology, internal structure of the sponge) 

may also influence the associated microbial community.  Thomas et al. (2016) showed that 

most sponge species maintained low variability within communities, thus indicating a 

selective habitat at the host species level.  Greater selection of microbes by hosts leading to 

high specialisation is observed among unrelated host species (e.g. Björk et al. 2013), and thus 

we can hypothesise that host relatedness modulates specificity in host-microbe systems. 

 

2.3.3 Host species, environmental quality and the Xestospongia spp. microbiota 

 

The dominant bacterial phyla found within Xestospongia spp. in this study reflected those 

commonly reported for marine sponges, namely Proteobacteria (Gamma-, Delta- and 

Alphaproteobacteria), Chloroflexi, Acidobacteria, Actinobacteria, Cyanobacteria and the 

candidate phylum PAUC34f (Figure 2.1).  Many of these phyla feature so-called sponge-

specific (SC) and sponge-and-coral-specific (SCC) clusters (Hentschel et al., 2002; Taylor et 

al., 2007; Simister et al., 2012a).  While not found exclusively within sponges (Webster et 
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al., 2010; Taylor et al., 2013), the microorganisms represented by such clusters do tend to be 

heavily enriched in sponges (and corals).  Within both the entire community and the core 

microbiota, we observed similar patterns for these clusters to those described above for 

analyses of alpha- and beta-diversity metrics.  The percentage of OTUs assigned to SC and, 

to a lesser extent, SCC was higher when considering the core microbiota (Appendix A Table 

A8).  This is consistent with other studies that described these clusters as a stable and 

persistent group of microorganisms, which were much more highly represented in sponges 

than in other, non-sponge habitats (Hentschel et al., 2002; Simister et al., 2012a; Björk et al., 

2013).  

 

In order to explore the Xestospongia spp. microbiota in more detail, we also conducted an 

indicator value analysis (IndVal) to identify key OTUs that significantly discriminate 

between different sample types (Appendix A, Table A9, Figure A3).  A total of seven OTUs, 

affiliated with Acidobacteria, Bacteroidetes, ―Poribacteria” and Alpha- and 

Gammaproteobacteria, differentiated the different sponge species, although there was only 

one strict indicator per host species.  A total of 29 OTUs affiliated with Acidobacteria, 

Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Gemmatimonadetes, 

―Poribacteria” and Alpha-, Delta- and Gammaproteobacteria, were additionally identified as 

indicators of environmental quality.  Of these, three and 13 strict indicators were associated 

with high and low quality sites, respectively.  No indicator OTU was found exclusively for 

moderate quality (Appendix A, Table A9, Figure A3).  While we did not employ the IndVal 

approach for defining a core microbiota, in certain contexts this may also be useful and 

warrants further investigation.  

 

2.3.4 Concluding remarks 

 

A focus on the core microbiota can facilitate discrimination of the stable and permanent 

members of a microbial community.  Here we evaluated the impact of different core 

microbiota definitions when interrogating highly diverse microbial systems.  While due 

caution must be exercised when defining core communities, overall results are relatively 

insensitive to changing core definitions.  Analysis of the core microbiota of closely related 

Xestospongia spp. found that OTUs present in these communities exhibit a high level of 

generalism and vary with the environmental quality of their habitat. 
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Chapter 3 

Assessing the strength and sensitivity of the core microbiota 

approach in a highly diverse sponge assemblage 
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3.1 Introduction 

Marine sponge reefs are complex environments that serve important ecological functions due 

to the myriad roles attributable to the sponges themselves, including linkage of benthic and 

pelagic habitats and associations with a variety of other organisms (Bell, 2008).  Many 

marine sponges harbour diverse and abundant microbial communities which constitute up to 

35% of total sponge biomass and are thought to play important roles for their hosts (Taylor et 

al., 2007).  The relationships between sponges and microbes are often stable and highly 

sponge specific (Hentschel et al., 2002; Taylor et al., 2004b; Webster and Taylor, 2012; 

Björk et al., 2013), with similar bacterial 16S rRNA gene sequences being recovered from 

taxonomically and geographically distant marine sponges (Hentschel et al., 2002).  The 

bacteria represented by these sequences often tend to be absent, or at least greatly reduced in 

abundance, outside of sponges (Taylor et al., 2013; Thomas et al., 2016).  Other microbes 

may be sponge species-specific, i.e. present in a given sponge species but absent from the rest 

of the sponge assemblage.  The divergence in results obtained when investigating host 

specificity among symbionts present in different sponge communities reveals the singularity 

of each community.  In this context, very large species-specific bacterial communities were 

detected in 32 sponge species from eight geographically distant locations, with these host-

specific communities comprising 70% of all recorded OTUs (Schmitt et al., 2012b).  

Similarly, a survey of 13 co-occurring sponge species from the Great Barrier Reef showed 

that 91% of OTUs identified were restricted to a single sponge species (Webster et al., 2013).  

In contrast, when 12 sponge species from three cold-water reefs were evaluated, only a minor 

fraction of sponge-specific OTUs were classified as being species specific (Schöttner et al., 

2013).  More recently, the study of several congeneric sponge species revealed that this host 

specificity was also present among members of the rare biosphere (Reveillaud et al., 2014).   

Marine sponges are filter feeders, taking up from the environment both potential symbionts 

and food microbes or transient bacteria.  Sponge-associated microbial communities usually 

comprise hundreds or thousands of species, making study of the sponge holobiont rather 

complex.  A core microbiota approach, in which only persistent and/or abundant microbes are 

considered while putatively non-symbiotic microbes are discarded, has thus been proposed as 

a means to facilitate the study of these highly diverse microbial communities.  This approach 

has been employed in the analysis of numerous biological systems such as those involving 

hosts and their microbial symbionts, including vertebrates and their gut microbiota (Huse et 
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al., 2012; Givens et al., 2015) but also marine sponges (Schmitt et al., 2012b; Thomas et al., 

2016).  In our recent study we conducted a systematic investigation into the effect of different 

core microbiota definitions and revealed this approach to be highly robust when closely 

related sponge species were analysed (Chapter 2).  However, sponge reefs often comprise an 

array of different and sometimes phylogenetically distant sponge species, with most of them 

hosting distinct microbial communities.  Microbiological research in which the entire sponge 

assemblage is considered is rare, with studies usually comprising a small number of sponge 

species and/or evaluating the effect of different factors on their associated bacterial 

communities. 

Factors affecting the composition of sponge-associated microbial communities include 

changes in environmental conditions (e.g. seawater temperature) (Webster et al., 2008a; 

Erwin et al., 2012b; Simister et al., 2012c), temporal and/or spatial variation (Schmitt et al., 

2012b) and host phylogeny (Montalvo and Hill, 2011; Schöttner et al., 2013), although the 

influence of each factor has varied greatly among studies.  In some cases, environment 

influences bacterial community composition more than sponge taxonomy (Schmitt et al., 

2012b), while in others less common bacteria appear to be more affected than abundant 

bacteria by temporal variability (Anderson et al., 2010).  Studying the influence of 

environmental and spatial factors on sponge symbionts is highly relevant, as it can inform us 

about the resilience and stability of the studied community.  However, these external factors 

may affect the microbial communities associated with different sponge species unevenly and 

as a consequence may artefactually generate between-species differences.  Moreover, the 

appearance of these between-species differences may also hinder the identification of sponge-

specific or sponge species-specific symbionts.  

To control for all of these sources of variation, we selected a highly diverse sponge 

assemblage comprising 20 sponge species at a single location, and sampled it within a very 

narrow temporal window.  We then used this system to evaluate the strength and sensitivity 

of the core microbiota approach in a complex sponge assemblage.  To do so, we utilised a 

variety of core microbiota definitions (adapted from Chapter 2) to investigate the structure, 

distribution and characteristics of these complex sponge-associated bacterial communities.   
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3.2 Materials and methods 

 

3.2.1 Sample collection and processing 

Tissue samples from four individuals of each of 20 sponge species (Table 3.1), comprising 

the most representative species at the site (Berman and Bell, 2010), were collected by 

SCUBA diving from Breaker Bay, on the south coast of Wellington (New Zealand) in July 

2013.  Tissue samples were preserved in RNAlater (Applied Biosystems/ Ambion, Foster 

City, CA, USA), then transported to the Victoria University of Wellington marine laboratory 

and subsequently stored at -20°C until shipment on dry ice to the University of Auckland.  

 

3.2.2 DNA extraction, PCR amplification and sequencing of 16S rRNA genes 

Bacterial DNA was isolated from approximately 50 mg of each RNAlater-preserved sponge 

sample using the PowerSoil®-htp 96 Well Soil DNA Isolation Kit, following the 

manufacturer‘s protocol (MoBio Inc., Carlsbad, CA, USA).  A Nanodrop 2000 (Thermo 

Scientific, Germany) spectrophotometer measured DNA quality and yield, and only high-

quality DNA was used for subsequent PCR reactions.  PCR amplification was conducted on 5 

ng of the extracted DNA per sample.  Primers optimised for the sponge microbiota (533F and 

907R) (Simister et al., 2012b; Cárdenas et al., 2014) were used to amplify the hypervariable 

V4-V5 region of the 16S rRNA gene.  Specific Illumina adaptor nucleotide sequences were 

added to the primers as follows: Illumina adaptor + 533F (underlined)  (5‘--  TCG TCG GCA 

GCG TCA GAT GTG TAT AAG AGA CAG GTG CCA GCA GCY GCG GTM A-3‘), and 

Illumina adaptor + 907R (5‘ GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA 

G CCG TCA ATT MMY TTG AGT TT-3‘).  After checking for correct size using 1% 

agarose gel electrophoresis, PCR products were purified using AMPure XP beads 

(Agencourt, Beckman Coulter, MA, USA), following the manufacturer‘s instructions.  DNA 

was then quantified using a Qubit® dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA, 

USA), with DNA quality and quantity measured for a randomly selected group of samples 

using the Agilent Bioanalyzer 2100.  Dual indices and Illumina sequencing adaptors were 

attached after a second PCR.  Subsequent amplicon sequencing was performed using 

Illumina MiSeq (2x300 bp paired-end reads) by the Centre for Genomics, Proteomics and 

Metabolomics through NZ Genomics Ltd at the University of Auckland. 
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3.2.3 Bioinformatic processing of sequence data 

Paired-end DNA sequence reads were merged and quality filtered using USEARCH_64 

(Edgar, 2010).  After initial processing, 6,502,696 sequences were considered for 

downstream analyses.  Quality filtered, globally trimmed and dereplicated reads were then 

checked for chimera sequences and used as an input for de novo OTU-picking, using 

USEARCH_64 cluster_otu command as part of the UPARSE pipeline (Edgar, 2013).  A 97% 

similarity threshold was used to construct a set of OTU representative sequences from the 

amplicon reads.  The original fasta file of joined sequences was then mapped against the 

representative OTU sequences to include abundance data, using the usearch_global 

command.  An OTU table was then constructed and converted to a biom table using biom 

software (McDonald et al., 2012).  The biom table was used as input to run further analyses 

in QIIME v. 1.9 (Caporaso et al., 2010).  The RDP classifier in QIIME was used to conduct 

the taxonomic assignment for each sequence, with Greengenes (version 13.8) (DeSantis et 

al., 2006) as the reference database.   

 

3.2.4 Identification of core bacterial communities 

We aimed to investigate the impact of applying different core definitions to the study of 

bacterial communities in complex marine sponge assemblages.  To do so, we applied several 

core definitions (adapted from Chapter 2) to a highly diverse sponge assemblage, represented 

here by 20 sponge species.  Core OTUs were identified at both community and sponge 

species level before and after applying relative abundance thresholds and/or percentage 

occurrence, i.e. the percentage of samples in which an OTU must be present in order to be 

considered for further analysis.   

 

3.2.4.1 Identification of core OTUs at community level 

Whole bacterial community.  Relative abundance thresholds were applied to the whole 

bacterial community.  These two thresholds involved the retention of OTUs whose relative 

abundance was either ≥0.01% or ≥0.1%.  Application of these thresholds resulted in 

construction of two further datasets, hereafter named whole_0.01 and whole_0.1.  

Additionally, and with the aim of detecting OTUs shared across the sponge assemblage, 
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different percentages of occurrence were applied to the initial whole bacterial community and 

to the whole_0.01 and whole_0.1 communities.  The percentage of occurrence consisted of 

selecting OTUs present in at least 50% (40 samples), 75% (60) and 95% (76) of all the 

analysed sponge samples.  

 

3.2.4.2 Identification of core OTUs at sponge species level 

Specific core community.  Another approach was to define core OTUs at sponge species 

level, i.e. considering OTUs present in all samples for a given sponge species.  Consequently, 

20 species-specific core communities were constructed and then considered together for the 

subsequent analysis.  Additionally, both relative abundance thresholds (0.01 and 0.1%) were 

applied, generating two additional datasets, core_0.01 and core_0.1 communities.  

Occurrence percentages at community level were also set, thus selecting for OTUs that meet 

the criteria described above and are also present in at least 50% (10 sponge species), 75% 

(15) or 90% (18) of the sponge species.   

 

3.2.4.3 Identification of sponge species-specific and core species-specific OTUs 

Sponge and core species-specific OTUs were identified in all bacterial communities created 

previously and were defined as those OTUs which were present in all samples of a given 

sponge or sponge-core but absent from all other sponges or sponge-cores. 

 

3.2.5 Statistical analyses of sequence data 

Alpha- and beta- diversity analyses were conducted on the whole bacterial community and all 

of the different core microbiota datasets, namely whole_0.01, whole_0.1, specific core 

community, core_0.01 and core_0.1.  Rarefaction thresholds for the six aforementioned 

communities were 23,706, 23,005, 12,294, 1,339, 1,326 and 1,092 sequences, respectively.  

QIIME v. 1.9 was used for the bacterial community analyses and statistical tests.   

Richness of core communities was evaluated through the calculation of several alpha-

diversity metrics, including unweighted species-based measures, such as number of observed 

species and Chao 1 (Chao, 1984), and weighted species-based measures such as Shannon and 
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Simpson diversity indices.  Calculated metrics were then compared among sponge species, 

orders and classes.  Weighted UniFrac (Lozupone and Knight, 2005) and Bray-Curtis (Bray 

and Curtis, 1957) distance matrices were generated and utilised for beta-diversity analyses.  

Both matrices were then imported into PRIMER 6/PERMANOVA+ (Clarke and Gorley, 

2006) and used to conduct permutational analyses of variance (PERMANOVA) (Anderson, 

2001).  PERMANOVA was used to test differences in microbial community abundance and 

composition among sponge species, orders and classes.  PERMANOVA pairwise 

comparisons were subsequently conducted for each significant factor.  P-values were adjusted 

using the Bonferroni correction to account for multiple testing. 
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3.3 Results and discussion 

The core microbiota approach is widely used as a convenient means to determine stable and 

permanent members of microbial communities.  Employed to date across a wide range of 

biological systems (Hamady and Knight, 2009; Lundberg et al., 2012; Schmitt et al., 2012b; 

Ainsworth et al., 2015; Thomas et al., 2016), it has been shown to be highly robust when 

examining closely related groups of samples (Chapter 2).  However, biological systems are 

usually more complex and, consequently, the applicability of this approach needs to be 

investigated in such systems.  Here, we analysed the bacterial communities associated with 

20 sponge species with the aim of evaluating the strength of the core microbiota approach.  In 

order to show the marked heterogeneity of the bacterial communities associated with each 

sponge species that deeply impact the results obtained below, we first describe (briefly) the 

characteristics of this complex sponge assemblage.  

 

3.3.1 The sponge assemblage and associated bacterial communities 

The sponges from Breaker Bay studied here represented a highly diverse assemblage 

comprising 20 sponge species, representing 11 families, nine orders and three classes (Table 

3.1).  The analysis of sequence data derived from these sponge species resulted in the 

identification of 6565 unique 97%-OTUs, assigned to 45 bacterial phyla and candidate phyla.  

The main bacterial phyla identified in the communities reflected those commonly found in 

marine sponges, namely Proteobacteria (mainly Alpha-, Delta- and Gamma-), Bacteroidetes, 

Chloroflexi, Acidobacteria, Actinobacteria and Cyanobacteria (Figure 3.1).  Unsurprisingly, 

bacterial communities did differ among sponge species, with most sponge microbiotas 

dominated by members of the Proteobacteria, Bacteroidetes and Chloroflexi.  However, 

three species (Ecionemia alata, Stelletta sp. and Plakina trilopha), all belonging to the so-

called ―high-microbial-abundance‖ category of sponges (Hentschel et al., 2003), harboured 

markedly different bacterial communities.  In these sponges, phyla such as Chloroflexi, 

Acidobacteria, Actinobacteria, Nitrospira and the candidate phyla ―Poribacteria‖ and SAUL 

(Chapters 4 and 5) constituted a larger proportion of the bacterial communities (Figure 3.1).  

Similarly, sponge community complexity varied widely across different host species, at both 

OTU (Figure 3.2a) and phylum levels (Figure 3.2b).  
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Table 3.1.  Taxonomic classification of the sponge species from Breaker Bay considered in the study. 

Phylum Class Subclass Order Suborder Family  Genus Species 

Porifera Calcarea Calcaronea Leucosolenida - Leucosoleniidae Leucosolenia Leucosolenia echinata 

Porifera Calcarea Calcinea Clathrinida - Clathrinidae Clathrina Clathrina sp. 1 

Porifera Calcarea Calcinea Clathrinida - Clathrinidae Clathrina Clathrina sp. 2 

Porifera Calcarea Calcinea Clathrinida - Leucettidae Leucetta Leucetta sp. 1 

Porifera Calcarea Calcinea Clathrinida - Leucettidae Leucetta Leucetta sp. 2 

Porifera Demospongiae Heteroscleromorpha Haplosclerida - Chalinidae Haliclona Haliclona sp. 

Porifera Demospongiae Heteroscleromorpha Haplosclerida - Chalinidae Haliclona Haliclona venustina 

Porifera Demospongiae Heteroscleromorpha Poecilosclerida - Chondropsidae Strongylacidon Strongylacidon conulosa 

Porifera Demospongiae Heteroscleromorpha Poecilosclerida - Crellidae Crella Crella incrustans 

Porifera Demospongiae Heteroscleromorpha Tethyida - Tethyidae Tethya Tethya bergquistae 

Porifera Demospongiae Heteroscleromorpha Tethyida - Tethyidae Tethya Tethya burtoni 

Porifera Demospongiae Heteroscleromorpha Tetractinellida Astrophorina Ancorinidae Ecionemia Ecionemia alata 

Porifera Demospongiae Heteroscleromorpha Tetractinellida Astrophorina Ancorinidae Stelletta Stelletta sp. 

Porifera Demospongiae Keratosa Dendroceratida - Darwinellidae Darwinella Darwinella oxeata 

Porifera Demospongiae Keratosa Dyctioceratida - Dysideidae Dysidea Dysidea sp. 2 

Porifera Homoscleromorpha - Homosclerophorida - Plakinidae Plakina Plakina trilopha 

Porifera - - - - - -  Marine sponge 1 

Porifera - - - - - -  Marine sponge 2 

Porifera - - - - - -  Marine sponge 3 

Porifera - - - - - -  Marine sponge 6 
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(a) 
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Figure 3.1.  Relative 16S rRNA gene sequence abundance of bacterial phyla present in each sponge species in 

(a) whole bacterial community, whole_0.01 and whole_0.1 communities; (b) specific core community, 

core_0.01 and core_0.1 communities.  The definition of each community is outlined in Section 3.2.  

(b) 
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Figure 3.2.  Bacterial richness in the sponge-associated communities considered in this study.  (a) Number of 

OTUs and (b) number of phyla present in the whole bacterial community, whole_0.01 and whole 0.1 

communities as well as specific core community, core_0.01 and core_0.1 communities.  (c) Number of OTUs 

and (d) number of phyla per sponge species in the whole bacterial community, whole_0.01 and whole 0.1 

communities as well as specific core community, core_0.01 and core_0.1 communities.  The definition of each 

community is outlined in Section 3.2.    
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3.3.2 Validity of the core microbiota approach for diverse sponge assemblages 

We aimed to evaluate the extent to which different core microbiota definitions affect the 

results obtained when analysing bacterial communities associated with a complex sponge 

assemblage.  Application of the two relative abundance thresholds (0.01% and 0.1%) to the 

whole bacterial community and to the specific core community resulted in a marked decrease 

in total number of OTUs (Figure 3.2a) and in total number of phyla (Figure 3.2b).  These 

decreases in total OTUs and phyla were also observed at sponge species level (Figures 3.2c, 

d).  However, the main sponge-associated phyla were still represented in these narrower 

datasets and exhibited a similar average relative abundance to the original dataset (Figure 

3.1a, b).  The effect of filtering both the whole bacterial community and the specific core 

community by relative abundance was different for each sponge species, resulting in an 

uneven decrease in bacterial richness and leaving each sponge species with a similar number 

of OTUs and phyla (Figure 3.2c, d). 

Alpha- and beta-diversity analyses were also carried out on the whole bacterial community 

and on each of the bacterial communities constructed after applying different core definitions 

(i.e. whole_0.01, whole_0.1, specific core community, core_0.01 and core_0.1 communities), 

with two aims in mind: firstly, to describe bacterial richness and community structure in the 

mentioned communities, and secondly, to detect possible changes in the observed diversity 

patterns when different core microbiota definitions were applied.   

Although the application of different thresholds resulted in a dramatic decrease in the number 

of OTUs, similar results were found across all of the bacterial communities when comparing 

alpha-diversity metrics at species level (Table 3.2a, f).  In this context, none of the alpha-

diversity metrics considered (either weighted or unweighted) showed significant changes 

among sponge species.  However, when higher taxonomic levels were evaluated, i.e. order 

and class levels, the application of different core definitions revealed more significant 

changes in several diversity metrics (Table 3.2b, c, e, f), although a clear pattern could not be 

established.  

Beta-diversity analyses were conducted considering both weighted UniFrac and Bray-Curtis 

distance matrices for PERMANOVA analyses.  All bacterial communities revealed 

significant differences in composition and abundance of bacterial taxa among sponge species, 

orders and classes (PERMANOVA, p<0.05, Table 3.3), irrespective of the distance matrix 

employed.  However, when pairwise tests were conducted, different (significant/not 
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significant) interaction patterns were observed for each bacterial community (Figure 3.3).  In 

this context, more significant interactions among sponge species were observed when 

applying increasingly stringent core definitions.  However, the identity of the pair of sponge 

species whose bacterial communities were compared and revealed significant changes was 

also different among the different bacterial communities considered.   

The core community approach has been proposed as an appropriate tool to simplify and study 

complex bacterial communities, as persistent members of the community are identified.  This 

approach has been successfully employed in many studies, comprising both vertebrates and 

invertebrates, in terrestrial and marine environments (Huse et al., 2012; Schmitt et al., 2012b; 

Givens et al., 2015; Segata et al., 2016).  Moreover, the definition of a core community can 

also be diverse, as different factors may be considered and modified for its construction 

(Shade and Handelsman, 2012; Chapter 2), such as presence/absence of a certain bacterial 

taxa or its relative abundance.  The core approach is robust when comparing closely related 

sponge species (Chapter 2).  However, as shown here, this robustness comes into question 

when focusing on a highly diverse sponge assemblage.  The design of this study allowed us 

to evaluate the effects of different core microbiota definitions independently of other sources 

of variation, such as spatial, temporal or environmental variability.  Consequently, 

differences observed when applying different core definitions can be solely attributed to the 

application of these definitions and not to changes in, for example, environmental conditions.  

Our results revealed that, although the main sponge-associated phyla were still present after 

the application of relative abundance thresholds (Figure 3.1ab), a high percentage of the total 

number of OTUs was removed.  Moreover, application of these thresholds resulted in a 

marked (and uneven when sponge species were considered) decrease in richness, i.e. number 

of OTUs and phyla, especially when the more stringent threshold was applied.  That uneven 

decrease in richness caused the observed change in alpha-diversity patterns as well as the 

patterns of significant interactions among sponge species when considering beta-diversity 

analyses.  Consequently, although the application of a core microbiota approach may seem 

adequate in certain systems (e.g. Chapter 2), we demonstrate that this approach can have a 

profound influence upon the conclusions drawn from a study, and urge caution when 

applying it in complex assemblages of host species.  
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Table 3.2.  Mean values of alpha-diversity metrics for (a,d) each sponge species, (b,e) order and (c,f) class, with calculations based on (a-c) whole bacterial community, 

whole_0.01 and whole_0.1 communities, and (d-f) the specific core community, core_0.01 and core_0.1 communities.  Alpha-diversity mean values that are in bold and that 

share the same superscript differ at p<0.05. 

 

(a) Chao 1 Observed species Shannon Simpson 

  whole 
whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 

 Clathrina sp. 1 673.13 217.62 59.24 446.53 165.58 40.75 3.33 2.80 1.92 0.76 0.73 0.63 

 Clathrina sp. 2 628.56 200.00 45.81 379.45 154.38 30.70 2.89 2.61 2.20 0.70 0.69 0.66 

 Crella incrustans 1115.91 266.34 58.95 715.38 219.90 43.28 3.85 3.20 2.15 0.73 0.70 0.60 

 Darwinella oxeata 906.76 228.20 63.60 770.68 196.75 53.15 5.81 4.38 2.68 0.92 0.88 0.77 

 Dysidea sp. 2 430.80 174.91 54.64 169.98 89.03 29.35 3.56 3.46 3.20 0.86 0.86 0.85 

 Ecionemia alata 394.26 236.27 80.53 317.68 174.13 51.33 6.74 6.43 4.38 0.98 0.98 0.94 

 Haliclona sp. 930.15 252.42 64.20 560.85 201.68 43.03 2.50 2.01 1.35 0.53 0.49 0.40 

 Haliclona venustina 439.56 197.49 62.79 255.65 149.15 46.90 5.42 5.30 4.05 0.81 0.96 0.92 

 Leucetta sp. 1 528.19 211.80 59.40 344.15 167.10 40.58 3.81 3.61 3.02 0.86 0.86 0.83 

 Leucetta sp. 2 743.46 240.81 65.27 618.50 210.73 50.30 4.55 3.64 1.60 0.71 0.66 0.41 

 Leucosolenia echinata 643.95 214.51 54.78 327.98 150.70 33.78 2.98 2.81 2.17 0.78 0.78 0.72 

 Marine sponge 1 1463.33 303.04 76.54 960.43 246.83 55.20 5.18 4.20 3.00 0.90 0.87 0.80 

 Marine sponge 2 537.30 219.90 60.85 359.05 172.60 47.18 2.00 1.68 1.25 0.45 0.42 0.36 

 Marine sponge 3 772.89 242.73 58.87 448.08 166.38 41.75 3.29 2.94 2.46 0.81 0.79 0.76 

 Marine sponge 6 725.51 244.50 70.50 467.25 193.15 49.58 2.66 2.32 1.86 0.67 0.65 0.61 

 Plakina trilopha 719.31 244.58 61.64 388.48 179.48 44.05 4.92 4.68 3.88 0.94 0.94 0.92 

 Stelletta sp. 364.40 219.17 71.18 292.65 174.15 50.65 6.57 6.27 4.34 0.98 0.98 0.94 

 Strongylacidon conulosa 624.94 224.00 56.71 378.65 171.90 35.08 1.88 1.58 0.98 0.40 0.36 0.27 

 Tethya bergquistae 614.31 196.60 46.31 376.83 149.80 31.68 3.17 2.89 2.24 0.78 0.76 0.72 

 Tethya burtoni 914.06 240.46 53.88 605.00 190.73 36.73 4.02 3.50 1.84 0.74 0.71 0.53 
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(b) Chao 1 Observed species Shannon Simpson 

  whole 
whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 

Clathrinida 643.33 217.56 57.43 447.16 174.44 40.58
 

3.64
a 

3.17
a 

2.18
af 0.76 0.73 0.63

a 

Dendroceratida 906.76 228.20 63.60 770.68 196.75 53.15 5.81 4.38 2.68 0.92 0.88
a 

0.77
b 

Dictyoceratida 430.80 174.91 54.64 169.98 89.03
a 

29.35
a 3.56 3.46 3.20 0.86 0.86 0.85

c 

Haplosclerida 684.85 224.95 63.49 408.25 175.41 44.96
d 3.96 3.66

b 
2.70

b 
0.75

a 
0.72

b 
0.66

d 

Homosclerophorida 719.31 244.58 61.64 388.48 179.48 44.05 4.92 4.68 3.88
f 0.94 0.94

f
 0.92 

Leucosolenida 643.95
a 214.51 54.78 327.98 150.70 33.78

d 
2.98

b 2.81 2.17
c 0.78 0.78

c 0.72 

Poecilosclerida 870.42 245.17 57.83 547.01 195.90
a 

39.18
b 

2.86
c 

2.39
c 

1.57
d 

0.57
b 

0.53
d 

0.44
e 

Tethyida 764.19 218.53 50.09 490.91 170.26 34.20
c 

3.59
d 3.19 2.04

e 
0.76

c 
0.74

ef 
0.63

f 

Tetractinellida 379.33
a 227.72 75.85 305.16 174.14 50.99

abc 
6.65

abcd 
6.35

abc 
4.36

abcde 
0.98

abc 
0.98

abcde 
0.94

abcdef 

 

(c) Chao 1 Observed species Shannon Simpson 

  whole 
whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 
whole 

whole 

0.01 

whole 

0.1 

Demospongiae 673.51 223.59 61.28 444.33 171.72 42.12 4.35 3.90 2.72 0.79 0.77 0.69 

Homoscleromorpha 719.31 244.58 61.64 388.48 179.48 44.05 4.92 4.68
a 

3.88
a 0.94 0.94 0.92 

Calcarea 643.46 216.95 56.90 423.32 169.70 39.22 3.51 3.09
a 

2.18
a 0.76 0.74 0.65 
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(d) Chao 1 Observed species Shannon Simpson 

  core 
core  

0.01 

core  

0.1 
core 

core  

0.01 

core  

0.1 
core 

core  

0.01 

core 

 0.1 
core 

core  

0.01 

core  

0.1 

 Clathrina sp. 1 36.25 31.57 13.64 28.25 25.93 10.88 1.79 1.73 1.06 0.41 0.40 0.30 

 Clathrina sp. 2 98.83 73.20 17.63 49.88 40.65 14.98 2.53 2.41 2.16 0.69 0.67 0.66 

 Crella incrustans 171.00 115.79 21.55 111.40 85.43 18.98 3.83 3.60 2.22 0.76 0.75 0.63 

 Darwinella oxeata 102.19 59.47 14.08 79.28 52.63 12.80 4.15 3.88 2.54 0.88 0.87 0.77 

 Dysidea sp. 2 39.47 26.69 16.76 29.38 23.48 15.65 3.43 3.38 3.17 0.86 0.86 0.85 

 Ecionemia alata 206.23 140.04 31.51 176.68 134.15 30.43 6.57 6.33 4.35 0.98 0.98 0.94 

 Haliclona sp. 113.53 82.07 21.52 63.10 51.68 17.13 5.29 1.45 0.97 0.36 0.35 0.27 

 Haliclona venustina 98.27 82.43 28.81 79.58 71.18 25.35 1.57 5.23 4.02 0.96 0.96 0.92 

 Leucetta sp. 1 107.36 83.84 21.95 58.33 49.80 19.18 3.53 3.47 2.98 0.86 0.85 0.83 

 Leucetta sp. 2 124.82 91.25 17.45 92.88 74.45 13.68 3.27 3.10 1.34 0.62 0.61 0.38 

 Leucosolenia echinata 66.63 60.04 14.76 37.40 33.40 11.98 2.70 2.64 2.14 0.77 0.77 0.72 

 Marine sponge 1 182.87 108.68 31.19 109.18 76.48 24.30 4.07 3.80 2.84 0.85 0.84 0.77 

 Marine sponge 2 91.44 75.01 24.61 67.03 56.85 20.53 3.41 3.28 2.34 0.77 0.76 0.68 

 Marine sponge 3 74.38 68.51 23.40 49.73 46.38 18.38 2.43 2.38 1.92 0.54 0.54 0.50 

 Marine sponge 6 126.14 102.04 23.71 60.35 48.85 17.05 2.28 2.17 1.79 0.65 0.64 0.61 

 Plakina trilopha 118.71 82.61 28.48 72.38 57.33 24.70 4.60 4.47 3.84 0.94 0.94 0.91 

 Stelletta sp. 166.99 129.81 29.27 147.00 121.43 28.33 6.31 6.13 4.26 0.98 0.98 0.94 

 Strongylacidon conulosa 86.07 65.96 16.22 48.73 38.83 14.03 1.54 1.40 0.95 0.37 0.35 0.27 

 Tethya bergquistae 74.23 62.98 15.99 50.18 40.98 14.20 2.80 2.68 2.21 0.76 0.75 0.72 

 Tethya burtoni 184.04 112.54 19.07 115.73 86.18 16.00 3.54 3.32 1.82 0.71 0.70 0.53 
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(e) Chao 1 Observed species Shannon Simpson 

  core 
core  

0.01 

core  

0.1 
core 

core  

0.01 

core  

0.1 
core 

core 

 0.01 

core 

 0.1 
core 

core  

0.01 

core  

0.1 

Clathrinida 91.82
a 

69.97
a 

17.67
a,b,c 

57.33
a 

47.71
a 

14.68
a,e 

2.78
a 

2.68
a 

1.88
a 0.64 0.64

a 0.54 

Dendroceratida 102.19 59.47 14.08
j 79.28 52.63 12.80 4.15

b 
3.88

b 2.54 0.88 0.87 0.77 

Dictyoceratida 39.47 26.69
c 16.76 29.38 23.48 15.65 3.43 3.38 3.17

b 0.86 0.86
b 

0.85
a 

Haplosclerida 105.90
b 

82.25
c 

25.17
a 

71.34
b 

61.43
b 

21.24
c 3.43 3.34

c 2.49 0.66
a 

0.65
c 

0.60
b 

Homosclerophorida 118.71 82.61 28.48
b,d,g,i 72.38 57.33 24.70

e,f 4.60 4.47
d 

3.84
e 0.94 0.94 0.91

e 

Leucosolenida 66.63 60.04 14.76
d,e 37.40 33.40 11.98 2.70 2.64 2.14 0.77 0.77 0.72 

Poecilosclerida 128.53 90.87 18.88
f,g 

80.06
c 

62.13
c 

16.50
d 

2.68
c 

2.50
e 

1.58
c,e 

0.56
b 

0.55
d 

0.45
c 

Tethyida 129.14 87.76
b 

17.53
h,i 82.95 63.58

d 
15.10

b,f 
3.17

d 
3.00

f 
2.01

d 
0.73

c 
0.72

e 
0.62

d,e 

Tetractinellida 186.61
a,b 

134.93
a,b 

30.39
c,e,f,h,j 

161.84
a,b,c 

127.79
a,b,c,d 

29.38
a,b,c,d 

6.44
a,b,c,d 

6.23
a,b,c,d,e,f 

4.30
a,b,c,d 

0.98
a,b,c 

0.98
a,b,c,d,e 

0.94
a,b,c,d 

 

 

(f) Chao 1 Observed species Shannon Simpson 

  core 
core 

 0.01 

core  

0.1 
core 

core  

0.01 

core  

0.1 
core 

core  

0.01 

core  

0.1 
core 

core  

0.01 

core  

0.1 

Calcarea 86.78 67.98 17.09
a,b 

53.35
a 

44.85
a 

14.14
a,b 

2.76
a 

2.67
a 

1.94
a 0.67 0.66 0.58 

Demospongiae 124.20 87.78 21.48
a 

90.10
a 

70.59
a 

19.29
a 3.90 3.74 2.65 0.76 0.75 0.68 

Homoscleromorpha 118.71 82.61 28.48
b 72.38 57.33 24.70

b 
4.60

a 
4.47

a 
3.84

a 0.94 0.94 0.91 
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Table 3.3.  PERMANOVA analyses based on (a-c, g-i) weighted UniFrac and (d-f, j-l) Bray Curtis distance matrices generated with the whole community (a, d), the 

whole_0.01 community (b, e), the whole _0.1 community (c, f), the specific core community (g, j), the core_0.01 community (h,  k) and the core_0.1 community (i, l).  Sp: 

sponge species; Cl: sponge class; Or: sponge order. 

(a)  

   
(b)  

  
(c)  

   
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) 

Sp 19 4.451 0.234 18.803 0.0001 Sp 19 4.565 0.240 19.518 0.0001 Sp 19 4.903 0.258 23.158 0.0001 

Res 60 0.748 0.012                  Res 60 0.739 0.012                  Res 60 0.669 0.011                  

Total 79 5.198                            Total 79 5.303               Total 79 5.571                            

Cl 3 0.913 0.304 5.395 0.0001 Cl 3 0.945 0.315 5.492 0.0001 Cl 3 0.969 0.323 5.336 0.0001 

Res 76 4.286 0.056                  Res 76 4.358 0.057                  Res 76 4.602 0.061                  

Total 79 5.198                            Total 79 5.303               Total 79 5.571                            

Or 9 3.041 0.338 10.967 0.0001 Or 9 3.130 0.348 11.201 0.0001 Or 9 3.330 0.370 11.554 0.0001 

Res 70 2.157 0.031                  Res 70 2.173 0.031                  Res 70 2.241 0.032                  

Total 79 5.198               Total 79 5.303                            Total 79 5.571              

(d)  

    
(e)  

   
(f)  

   
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) 

Sp 19 29.594 1.558 14.294 0.0001 Sp 19 29.981 1.578 15.235 0.0001 Sp 19 30.983 1.631 17.331 0.0001 

Res 60 6.538 0.109                  Res 60 6.214 0.104                  Res 60 5.645 0.094                  

Total 79 36.132                          Total 79 36.196             Total 79 36.628               

Cl 3 5.629 1.876 4.675 0.0001 Cl 3 5.700 1.900 4.735 0.0001 Cl 3 5.864 1.955 4.829 0.0001 

Res 76 30.503 0.401                  Res 76 30.495 0.401                  Res 76 30.764 0.405                  

Total 79 36.132                          Total 79 36.196                          Total 79 36.628                          

Or 9 17.643 1.960 7.422 0.0001 Or 9 17.852 1.984 7.569 0.0001 Or 9 18.257 2.029 7.730 0.0001 

Res 70 18.489 0.264                  Res 70 18.344 0.262                  Res 70 18.371 0.262                  

Total 79 36.132                          Total 79 36.196                          Total 79 36.628                          
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(g)  

   
(h)  

   
(i)  

   
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) 

Sp 19 5.039 0.265 17.771 0.0001 Sp 19 5.041 0.265 17.797 0.0001 Sp 19 5.464 0.288 23.649 0.0001 

Res 60 0.895 0.015                  Res 60 0.894 0.015                  Res 60 0.730 0.012                  

Total 79 5.934                            Total 79 5.935                            Total 79 6.194       

Or 9 3.259 0.362 9.478 0.0001 Or 9 3.255 0.362 9.446 0.0001 Or 9 3.506 0.390 10.146 0.0001 

Res 70 2.675 0.038                  Res 70 2.680 0.038                  Res 70 2.688 0.038                  

Total 79 5.934                            Total 79 5.935               Total 79 6.194                            

Cl 3 1.114 0.371 5.858 0.0001 Cl 3 1.107 0.369 5.807 0.0001 Cl 3 1.221 0.407 6.220 0.0001 

Res 76 4.820 0.063                  Res 76 4.829 0.064                  Res 76 4.973 0.065                  

Total 79 5.934                            Total 79 5.935                            Total 79 6.194                      

(j)  

    
(k)  

   
(l)  

   
Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) Source df SS MS Pseudo-F P(perm) 

Sp 19 30.407 1.600 16.402 0.0001 Sp 19 30.454 1.603 16.716 0.0001 Sp 19 31.294 1.647 19.700 0.0001 

Res 60 5.854 0.098                  Res 60 5.753 0.096                  Res 60 5.017 0.084                  

Total 79 36.261              Total 79 36.208              Total 79 36.311       

Or 9 17.790 1.977 7.491 0.0001 Or 9 17.849 1.983 7.562 0.0001 Or 9 18.304 2.034 7.906 0.0001 

Res 70 18.471 0.264                  Res 70 18.359 0.262                  Res 70 18.007 0.257                  

Total 79 36.261                          Total 79 36.208                          Total 79 36.311             

Cl 3 5.615 1.872 4.642 0.0001 Cl 3 5.635 1.878 4.669 0.0001 Cl 3 5.764 1.921 4.780 0.0001 

Res 76 30.646 0.403                  Res 76 30.573 0.402                  Res 76 30.547 0.402                  

Total 79 36.261       Total 79 36.208                    Total 79 36.311                          
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Figure 3.3.  Significant PERMANOVA pairwise comparisons based on weighted UniFrac distance among 

bacterial communities of the different sponge species considered in this study in (a) whole bacterial community, 

(b) whole_0.01, (c) whole_0.1, (d) specific core community, (e) core_0.01 and (f) core_0.1.  Due to low number 

of permutations, Monte Carlo P-values were considered.  Blue cells represent statistical significance 

(Bonferroni-corrected P(MC) < 0.05). 



70 
 

3.3.3 Influence of core microbiota definition on the structure of bacterial communities 

from a complex sponge assemblage 

In order to elucidate whether different core microbiota definitions affected the distribution of 

detected OTUs across the sponge assemblage, we analysed the structure of all the bacterial 

communities constructed in this study, i.e. whole bacterial community, whole_0.01 and 

whole_0.1 communities, as well as the specific core community, core_0.01 and core_0.1 

communities.  In this context, members of bacterial communities were classified according to 

their distribution: shared OTUs (according to occurrence percentages), species-specific or 

core-specific OTUs (present in only one sponge species or sponge core but absent from the 

rest), and variable OTUs (OTUs not assigned to any of the other categories).   

Occurrence percentages were first applied to the whole bacterial community in order to 

identify shared/core OTUs present in a certain percentage of samples.  In this context, no 

OTUs were identified as being present in all 80 sponge samples.  However, four OTUs were 

present in 95% of the samples (Table 3.4a; Figure 3.4.), comprising samples from all sponge 

species.  These OTUs were affiliated with one member of the Betaproteobacteria from the 

family Methyllophilaceae (OTU 93) and three Cyanobacteria from the family 

Synechococcaceae (OTU 2459, OTU 43 and OTU 5282).  The application of a relative 

abundance threshold of 0.01% to the whole bacterial community yielded the same results, 

and only when the most stringent threshold was applied (0.1%) did the number of shared 

OTUs among 95% of the sponge samples drop from four to three (Table 3.2a; Figure 3.3.).  

Subsequently, we employed a second approach in which shared OTUs were identified in the 

specific core community, i.e. we identified shared OTUs among the sponge species cores, 

instead of among samples.  This approach revealed that the same four OTUs identified 

previously (OTU 93, OTU 2459, OTU 43 and OTU 5282) were shared among 90% (18 

species) of the sponge species cores, but were absent from the cores of E. alata and Stelletta 

sp.  Similarly to the previous approach, when relative abundance thresholds were applied the 

number of shared OTUs only dropped from four to three when the most stringent threshold 

was applied (Table 3.4b; Figure 3.4).   

As might be expected in complex sponge assemblages comprised by closely and not closely 

related species, the number of OTUs shared among samples increased as the percentage 

occurrences decreased (Table 3.4), for all of the evaluated bacterial communities.  However, 
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the number of OTUs shared among 50% of either the samples or the sponge species was still 

very small relative to the total number of OTUs.   

The detection of only a small number of shared OTUs among several sponge species, or even 

a complete absence of core OTUs, has been shown in several studies examining complex 

sponge assemblages, either from the same environment or considering species from different 

locations (Schmitt et al., 2012a, 2012b; Blanquer et al., 2013; Webster et al., 2013).  

However, these results can be very different when closely related sponge species are 

considered.  Systematic analyses conducted on the microbiota of three Xestospongia species 

revealed much more diverse core communities, comprised of up to 84 OTUs, when a 100% 

occurrence percentage was applied, regardless of whether a relative abundance threshold of 

0.01% was also applied (Chapter 2).  In light of these results we can assume that the core 

bacterial community in complex sponge assemblages is rather small, although it may increase 

when only closely related sponge species are considered.   

Similarly to the small core bacterial community identified here, the species-specific 

community identified within the whole bacterial community was also small, dropping further 

when relative abundance thresholds were applied (Table 3.5; Figure 3.4).  When the core-

specific community was considered the same decreasing trend was observed after relative 

abundance thresholds were applied (Table 3.5; Figure 3.4).  Notably, a highly sponge-specific 

symbiont, the candidate phylum ―Poribacteria‖, was removed from the bacterial 

communities when the most stringent relative abundance threshold was applied for both the 

whole bacterial community and the specific core community. 
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Table 3.4.  Number of OTUs present in (a) the whole bacterial community, whole_0.01 and whole_0.1, 

considering different occurrence percentage of samples, and (b) the specific core community, core_0.01 and 

core_0.1 communities, considering different occurrence percentages of sponge species.  

(a) 

    Percentage of samples Number of samples Whole Whole 0.01 Whole 0.1 

50% 40 256 195 52 

75% 60 56 56 12 

95% 76 4 4 3 

100% 80 0 0 0 

(b) 

    Percentage of sponge species Number of sponge species Specific core Core 0.01 Core 0.1 

50% 10 59 59 14 

75% 15 18 18 5 

90% 18 4 4 3 

95% 19 0 0 0 

100% 20 0 0 0 
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Figure 3.4.  Distribution of OTUs within bacterial communities.  (a) Percentage and (b) number of OTUs 

comprising core, species-specific/core-specific and variable bacterial communities in each of the bacterial 

communities evaluated in this study. 
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Table 3.5.  Number of species-specific and core-specific OTUs for each sponge species in the bacterial 

communities considered in this study.   

 

Species-specific OTUs Core-specific OTUs 

Sponge species whole whole 0.01 whole 0.1 core core 0.01 core 0.1 

 Clathrina sp. 1 0 0 0 1 0 0 

 Clathrina sp. 2 1 0 0 17 1 1 

 Crella incrustans 0 0 0 28 1 0 

 Darwinella oxeata 7 1 0 48 15 6 

 Dysidea sp. 2 11 1 0 26 12 7 

 Ecionemia alata 3 0 0 59 9 0 

 Haliclona sp. 5 0 0 29 4 1 

 Haliclona venustina 17 0 0 62 29 6 

 Leucetta sp. 1 3 0 0 27 12 6 

 Leucetta sp. 2 1 1 0 16 2 0 

 Leucosolenia echinata 4 0 0 15 7 1 

 Marine sponge 1 1 0 0 127 18 4 

 Marine sponge 2 0 0 0 1 0 0 

 Marine sponge 3 0 0 0 5 3 0 

 Marine sponge 6 0 0 0 23 2 0 

 Plakina trilopha 13 0 0 48 17 6 

 Stelletta sp. 1 1 0 6 4 0 

 Strongylacidon conulosa 6 0 0 14 4 1 

 Tethya bergquistae 13 0 0 27 8 5 

 Tethya burtoni 4 0 0 83 7 1 

       Total number of unique OTUs 90 4 0 662 155 45 

 

The small number of identified species-specific OTUs is in stark contrast to other studies that 

have identified extensive host-specific bacterial communities within complex sponge 

assemblages (Schmitt et al., 2012a, 2012b; Webster et al., 2013), with this component 

sometimes comprising more than 90% of all OTUs (Webster et al., 2013).  However, most of 

those studies have been conducted on a small number of sponge species and/or from different 

locations.  In contrast, our study was conducted on a single ecosystem with higher sponge 

diversity, making the sharing of microbes among several sponge species more likely.   

Results obtained in our study revealed that, when using the core approach in complex sponge 

assemblages, the application of relative abundance thresholds must proceed with caution.  As 

shown here, host-specific associations extended to the rare members of the sponge microbiota 

(relative abundance <0.1%).  Consequently, even the less stringent relative abundance 
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threshold (0.01%) may remove most of the species-specific associations, drastically affecting 

the results obtained when analysing the structure of these microbial communities.  

 

3.3.4 Concluding remarks 

Here we have shown the value of evaluating the sensitivity of different core microbiota 

definitions when interrogating highly diverse microbial systems, and stress that due caution 

must be exercised when defining and applying these core communities.  Analysis of the core 

microbiota of a complex sponge assemblage revealed that shared or core OTUs represented a 

small but abundant component of the overall bacterial community while the similarly small 

host-specific community was represented by rare taxa.    
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Chapter 4 

Exploring the prevalence and phylogeny of a widespread sponge-

associated unclassified lineage  
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4.1 Introduction 

Marine sponges (phylum Porifera) are among the most ancient of the extant metazoans 

(Hooper and Van Soest, 2002b).  Sponges are key components of the benthos in a diverse 

array of marine habitats, where they are considered ecosystem engineers due to their capacity 

to filter immense volumes of seawater and expel it in a near-sterile state; this affects benthic-

pelagic coupling and thus the functioning and maintenance of the entire reef community 

(Bell, 2008).  Some sponge species, the so-called high-microbial-abundance (HMA) sponges 

(Hentschel et al., 2003, 2006), host within the extracellular mesohyl matrix a diverse and 

abundant microbial community which may constitute up to 35% of total sponge biomass 

(Taylor et al., 2007; Hentschel et al., 2012).  These microbial communities comprise up to 41 

different bacterial phyla (Thomas et al., 2016), as well as many archaea, viruses and fungi 

(Taylor et al., 2007; Webster and Thomas, 2016).   

Studies of the sponge microbiota have commonly focused on bacteria that are numerically 

dominant members of the community and/or play significant functional roles, such as the 

cyanobacterium ―Ca. Synechococcus spongiarum‖ (Erwin and Thacker, 2008; Burgsdorf et 

al., 2015) or the candidate phylum ―Poribacteria‖ (Fieseler et al., 2004; Siegl et al., 2011; 

Kamke et al., 2014). Other, less prominent members of these diverse communities often 

remain poorly understood.  One such clade is the lineage PAUC34f, also known as sponge-

associated unclassified lineage (SAUL) (Schmitt et al., 2012b).  This clade was first 

identified as a symbiont of the tropical sponge Theonella swinhoei (Hentschel et al., 2002), 

with subsequent studies revealing its presence in numerous different sponge species (Taylor 

et al., 2007; Schmitt et al., 2012b; Simister et al., 2012a; Thomas et al., 2016).  For example, 

SAUL represented, on average, 12% and 6% of sequences derived from the sponges 

Rhopaloeides odorabile (Simister et al., 2012) and Ancorina alata (Simister et al., 2013), 

respectively.  A more recent study of 81 different sponge species found SAUL (labelled as 

PAUC34f) in 72 of those species (Thomas et al., 2016).  This apparent affinity for sponges 

was reflected in the assignment of >70% of SAUL sequences to so-called ‗sponge-specific 

clusters‘ (Simister et al., 2012a), which represent clades of microorganisms that may be 

highly enriched in marine sponges (Hentschel et al., 2002; Simister et al., 2012a).  However, 

SAUL has also been detected in other environments such as seawater, marine sediments and 

soils (Taylor et al., 2007, 2013; Thomas et al., 2016), albeit at lower abundance than in 

marine sponges.  Interestingly, SAUL has been found to be vertically transmitted, with 
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sequences affiliated to this clade being identified in samples from adult, embryo and larvae 

stages of the oviparous sponge Ectyoplasia ferox (Gloeckner et al., 2013b), forming a vertical 

transmission cluster.  Vertical microbial transmission is considered a strategy adopted by 

marine sponges to maintain complex microbial communities through the transfer of relevant 

symbionts from the adults to their offspring.  

Although the SAUL lineage appears to be commonly associated with sponges, to date there 

have been no studies to examine its characteristics as a putative sponge symbiont.  Indeed, 

the standard response to detecting SAUL or PAUC34f-affiliated sequences within a dataset is 

to briefly note its presence then move on to discuss other, better-understood taxa.  Even the 

precise phylogenetic classification of SAUL remains unresolved.  Initially classified as a 

member of Deltaproteobacteria (Hentschel et al., 2002), subsequent studies have assigned 

the SAUL lineage as part of either Acidobacteria or Deferribacteres phyla (Webster et al., 

2011), as an independent clade closely related to the Planctomycetes-Verrucomicrobia-

Chlamydiae (PVC) superphylum (Wagner and Horn, 2006; Taylor et al., 2007; Kamke et al., 

2010; Simister et al., 2012a), or were even unable to classify it beyond Bacteria (Montalvo 

and Hill, 2011).  This lack of agreement regarding SAUL classification may be a 

consequence of different 16S rRNA gene sequence databases such as SILVA (Quast et al., 

2013) or Greengenes (DeSantis et al., 2006) misclassifying the SAUL lineage.  Due to this 

misclassification, the detection of this clade in sponge microbiome studies may have been 

biased and, therefore, the drawn conclusions misleading.  A clearer taxonomic definition of 

this clade is thus urgently needed. 

In contrast to this lack of knowledge on one sponge-associated clade, the common and 

widespread candidate phylum ―Poribacteria” has been intensively studied.  This clade, 

which some evidence suggests is phylogenetically close to SAUL, was first described in 2004 

by Fieseler and colleagues (2004), and subsequently classified as a member of the PVC 

superphylum.  Interestingly, microscopy analyses of poribacterial cells suggested the 

existence of cell compartmentalization, a morphological characteristic found in some 

members of the PVC superphylum but otherwise rarely found in other bacteria.  However, 

although more recent phylogenetic and phylogenomic studies have confirmed ―Poribacteria‖ 

as an independent candidate phylum, its affiliation within the PVC superphylum has been 

questioned (Kamke et al., 2014).  Detailed studies on ―Poribacteria‖ using both 

environmental (Fieseler et al., 2006) and single-cell genomics (Siegl et al., 2011; Kamke et 

al., 2012, 2013, 2014) approaches have revealed symbiotic characteristics and functional 
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capabilities that clearly reflect the importance of this candidate phylum in the symbiosis 

established with marine sponges.   

In this study we aimed to (i) comprehensively describe the distribution and abundance of the 

SAUL clade, across different environments and among different sponge species, using all 

available 16S rRNA gene sequence information and associated metadata; and (ii) use 

sequences derived from SAUL and related bacterial phyla to elucidate its phylogeny by 

creating two different gene datasets for phylogenetic tree construction comprising: (a) near-

full-length 16S rRNA gene sequences and (b) a set of highly conserved marker genes.   
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4.2 Materials and methods 

4.2.1 Meta-analysis of available SAUL 16S rRNA gene sequences 

The meta-analysis took into account those studies published up to July 2016 on the sponge 

microbiome in which SAUL and/or PAUC34f were identified and explicitly mentioned 

(Table 4.1).  Where possible, the relative sequence abundance of SAUL in different sponge 

species was noted for each study.  When this information was not available, sequence data 

were downloaded and relative abundance was calculated per sponge species.  Additionally, 

sponge collection location was noted and a map with SAUL global distribution was drawn 

(Fig. 4.1).  

 

4.2.2 Deciphering SAUL phylogeny 

We took two complementary approaches in order to determine the phylogenetic position of 

SAUL.  Firstly, a 16S rRNA-based phylogeny was undertaken, followed by a phylogenomic 

analysis based on a concatenated set of marker genes.  We also sought to determine whether 

the SAUL lineage represents a putative novel candidate phylum.  Average sequence 

similarity among clades has been used, in addition to phylogenetic tree construction, to help 

decipher the phylogeny of a given microorganism (Yarza et al., 2014).  Thus, 16S rRNA 

gene sequence similarity within the SAUL clade, and between SAUL and other clades 

considered in the phylogenetic analysis, was calculated by applying the similarity option of 

the ARB distance matrix tool.   

 

4.2.2.1 SAUL 16S rRNA-based phylogenetic analysis 

Long sequences (≥1200 bp) previously classified as being affiliated with SAUL (Simister et 

al., 2012a)  (Accession numbers in Appendix B Table B1) were used as reference sequences 

to conduct an extensive BLAST search against the GenBank nr/nt database.  As of May 2016, 

all SAUL-affiliated 16S rRNA sequences available in GenBank were retrieved and included 

in our analyses, as well as two 16S rRNA gene sequences derived from two SAUL bins 

constructed from metagenomic data (bin 136 (renamed bin_aplysina in Chapter 5) and 

bin_petrosia) (see Chapter 5), and a 16S rRNA gene sequence derived from an additional 

SAUL bin not considered in Chapter 5 due to the low genome completeness (bin 78).  
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Accession numbers for long SAUL sequences utilised in the study are listed in Appendix B 

Table B2.  SAUL sequences were aligned using the SINA Web Aligner (Pruesse et al., 

2007), merged with the SILVA 119 SSU Ref NR 99 database, and imported into ARB for 

further manual curation of the alignment.  An overall 16S rRNA-based phylogenetic study 

was carried out using a dataset comprised of 16S rRNA gene sequences (of type strain 

bacteria where possible) of closely related phyla (as per (Simister et al., 2012a)) as well as 

the recovered SAUL sequences.  Phylogenetic trees were constructed in ARB using different 

methodologies to test the robustness of the constructed phylogeny.  First, phylogenetic trees 

were constructed employing both neighbour-joining (with Jukes-Cantor correction) and 

maximum likelihood (RAxML).  Additionally, maximum likelihood trees were constructed 

using three different distribution models, GTRMIX (default), GTRGAMMA and GTRCAT.  

The outgroup for tree calculation consisted of a group of sequences derived from the distantly 

related clades Thermotogae and Aquificae. 

The optimal 16S rRNA gene sequence length for taxonomic assignments has been defined as 

near-full length (Yarza et al., 2014).  Accordingly, for the 16S rRNA-based phylogeny we 

only considered near-full length sequences (≥1450 bp).  Additionally, 50% sequence 

conservation filters were applied for tree construction (Ludwig et al., 1998).  Bootstrap 

analysis was done with 500 resamplings.  Shorter sequences were subsequently added 

without changing tree topology using the Parsimony Interactive tool in ARB.  

 

4.2.2.2 SAUL phylogenomic analysis on up to 37 bacterial marker genes 

A custom dataset of up to 37 different marker genes (Table 4.2) was used for conducting a 

phylogenomic analysis.  SAUL gene sequences employed for this analysis were obtained 

from three unpublished draft genomes (see previous section and Chapter 5).  For each marker 

gene, amino acid sequence homologues were identified in the genomes used for tree 

construction using hmmscan, and homologues with >30% coverage of the gene sequence and 

e-value <0.001 were retained.  Homologues were then aligned to the HMM reference 

alignment using HMMER (v3.1b2).  Alignments were cleaned with Gblocks (Castresana, 

2000) and the markers were concatenated together.  A tree was then built in RAxML, using 

the WAG+Gamma model, and bootstrapping was calculated based on 100 resamplings.  The 

outgroup consisted of a group of Verrucomicrobia-derived sequences.  
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4.2.2.3 SAUL clade architecture 

We also conducted a 16S rRNA-based phylogenetic analysis to investigate sub-clusters 

within the SAUL lineage.  Long SAUL-affiliated sequences (≥1450 bp) and a range of 

sequences from several bacterial phyla as outgroup (Planctomycetes, Verrucomicrobia, 

Chlamydiae, Lentisphaerae, ―Poribacteria‖, Latescibacteria (WS3), candidate division OP3, 

Firmicutes and candidate division BRC1) were selected for phylogenetic tree construction.  

Trees were then constructed using the same methodology described in 4.3.2.1, with the 

exception that a conservation filter was not applied in order to include the maximum number 

of sequence alignment positions in the analysis.  
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Table 4.1.  Sponge microbiome studies where SAUL and/or PAUC34f has been identified.  Reference column 

(Ref.) indicates indices employed in Figure 4.1 to link each sponge species to their corresponding study.   

 Ref. Study Reference Sponge species studied 

a 

Activity profiles for marine sponge-

associated bacteria obtained by 16S rRNA 

vs 16S rRNA gene comparisons 

Kamke et al., 2010 Ancorina alata 

b 

Temporal dynamics of prokaryotic 

communities in the marine sponge 

Sarcotragus spinosulus 

Hardoim and Costa, 2014 Sarcotragus spinosulus 

c  

Ectyoplasia ferox, an experimentally 

tractable model for vertical microbial 

transmission in marine sponges 

Gloeckner et al., 2013 Ectyoplasia ferox 

d 
Bacterial community analyses of two Red 

Sea sponges 
Radwan et al., 2010 Hyrtios erectus 

e 

Biogeography rather than association with 

cyanobacteria structures symbiotic 

microbial communities in the marine 

sponge Petrosia ficiformis 

Burgsdorf et al., 2015 Petrosia ficiformis 

f  

Biogeography and host fidelity of bacterial 

communities in Ircinia spp. from the 

Bahamas 

Pita et al., 2013 Ircinia strobilina, Ircinia felix  

g Unpublished (see Chapter 2) 
Astudillo-Garcia et al. 

2016 
Xestospongia sp A, B and C 

h 
Two distinct  microbial communities 

revealed in the sponge Cinachyrella 
Cuvelier et al., 2014 Cinachyrella gr. 1, gr. 2 

i 

Assessing the complex sponge 

microbiota—core, variable, and species-

specific bacterial communities in marine 

sponges 

Schmitt et al., 2012 22 sponge species 

j 

Sponge-associated bacteria are strictly 

maintained in two closely related but 

geographically distant sponge hosts 

Montalvo and Hill, 2011 
Xestospongia muta, 

Xestospongia testudinaria 

k 

Analysis of bacterial diversity in sponges 

collected from Chuuk and Kosrae islands 

in Micronesia 

Jeong et al., 2014 

Agelas sp., Myrmekioderma 

sp., Hyrtios erectus, Spongia 

officinalis 

l 

Analysis of bacterial diversity in sponges 

collected off Chujado, an island in Korea, 

using barcoded 454 pyrosequencing: 

Analysis of a distinctive sponge group 

containing Chloroflexi 

Jeong et al., 2013 

Asteropus sp., Asteropus 

simplex, Caminus 

awashimensis, Penares 

incrustans, Family Spongiidae 

m 

Molecular evidence for a uniform 

microbial community in sponges from 

different oceans 

Hentschel et al., 2002 Theonella swinhoei 

n 

Symbiotic prokaryotic communities from 

different populations of the giant barrel 

sponge, Xestospongia muta 

Fiore et al., 2013 Xestospongia muta 
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Table 4.2.  Marker genes employed for the phylogenomic analysis of SAUL and related lineages. 

 

Family Description 

pfam00281 Ribosomal protein L5 

pfam00410 Ribosomal protein S8 

pfam00411 Ribosomal protein S11 

pfam00416 Ribosomal protein S13 

TIGR00001 Ribosomal protein L35 

TIGR00019 Peptide chain release factor 1 

TIGR00059 Ribosomal protein L17 

TIGR00060 Ribosomal protein L18, bacterial type 

TIGR00061 Ribosomal protein L21 

TIGR00064 Signal recognition particle-docking protein FtsY 

TIGR00086 SsrA-binding protein 

TIGR00165 Ribosomal protein S18 

TIGR00362 Chromosomal replication initiator protein DnaA 

TIGR00459 Aspartyl-tRNA synthetase, bacterial type 

TIGR00460 Methionyl-tRNA formyltransferase 

TIGR00575 DNA ligase, NAD-dependent 

TIGR00631 Excinuclease ABC, B subunit 

TIGR00663 DNA polymerase III, beta subunit 

TIGR00963 Preprotein translocase, SecA subunit 

TIGR00967 Preprotein translocase, SecY subunit 

TIGR01009 Ribosomal protein S3, bacterial type 

TIGR01021 Ribosomal protein S5, bacterial/organelle type 

TIGR01032 Ribosomal protein L20 

TIGR01044 Ribosomal protein L22, bacterial type 

TIGR01050 Ribosomal protein S19, bacterial/organelle 

TIGR01063 DNA gyrase, A subunit 

TIGR01067 Ribosomal protein L14, bacterial/organelle 

TIGR01071 Ribosomal protein L15, bacterial/organelle 

TIGR01079 Ribosomal protein L24, bacterial/organelle 

TIGR01164 Ribosomal protein L16, bacterial/organelle 

TIGR01171 Ribosomal protein L2, bacterial/organelle 

TIGR01391 DNA primase, catalytic core 

TIGR01393 GTP-binding protein LepA 

TIGR02027 DNA-directed RNA polymerase, alpha subunit, 

bacterial and chloroplast-type 

TIGR02397 DNA polymerase III, subunit gamma and tau 

TIGR02729 Obg family GTPase CgtA 

TIGR03594 Ribosome-associated GTPase EngA 
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4.3 Results and discussion  

4.3.1 SAUL meta-analysis 

A cursory examination of the literature, as well as our own datasets, indicated that SAUL 

(PAUC34f) is a frequent and potentially important member of the sponge microbiota.  

However, to date there has been no comprehensive evaluation of SAUL occurrence in 

sponges.  To address this knowledge gap, we performed a meta-analysis to examine those 

sponge studies which reported the presence of either SAUL or PAUC34f. 

The SAUL (or PAUC34f) clade was identified in 15 studies (Table 4.1) and in 93 different 

sponge species, with relative sequence abundances per sponge species ranging from 20.7% to 

less than 0.001% (Figure 4.2 (all studies), Figure 4.3 (Thomas et al., (2016) study)).  SAUL 

was more prevalent and abundant in HMA sponge species than when it was present in LMA 

sponges (Figures 4.2 and 4.3).  SAUL distribution was ubiquitous, with members of SAUL 

present in the Pacific, Atlantic and Indian oceans, as well as in the Red, Mediterranean and 

Caribbean seas (Figure 4.1).   

The apparent high abundance of this clade, its broad distribution, and its presence in 

taxonomically diverse sponge species reveal a high generalism degree and suggest that SAUL 

possesses the capability to adapt to different environmental conditions.  This highlights the 

symbiotic potential and likely importance of SAUL in the different sponge-associated 

microbial communities.  This ubiquity is in agreement with several studies that have 

identified overlapping microbial community members in geographically separated and 

phylogenetically distant sponge species (Hentschel et al., 2002; Simister et al., 2012a).  

Additionally, the affinity of SAUL for marine sponges is illustrated by the assignment of 

most of the sequences comprising this clade to sponge-specific clusters (Hentschel et al., 

2012; Simister et al., 2012a).   
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Figure 4.1.  Geographic distribution of the SAUL lineage according to studies in Table 4.1.   
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Figure 4.2. Relative 16S rRNA gene sequence abundance of SAUL in different sponge species across 14 sponge microbiota studies.  Letters above bars represent sponge 

species belonging to the same study defined in Table 4.1.  HMA stands for high-microbial-abundance sponge species.   
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Figure 4.3.  SAUL relative abundance in 74 sponge species studied by Thomas and colleagues (2016) and classified either as high (*) or low microbial abundance (**).  No 

asterisk indicates that the sponge species has not been classified as either HMA or LMA category 
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4.3.2 Phylogenetic status of the SAUL clade  

Having confirmed its status as a widespread and numerically abundant member of the sponge 

microbiota, we sought to determine the phylogenetic status of the SAUL lineage.  Given the 

current lack of cultivated representatives and apparent absence of closely related, formally 

described bacterial phyla, a central aim was to establish whether SAUL represents a novel 

candidate phylum.  Extensive phylogenetic analyses were thus carried out using an array of 

marker genes.  

Independent of the specific methodology employed, both phylogenetic and phylogenomic 

approaches confirmed the clustering of SAUL sequences as a monophyletic clade (Figures 

4.4 and 4.5).  Phylogenomic analysis of up to 37 marker genes revealed that the SAUL clade 

appeared to be a sister clade of the candidate phylum WS3, recently renamed as 

―Latescibacteria” (Rinke et al., 2013), with strong bootstrap support (100%).  Candidate 

phylum ―Latescibacteria” has been previously identified as a monophyletic cluster that forms 

part of the Fibrobacteres-Chlorobi-Bacteroidetes (FCB) superphylum (Rinke et al., 2013).  

Both clades (SAUL and ―Latescibacteria”) clustered together with Fibrobacteres, Chlorobi 

and Bacteroidetes, albeit with weaker bootstrap support (75%).  In contrast, the support for 

―Latescibacteria” as a sister clade of SAUL in the 16S rRNA-based phylogeny was very 

weak (20%), and the placement of both SAUL and ―Latescibacteria” clades in relation to the 

FCB superphylum also differed from that in the phylogenomic analysis.  This inconsistency 

between 16S rRNA-based phylogeny and phylogenomic analysis was also observed for 

―Poribacteria‖ (Kamke et al., 2014).  Similarly to SAUL, both methodologies set the 

candidate phylum on its own, although the exact position of ―Poribacteria‖ on the 

phylogenetic and phylogenomic trees differed between methods (Figures 4.4 and 4.5).  

Interestingly, and in agreement with our results, a 16S rRNA gene-based phylogeny 

constructed by Kamke et al. (2014) with the aim of determining ―Poribacteria‖ phylogenetic 

status also clustered SAUL sequences on their own as a monophyletic clade and as a sister 

clade of ―Latescibacteria”.  

The divergent results from the evaluation of the phylogenetic status of SAUL reflect the 

advantages and disadvantages of both methods.  The analysis of a single marker gene, namely 

16S rRNA, provides relatively low resolution.  However, this gene has been widely used as a 

taxonomic marker and, consequently, extensive 16S rRNA databases have been compiled 

following strict quality controls (Quast et al., 2013).  On the other hand, using a 
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concatenation of different marker genes provides higher resolution for resolving intra- and 

inter-phylum level relationships, as demonstrated by Rinke and colleagues (2013), including 

the ability to propose two new superphyla, Patescibacteria and Terrabacteria.  However, 

phylogenomic analyses are sometimes limited by a small number of available draft genomes.  

In our study, only three draft genomes with sufficient completeness to be used for 

phylogenomic tree reconstruction were available for each of SAUL and ―Latescibacteria”.  

This limited availability of sequences may have caused the differences found in tree 

architecture between the two methodologies employed for phylogeny reconstruction.  In the 

future, the incorporation of more genome sequences for the construction of phylogenomic 

trees should allow the proper resolution of taxa with uncertain phylogenetic positions, such as 

SAUL.  

The application of taxonomic thresholds considering average 16S rRNA gene sequence 

similarity within clades has been suggested as a means to unify and reach a consensus on the 

delineation of different taxon levels (Yarza et al., 2014).  To further evaluate the 

phylogenetic status of SAUL, we calculated the average similarity within SAUL and between 

members of SAUL and those of other bacterial phyla (Table 4.3).  Average 16S rRNA 

sequence similarity within the SAUL cluster was 88%, and its average similarity with 

―Latescibacteria”, its closest relative according to the phylogenomic analyses, was 80.8%.  

Threshold sequence identities for phylum, class and order levels were suggested as 75%, 

78.5% and 82%, respectively by Yarza et al. (2014).  These thresholds were calculated by 

considering all available and near-complete (>1450 bp) 16S rRNA gene sequences from type 

strains found at the Living Tree Project 102 dataset (Yarza et al., 2008, 2014).  These identity 

thresholds were employed to revisit the phylogenetic status of the Verrucomicrobia 

subdivision 5 and, together with phylogeny reconstruction, were utilised to propose a new 

phylum, namely Kiritimatiellaeota (Spring et al., 2016).  If only the similarity threshold 

proposed by Yarza and colleagues (2014) is taken into account, the SAUL clade would not be 

considered to form a new phylum; instead, SAUL and ―Latescibacteria” would represent 

different classes within the same phylum.  However, both phylogenetic and phylogenomic 

trees cluster SAUL as an independent clade with strong support.  Moreover, in the 

phylogenetic tree the SAUL/―Latescibacteria‖ association is not robustly supported, 

(bootstrap support of 20%).  Additionally, several phyla have been previously delineated with 

different sequence similarities to the threshold previously mentioned.  A threshold of 85% 

similarity was initially suggested as a cut-off for distinguishing new phyla (Hugenholtz et al., 
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1998).  Using this approach together with phylogenetic position, the phylum Lentisphaerae, 

which exhibits a 16S rRNA gene similarity of 72.9-82.1% with members of adjacent phyla, 

was proposed (Cho et al., 2004).  Similarly, phylogenetic analyses based on 16S rRNA gene 

sequences as well as the culture of one bacterial type strain were employed to delineate the 

candidate division OP10 as phylum Armatimonadetes (Tamaki et al., 2011).  Members of this 

clade presented a similarity with members of any other bacterial phyla of less than 80%, thus 

leading to the assertion that candidate division OP10 represented a new phylum.  Moreover, a 

subsequent study of the same phylum showed an average within-phylum diversity of around 

29% (Lee et al., 2013), much higher than the average diversity observed within SAUL 

(~12%).  Taken together, the results obtained in the current study suggest that SAUL can be 

tentatively considered a new candidate phylum, independently from ―Latescibacteria”.  

However, some evidence points to the contrary, namely that SAUL and ―Latescibacteria” 

represent two lineages within the same phylum.  Consequently, we suggest the delineation of 

the SAUL clade as a putative novel candidate phylum, and argue that its definitive 

phylogenetic status will only be determined once further genomic data are available.  
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 Table 4.3.  Average 16S rRNA gene sequence similarity (a) among members of the entire SAUL clade, and 

between the three clusters identified within SAUL (see Figure 4.6), (b) between members of the SAUL clade 

and members of other phyla included in the phylogenetic analysis.  

 

 (a) Average similarity within group 

Cluster I 91.4 

Cluster II 93.4 

Cluster III 93.8 

SAUL 88.2 

 

  

 (b) Average similarity with SAUL 

“Latescibacteria” 

(WS3) 80.8 

BRC1 77.5 

Verrucomicrobia 74.4 

Lentisphaerae 76.1 

Chlamydiae 74.0 

OP3 74.0 

“Poribacteria” 77.6 

Planctomycetes 73.8 

Bacteroidetes 72.1 

Chlorobi 76.1 

Deferribacteres 76.4 

Fibrobacteres 76.2 

Gemmatimonadetes 77.1 

Haloanaerobiales 76.5 

OP9 77.0 
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Figure 4.4.  16S rRNA gene sequence-based maximum-likelihood phylogenetic tree of SAUL and its closest 

relatives.  Bootstrap support (500 resamplings) is shown on tree nodes where support is either ≥90% (filled 

circles) or ≥75% (open circles) support.  Outgroup comprised a range of sequences representing several other 

bacterial phyla.  Scale bar represents 10% sequence divergence 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.  Phylogenomic tree based on a dataset of up to 37 concatenated marker genes showing the position 

of SAUL clade.  Details are the same as those provided in Figure 4.4 except bootstrap support was based on 100 

resamplings.  Outgroup is comprised of sequences belonging to the phylum Verrucomicrobia. 
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4.3.3 SAUL phylogenetic tree structure   

Irrespective of whether SAUL represents a novel candidate phylum, we sought to 

characterise the internal phylogenetic structure of this lineage.  Phylogenetic trees based on 

16S rRNA gene sequences showed the existence of three subgroups of SAUL sequences 

clustering independently from each other (Figure 4.6).  High bootstrap scores (>80%) 

supported the branching for those three clusters, hereafter referred to as Clusters I, II and III.  

The application of taxonomic thresholds based on 16S rRNA sequence similarity to interpret 

the internal architecture of the SAUL clade suggested that SAUL may be composed of three 

different families, comprising each of the three clusters described above (Appendix B Table 

B2).  Interestingly, most of the SAUL sequences are sponge derived (70.8%), with seawater, 

sediment and other marine source-derived sequences comprising a smaller fraction (24.7%).  

Only 4.5% of the SAUL-affiliated sequences were derived from a non-marine source, 

primarily from freshwater or biofilms.  However, these percentages varied when evaluating 

the three clusters individually, with 62.2%, 87.5% and 42% of the sequences derived from 

marine sponges for Clusters I, II and III respectively.  Interestingly, it is the cluster with the 

highest representation of sponge-derived sequences (Cluster II) that contains the first 

identified SAUL sequence (clone PAUC34f, AF186412).  Also, a 16S rRNA gene sequence 

derived from one of the SAUL bins constructed in Chapter 5 is also included in the same 

cluster (Bin petrosia 16S_rRNA).  The 16S rRNA sequence derived from the other SAUL bin 

(bin136_16S_rRNA) is, however, present in Cluster I. 

The apparent sponge affinity of SAUL is consistent with the previous inclusion of a subset of 

SAUL-affiliated sequences within a sponge-specific cluster (Simister et al., 2012).  Also in 

agreement with previous studies is the presence of supposedly sponge-specific bacteria, as is 

the case for some SAUL sequences, in seawater and marine sediments at very low 

abundances (Taylor et al., 2013; Thomas et al., 2016).  It has been proposed that this ―rare 

biosphere‖ reflects transient bacteria comprising a ‗seed bank‘ that can be available to 

colonise marine sponges (Webster et al., 2010).  As shown in Figure 4.2, SAUL was found in 

72 out of 81 sponge species, as well as in seawater and sediment samples, in the recent study 

conducted by Thomas and colleagues (2016).   

The infrequent detection of SAUL in non-marine environments is unlikely to be a 

consequence of a lack of studies in those habitats.  For example, SAUL has been found in 

biofilms and freshwater environments, and such systems have been studied in great detail 
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(Stoodley et al., 2002; Newton et al., 2011; Flemming et al., 2016).  Additionally, the search 

conducted in our study had the aim of recovering as many SAUL-affiliated sequences as 

possible and we consequently considered all available 16S rRNA gene sequence data 

deposited in the GenBank nr/nt database.  Therefore, in effect we considered all data 

generated from studies conducted on any microbial community, not merely those data 

derived from sponges.  It is also important to note that as new data become available, the true 

distribution of SAUL bacteria, be it mostly marine or more widely dispersed, will become 

better understood. 
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Figure 4.6.  16S rRNA gene sequence-based maximum likelihood phylogenetic tree illustrating SAUL clade 

architecture.  Bold sequences denote sequences obtained from SAUL bins (bin 136, bin petrosia and bin 78) as 

well as the first SAUL/PAUC34f sequence identified.  Details are the same as those provided in Figure 4.4.  
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4.3.4 Concluding remarks 

Members of the SAUL lineage are predominantly sponge symbionts in disparate geographic 

locations and hosted by a myriad of different sponge species.  Although most evidence 

collected here tentatively suggests its classification as a new candidate phylum, the paucity of 

near-complete genomes for SAUL and other closely related clades prevent this assertion from 

being made confidently.  As a consequence, we suggest that SAUL is a putative novel 

candidate phylum, but acknowledge that the phylogenetic status of the SAUL clade must be 

revisited once more information is available.  
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Chapter 5  

First insights into the genomic potential of a widespread sponge-

associated (un)classified lineage 
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5.1 Introduction 

The development of cutting-edge molecular, cultivation-independent techniques such as 

single-cell genomics (Stepanauskas, 2012), metagenomics (Thomas et al., 2012), 

metaproteomics (Graves and Haystead, 2002) and metatranscriptomics (Moran, 2009) has 

enabled investigation of the metabolic potential and other functional aspects of complex 

microbial communities. These molecular techniques have been successfully applied in order 

to investigate disparate and frequently complex microbial communities, including those 

associated with specific environments such as soil (Daniel, 2005) or seawater (Delong et al., 

2006), or those associated with a specific host (e.g. insect- (Krishnan et al., 2014), human- 

(Wang et al., 2015) or coral-associated bacterial communities (Yokouchi et al., 2006)).  The 

use of -omic methodologies to study the highly diverse and abundant microbial communities 

associated with marine sponges has been particularly productive, not only to investigate the 

taxonomic composition and metabolic potential of these complex microbial communities, but 

also to elucidate the contribution of these symbionts to the ecology, physiology and 

metabolism of their hosts (Hentschel et al., 2012). 

Genomic features specifically acquired by sponge symbionts to adapt to life inside the sponge 

have been revealed by genomics studies.  These features include genes encoding proteins that 

contain eukaryotic-like proteins (ELPs) that contain repeats (Kamke et al., 2014), the 

presence of stress-related proteins (Fan et al., 2012), mobile genetic elements (Thomas et al., 

2010) and the identification of bacterial defense systems (CRISPR-Cas systems) (Horn et al., 

2016).  Additionally, several –omics studies have been conducted on the sponge microbiome 

with the specific aim of recovering high quality and near-complete symbiont genomes 

(Kamke et al., 2013, 2014; Burgsdorf et al., 2015).  For example, a single-cell genomic 

approach was used to construct six draft genomes from the candidate phylum ―Poribacteria‖, 

a prominent member of the sponge microbiota nearly exclusively found in marine sponges.  

A comprehensive analysis of these poribacterial cells revealed typical sponge symbiont 

genomic features (e.g. the presence of ELPs)  (Kamke et al., 2014) as well as the capacity to 

degrade carbohydrates commonly found in the sponge mesohyl matrix (Kamke et al., 2013). 

Similarly, the analysis of the sequenced genome of Pseudovibrio sp. POLY-S9 strain, 

isolated from the sponge Polymastia penicillus, revealed the enrichment in biosynthetic genes 

clusters (e.g. polyketide synthase and nonribosomal peptide synthase) as well as the presence 

of genes encoding several symbiosis factors (e.g. ELPs) (Alex and Antunes, 2015).  
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Furthermore, three near-complete draft genomes belonging to three different phylotypes of 

the sponge symbiont ―Ca. Synechococcus spongiarum‖ were also successfully constructed 

using a metagenomic binning approach (Burgsdorf et al., 2015).  Interestingly, their analysis 

revealed both general and phylotype-specific adaptations to the host environment.   

Members of the putative candidate phylum Sponge-Associated Unclassified Lineage (SAUL) 

are widely distributed and often abundant within phylogenetically divergent marine sponges 

(see Chapter 4).  Both phylogenetic and phylogenomic analyses revealed the monophyletic 

nature of SAUL, and set this clade close to the Fibrobacteres-Chlorobi-Bacteroidetes (FCB) 

superphylum, although the exact position of SAUL in the tree of life has not been 

unequivocally determined.  The phylogenetic and phylogenomic analyses also indicated that 

candidate phylum ―Latescibacteria‖ was its closest relative, while ―Poribacteria‖ was its 

closest sponge symbiont relative (Chapter 4).  Extensive genomic analyses have been 

previously conducted on both ―Poribacteria‖ (Fieseler et al., 2004; Siegl et al., 2011; Kamke 

et al., 2013, 2014) and ―Latescibacteria‖ genomes (Rinke et al., 2013; Youssef et al., 2015), 

while the genomic potential of SAUL has remained completely unknown.  The candidate 

phylum ―Latescibacteria‖, previously known as candidate division WS3, is a free-living 

clade originally found in anoxic sediments (Dojka et al., 1998) but subsequently identified 

across a wide range of habitats including, but not limited to, methane-rich cold seeps, marine 

sediments and soils (Reed et al., 2006; Ikenaga et al., 2010; Carbonetto et al., 2014).  

Genomic analyses of four ―Latescibacteria‖ single-cell amplified genomes (SAGs) obtained 

from anoxic environments showed genomic characteristics related to niche specialisation.  

These included the capacity to metabolise complex organic polymers of algal origin, such as 

polysaccharides and glycoproteins, and the presence of mechanisms that facilitate cellular 

association with algal detritus (Youssef et al., 2015).   

Although the SAUL clade has been identified as a common and abundant sponge symbiont, 

to date no genomic studies have been conducted of this lineage.  Thus, virtually nothing is 

known about its metabolic potential or putative function within the sponge host.  Therefore, 

here we present the first genomic analysis of the clade SAUL.  Using a metagenomics 

binning approach, we reconstructed and comprehensively investigated two near-complete 

draft SAUL genomes obtained from two different sponge species, Aplysina aerophoba and 

Petrosia ficiformis.  In addition to the exploration of genomic aspects, our main focus was on 

characteristics of ―SAUL‖ relating to primary and secondary metabolism, complex 

carbohydrate degradation, defense strategies such as CRISPR-Cas systems and mechanisms 
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related to host interaction and recognition.  Additionally, we conducted a comparative 

genomic analysis to explore similarities and differences between SAUL and its closest 

relative, the candidate phylum ―Latescibacteria‖.  
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5.2 Materials and methods 

5.2.1 Sponge samples collection 

Sponge samples of Petrosia ficiformis were collected by scuba diving from Milos, Greece, on 

25 May 2013, by members of the Hentschel group at the University of Würzburg, Germany.  

Sponge tissues were washed with sterile-filtered seawater, passed through a 100 µm Nitex 

cloth (Hartenstein, Germany) and transported to the laboratory in glycerol solution (15% v/v) 

and kept at -20°C until further processing.   

Sponge specimens of Aplysina aerophoba were collected from Piran, Slovenia, in May 2013, 

also by the Hentschel group.  Sponges were then transported to the laboratory (University of 

Würzburg, Germany) at ambient temperature in natural seawater and placed in a 

Mediterranean aquarium for recovery; sponges were sampled within one week upon arrival.  

Pinacoderm and mesohyl tissues were separated using a sterile scalpel blade and sponge-

associated prokaryotes (SAPs) were enriched for both fractions following the protocol of 

Fieseler et al. (2004). Briefly, with the aim of removing tissue fibres, sponge biomass was 

filtered through folded filter papers.  Then, to remove the remaining sponge cells, 

centrifugation at 4°C at 100 g was applied for 10 minutes.  A further centrifugation at 4°C at 

12000 g was applied for 30 minutes to harvest microbial cells, then, they were resuspended in 

artificial seawater.  Microbes from P. ficiformis were prepared using the same protocol.  

Fractions of SAPs were frozen at -80°C in 15% glycerol. 

 

5.2.2 DNA extraction, sequencing and genome assembly 

Genomic DNA was extracted from P. ficiformis using the FastDNA Spin Kit for Soil (MP 

Biomedicals, USA).  Spectrophotometry analyses using a NanoDrop 2000c reader (PEQLAB 

Biotechnologie GmbH, Germany) were conducted to assess metagenomic DNA quantity.  

Size and quality were assessed visually on 0.8% agarose gels.   

DNA of SAPs from A. aerophoba was extracted from three replicates from either pinacoderm 

or mesohyl tissue using the FastDNA SPIN Kit for Soil (MP Biomedicals, USA). In order to 

obtain differential sequencing coverage for downstream binning, different cell lysis protocols 

were applied for each replicate as described elsewhere (Albertsen et al., 2013; Alneberg et 

al., 2014): (i) bead beating, following the manufacturer‘s protocol, (ii) freeze-thaw cycling 
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(three cycles of 20 minutes at -80°C and 20 minutes at 42°C), (iii) proteinase K digestion for 

one hour at 37°C (TE buffer with 0.5% SDS and proteinase K at 100 ng/ml final 

concentration).  The metagenomic DNA from A. aerophoba was sequenced using the 

Illumina HiSeq200 platform (150 bp paired-end reads) at the DOE Joint Genome Institute 

(Walnut Creek, CA, USA) and quality filtering was carried out following the JGI sequencing 

and data processing pipeline (Markowitz et al., 2012).  DNA derived from P. ficiformis was 

sequenced at GATC Biotech AG (Cologne, Germany) on an Illumina MiSeq Personal 

Sequencer (250-300 bp paired-ends).  

The raw sequence reads obtained from P. ficiformis samples were analysed using FastQC 

0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for adapters, overall 

quality, length and ambiguous bases.  Firstly, reads were trimmed with Trimmomatic 0.31 

(PR –phred 33 LEADING:3 ILLUMINACLIP:2:30:10) (Bolger et al., 2014) then merged 

using bbmerge (https://sourceforge.net/projects/bbmap/).  Secondly, all reads, merged and 

unmerged, were again subjected to Trimmomatic for further quality trimming and length 

filtering (SE –phred 33 SLIDINGWINDOW:4:25 MINLENGTH:150 AVGQUAL:30).  The 

remaining reads were assembled with IDBA-UD 1.1.1 (-mink 10 maxk -100) (Peng et al., 

2012).  Contigs shorter than 1000 bp were discarded.  Illumina reads from A. aerophoba were 

coverage-normalized with bbnorm of BBMap v. 34 (https://sourceforge.net/projects/bbmap/) 

at default settings.  Metagenomic data were then assembled with SPAdes v. 3.5.0 (Bankevich 

et al., 2012) for kmers 21, 33, 55, 77, 99, and 127 and with the single-cell and only-assembler 

options enabled.   

 

5.2.3 Bin construction, ORFs prediction, completeness estimation and functional 

annotation  

Metagenomes from A. aerophoba and P. ficiformis were binned using the software 

CONCOCT v. 0.4.0 at default settings (Alneberg et al., 2014).  The non-normalized Illumina 

reads were mapped to the sub-contigs with bowtie2 v. 2.2.2 at default settings (Langmead 

and Salzberg, 2012).  The resulting SAM files were converted to BAM, sorted, and indexed 

with SAMtools v. 0.1.18 (Li et al. 2009), and duplicates were marked according to the script 

map-bowtie2-markduplicates.sh provided with the CONCOCT package (Alneberg et al., 

2014).  SAMtools v. 0.1.18 was also used for sorting, indexing, and depth calculation (Li et 

al., 2009).  The in-house python script avgcov_from_samtoolsout.py 
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(https://github.com/bslaby/scripts/) was used to calculate the average coverage of each sub-

contig.  The coverage tables for each mapping were merged into one for binning with 

CONCOCT v. 0.4.0 (Alneberg et al., 2014) at default settings.  A fasta file for each bin was 

created with the in-house python script mkBinFasta.py (https://github.com/bslaby/scripts/).  

Open reading frames (ORFs) were called with prodigal v. 2.6.1 (Hyatt et al., 2010) with -m 

and -p meta options enabled, and the completeness of genomic bins was estimated by 

hmmsearch (HMMER 3.1b1) against a database of 111 essential genes with –cut_tc and –

notextw options (Finn et al., 2011; Albertsen et al., 2013).  The annotation of rRNA genes 

was performed with a local version of rRNA prediction at default settings (Wu et al., 2011).  

The target bins were identified by a BLASTn search of 86 known SAUL 16S rRNA gene 

sequences against a BLAST database of the rRNA genes identified in the metagenomic bins.  

The identified SAUL bin_aplysina and bin_petrosia were refined manually via a previously 

published R pipeline (Albertsen et al., 2013) and contigs shorter than 2,000 bp were filtered 

out.  Raw Illumina data for A. aerophoba are deposited under JGI‘s GOLD study ID 

Gs0099546.  The assembly data is deposited in GenBank under the accession number 

MKWU00000000.  Sequencing data for P. ficiformis are deposited in the Sequence Read 

Archive (SRA) under the BioProject PRJNA318959 and the BioSample SAMN04870510 

(SRA: SRP074318, WGS:LXNJ00000000).  

The draft genomes of the two SAUL bins (afterwards referred as bin_aplysina and 

bin_petrosia) were then submitted to RAST, the SEED-based prokaryotic genome annotation 

server (Aziz et al., 2008; Overbeek et al., 2014), for automated open reading frames (ORFs) 

prediction and annotation of SEED subsystems, followed by manual checking.  Clusters of 

orthologous groups (COGs) (Tatusov et al., 2003) were annotated using rpsBLAST (v. 

2.2.15), while Pfam (Finn et al., 2016) and TIGRfam (Haft et al., 2003) protein families were 

identified with HMMER 3.0.  All annotations were conducted through the WebMGA (Wu et 

al., 2011) function annotation tool, with an e-value cut-off of 0.001.  Additionally, SAUL 

predicted genes were submitted to GhostKOALA automatic annotation server for KEGG 

(Kanehisa et al., 2004) annotation by GHOSTX searches against a nonredundant set of 

KEGG genes (Kanehisa et al., 2016).  Carbohydrate active enzymes (CAZymes) 

(http://www.cazy.org) were identified by searching translated protein sequences against 

dbCAN HMMs (Yin et al., 2012) using HMMER 3, and results were filtered using an e-value 

cut-off of 0.00001.  Additionally, all CAZy hits were manually evaluated with SEED 

annotation and excluded when conflicting results.  Clustered regularly interspaced short 

http://www.cazy.org/
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palindromic repeats (CRISPR) were identified using CRISPRFinder (Grissa et al., 2008) in 

CRISPRs web server with default settings.  Both confirmed and candidate CRISPRs were 

identified, but only confirmed CRISPR regions were used for further analysis.  Additionally, 

CRISPR-associated proteins (Cas) were identified using SEED annotation, and classified as 

described previously (Makarova et al., 2015).  With the aim of exploring the putative 

capability of SAUL to produce secondary metabolites, both bins were analysed with the web-

based tool antiSMASH (version 3.0) (Weber et al., 2015) for the detection of secondary 

metabolite biosynthetic gene clusters.  

 

5.2.4 Genomic comparison and analysis 

SAUL draft genomes were compared to those of the closest related phylum, the candidate 

phylum ―Latescibacteria‖ (see Chapter 4).  Two ―Latescibacteria‖ SAGs, WS3_E07 and 

WS3_B13, previously reconstructed and analysed by Rinke and colleagues (2013), and with 

an estimated genome completeness of 73.02% and 57.09% respectively (Table 5.1), were 

chosen for comparison.  These two SAGs were downloaded from Genbank (assembly IDs: 

NZ_AQSL00000000.1 and ASWY00000000.1 respectively) and submitted to the RAST web 

server for ORFs prediction and annotation.  Sequence-based comparison between SAUL bins 

and the two ―Latescibacteria‖ SAGs was then conducted using RAST comparative tools.  

Additionally, information on COGs annotation obtained from Integrated Microbial Genomics 

(IMG) (SAG ID: SCGC AAA252-B13 and SCGC AAA252-E07) was used for further 

comparisons between SAUL bins and ―Latescibacteria‖ SAGs using STAMP V2.1.3  (Parks 

et al., 2014).  A heatmap was created, and the average neighbour clustering method 

(UPGMA) was employed to construct a dendrogram.  
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5.3 Results and discussion 

The SAUL clade is commonly associated with marine sponges, yet to date nothing is known 

about its potential function within the sponge host.  Here we describe, for the first time, two 

near-complete draft SAUL genomes and reveal the potential metabolism of SAUL bacteria 

within the sponge host.  The two SAUL genomes, assembled from metagenome data, were 

compared explicitly to each other and to genomes obtained from members of the closest 

known bacterial phylum, candidate phylum ―Latescibacteria‖ (see Chapter 4).   

 

5.3.1 SAUL genomic features 

SAUL bin assembly resulted in the reconstruction of two near-complete draft genomes, with 

90.3% and 86.5% completeness and an estimated genome size of 6.3 and 4.7 Mbp for 

bin_aplysina and bin_petrosia, respectively (Table 5.1).  Functional annotation of 4932 

(bin_aplysina) and 3711 (bin_petrosia) genes allowed us to conduct a comprehensive analysis 

of the metabolic potential and biosynthesis capabilities of SAUL (Figure 5.1), as well as to 

identify bacterial defense systems and symbiont recognition mechanisms.  It is important to 

note that, due to genome incompleteness, any apparent lack of specific enzymes/proteins 

should be interpreted with caution.  Because nothing has hitherto been known about the 

genomic potential of SAUL, we present here a detailed analysis of the SAUL genome. 

 

5.3.2 Metabolic lifestyle 

Genomic data suggest that members of the SAUL clade possess a facultative anaerobic 

metabolism, with the capacity to ferment acetyl CoA (derived from carbohydrates, fats and 

proteins) to ethanol in the absence of oxygen (Figure 5.2a), as well as to metabolise pyruvate 

to produce acetyl-CoA (and the reverse reaction) by pyruvate:ferredoxin oxidoreductase (EC 

1.2.7.1) (Figure 5.2b).  Additionally, both SAUL bins encode enzymes that are involved in 

the TCA cycle to oxidise this acetyl CoA to CO2 and ATP in aerobic conditions (Figure 

5.2b).  The putative capability to fix CO2 through the reductive acetyl-CoA pathway (also 

referred as Wood-Ljungdahl pathway) was also inferred from the data, although two main 

enzymes involved in intermediate steps, CO-methylating acetyl-CoA synthase (ACS, EC 

2.3.1.169) and methyltransferase (acsE, EC 2.1.1.258), were not identified (Figure 5.2a).  
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However, the gene coding for a specific enzyme to that pathway, methylene-THF reductase 

(EC 1.5.1.20), was identified in both genomes.  Both bins also contain the genomic 

machinery to release and conserve energy via the electron transport chain and oxidative 

phosphorylation, as well as substrate-level phosphorylation (Figure 5.1).   

Notably, each SAUL bin encodes a different set of enzymes for glucose oxidation, either 

those involved in the pentose phosphate pathway (bin_aplysina) (Figure 5.2c) or in glycolysis 

(bin_petrosia) (Figure 5.2d).  However, some enzymes involved in glycolysis were not 

identified in the bin_petrosia genome, such as the enzyme pyruvate kinase (PyK, EC 

2.7.1.40).  Its apparent absence may indicate either that it has been replaced by a non-

orthologous (and yet undiscovered) PyK variant, or that another route exists for phosphoenol-

pyruvate (PEP) conversion to pyruvate.  This diversity in metabolic pathways could 

conceivably reflect adaptation of these microorganisms to changing oxygenation conditions 

in the sponge mesohyl, due to variations in sponge pumping activity.  This gradient of 

oxygenation allows for the creation of anoxic microniches and the capability to adapt to these 

conditions may confer advantages when competing with other microorganisms.  Additionally, 

the employment of two different glucose pathways may be related to the different 

environments in which these microorganisms are present, as they are associated with 

different sponge species.   
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Table 5.1. General information about SAUL bins and ―Latescibacteria‖ SAGs.  

  Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

Assembly size (bp) 5,661,056 4,100,466 2,290,285 1,759,976 

Estimated genome completeness (%) 90.38 86.54 73.02 57.09 

Estimated size (bp) 6,263,616 4,738,232 3,136,517 3,082,810 

Number of contigs 632 349 N/A N/A 

GC content (%) 58.5 59.5 42.07 40.86 

n50 11744 13499 N/A N/A 

SEED subsystems 285 265 N/A N/A 

Protein CDs 

    Number 4887 3675 1951 1558 

% 99.09 99.03 98.29 98.73 

Protein in subsystem (total)/SEED functions 1342 962 N/A N/A 

non-hypothetical 1294 933 N/A N/A 

hypothetical 48 29 N/A N/A 

Protein not in subsystem (total) 3545 2713 N/A N/A 

non-hypothetical 1276 1034 N/A N/A 

hypothetical 2269 1679 N/A N/A 

Protein coding genes with function 

prediction  

    Number 2570 1967 1451 1158 

% of total number of genes 52.11 53.00 73.10 73.38 

Protein coding genes without function 

prediction 

    Number 2317 1708 500 400 

% of total number of genes 46.98 46.03 25.19 25.35 

rRNAs (5S rRNA, 16S rRNA, 23S rRNA) 

   Number 3 (1, 1, 1) 3 (1, 1, 1) 3 (1, 1, 1) 2 (1, 0, 1) 

% of total number of genes 0.06 0.08 0.15 0.13 

tRNAs 

    Number 42 33 27 18 

%% of total number of genes 0.85 0.89 1.36 1.14 

COGs (unique) 1349 1231 722 611 

COGs (total) 3174 2427 1023 821 
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 (a) 

 

 

(b) 

 

Figure 5.1.  Overall metabolic pathways for (a) bin_aplysina and (b) bin_petrosia.  
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(b) 

 

 

(c)  
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(d) 

 

Figure 5.2.  Reconstruction of the metabolic pathways identified in SAUL genomes.  (a) Wood-Ljungdahl 

pathway, (b) TCA cycle, (c) pentose phosphate pathway in bin_aplysina, (d) glycolysis in bin_petrosia.  Dashed 

lines represent missing steps in the pathway, red font indicates enzyme absent from the dataset.   
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5.3.2.1 Carbohydrate metabolism in SAUL 

Both SAUL bins present multiple enzymes involved in the utilisation of diverse carbon 

sources, including but not limited to the sugar alcohol inositol, the monosaccharides xylose, 

D-ribose, fructose and mannose, or the disaccharides lactose and maltose, to obtain further 

energy when the resulting products are incorporated into central metabolic pathways (more 

detailed information on dedicated sugar catabolic pathways in SAUL can be found in 

Appendix C Supporting Text).  To further evaluate SAUL‘s putative capacity for 

carbohydrate degradation, SAUL genomes were screened for carbohydrate-active enzymes 

(CAZymes) using the CAZY database in the web server dbCAN (Yin et al., 2012).  These 

results showed that SAUL bins were enriched in genes encoding glycoside hydrolases (GH), 

glycoside transferases (GT) and, to a lesser extent, polysaccharide lyases (PL) and 

carbohydrate esterases (CE) (Table 5.2).  

Overall, 24 different GH families were detected in SAUL bins (Table 5.3).  The most 

abundant GH family found in both SAUL bins was GH109, whose activity has been 

described as α-N-acetylgalactosaminidase (EC 3.2.1.49).  Its activity involves the cleavage of 

non-reducing alpha-(1->3)-N-acetylgalactosamine α-O-glycoside-bonded residues from 

various complex carbohydrates and glycoconjugates.  Physiological substrates for this 

enzyme include glycolipids, glycopeptides and glycoproteins, compounds which are usually 

found forming the sponge cell wall.  The proteins assigned to this family in SAUL bins were 

mostly annotated as myo-inositol 2-dehydrogenase, oxidoreductases or as predicted 

dehydrogenases and related proteins.  Family GH109 was also the most abundant GH family 

within the genome of a commonly sponge-associated microorganism, the candidate phylum 

―Poribacteria‖ (Kamke et al., 2013).  

Family GH33 was the second most abundant family in both SAUL bins.  SAUL proteins in 

this family were annotated as sialidase (EC 3.2.1.18).  This enzyme hydrolyses glycosidic 

linkages of terminal sialic acid residues in oligosaccharides, glycoproteins and glycolipids.  

In marine sponge cell surfaces, glycoproteins and mucopolysaccharides putatively involved 

in cellular aggregation carry acidic groups in the form of sialic acid residues (Garrone et al., 

1971).  Additionally, family GH32 was also found abundant in SAUL bins.  Proteins 

assigned to this family were annotated as beta-fructofuranosidase (EC 3.2.1.26), an enzyme 

involved in sucrose degradation.  
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Also present in SAUL bins, albeit to a lesser extent, was the family GH 113, which contains 

the enzyme β-mannanase (EC 3.2.1.78).  This enzyme hydrolyses the (1->4)-beta-D-

mannosidic linkages in the storage plant polysaccharides mannans, galactomannans and 

glucomannans.  Mannan is known to replace cellulose as the principal component of the cell 

wall skeleton in certain species of algae (Frei and Preston 1961, 1964), and forms microfibrils 

in green algae such as Codium fragile or Acetabularia crenulata (Mackie and Preston, 1968).   

Moreover, members of GH families involved in cellulose degradation, such as cellulases 

(endoglucanases, EC 3.2.1.4, GH5) and beta-glucosidases (GH116), were also identified in 

SAUL bins, with the exception of exoglucanases.  These algae-derived compounds may be 

made available for SAUL utilisation either by the sponge host taking the compounds up 

directly from the surrounding seawater or as a by-product of the sponge feeding on algae.  

The widespread sponge symbiont ―Poribacteria‖ also possesses the capability to degrade 

complex carbohydrates.  An extensive analysis of five poribacterial genomes (Kamke et al., 

2013) revealed an enrichment of carbohydrate degradation enzymes, some of them involved 

in the degradation of several glycosides (containing either galactose, fructose, xylose or 

rhamnose), inositol and uronic acids.  The sponge extracellular matrix is a medium rich in 

organic compounds, including polysaccharides and glycoproteins that are commonly derived 

from sponge cell wall components, marine algae and prokaryotes.  Sponge-associated 

bacteria, such as SAUL and ―Poribacteria”, have presumably adapted to the sponge 

environment by developing the ability to incorporate some of these compounds into their 

metabolism to obtain further energy.    
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Table 5.2.  CAZy annotation summary for SAUL bins. Abbreviations are as follows: CBM, carbohydrate 

binding molecules; CE, carbohydrate esterases; GH, glycoside hydrolases; GT, glycosyltransferases; PL, 

polysaccharide lyases; AA, auxiliary activities.  

 

  
Bin_aplysina Bin_petrosia 

Genes / genome 4932 3711 

All CAZy hits 215 180 

Hits to unique CAZy families 50 43 

CBM 

all hits 75 11 

unique 9 5 

% genes / genome 1.37 0.20 

CE 

all hits 10 20 

unique 7 7 

% genes / genome 0.18 0.37 

GH 

all hits 87 90 

unique 19 12 

% genes / genome 1.59 1.65 

GT 

all hits 32 24 

unique 9 10 

% genes / genome 0.59 0.44 

PL 

all hits 4 30 

unique 3 6 

% genes / genome 0.07 0.55 

AA 

all hits 7 5 

unique 3 3 

% genes / genome 0.13 0.09 
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Table 5.3.  Detailed annotation for glycoside hydrolases identified in SAUL bins, as well as the potential activities of the enzymes and their substrates. 

GH family Known activities Potential activities in SAUL Putative substrates Bin_aplysina Bin_petrosia 

GH10  

endo-1,4-β-xylanase (EC 3.2.1.8); 

endo-1,3-β-xylanase (EC 3.2.1.32); 

tomatinase (EC 3.2.1.-); xylan 

endotransglycosylase (EC 2.4.2.-) 

Endo-1,4-β-xylanase A 

precursor (EC 3.2.1.8) 
xylans 1 0 

GH109 
α-N-acetylgalactosaminidase (EC 

3.2.1.49) 
- glycoproteins and glycolypids  63 73 

GH113 β-mannanase (EC 3.2.1.78) - 
mannans, galactomannans and 

glucomannans 
1* 1* 

GH116 

β-glucosidase (EC 3.2.1.21); β-

xylosidase (EC 3.2.1.37); acid β-

glucosidase/β-glucosylceramidase (EC 

3.2.1.45); β-N-acetylglucosaminidase 

(EC 3.2.1.52) 

- β-D-glucosides 1* 0 

GH117 

α-1,3-L-neoagarooligosaccharide 

hydrolase (EC 3.2.1.-); α-1,3-L-

neoagarobiase / neoagarobiose 

hydrolase (EC 3.2.1.-) 

- neoagarooligosaccharides 1 2* 

GH13 
α-amylase (EC 3.2.1.1) and related 

enzymes 
α-amylase (EC 3.2.1.1) polysaccharides 1 0 

GH133 amylo-α-1,6-glucosidase (EC 3.2.1.33) 
amylo-α-1,6-glucosidase (EC 

3.2.1.33) 

glycogen phosphorylase limit 

dextrin 
1 0 

GH2 

β-galactosidase (EC 3.2.1.23) ; β-

mannosidase (EC 3.2.1.25); β-

glucuronidase (EC 3.2.1.31), others 

β-galactosidase (EC 3.2.1.23) β-D-galactosides 0 1 

GH23 

lysozyme type G (EC 3.2.1.17); 

peptidoglycan lyase (EC 4.2.2.n1), 

peptidoglycan lytic transglycosylase 

Soluble lytin murein 

transglycosylase precursor (EC 

3.2.1.-) 

Peptidoglucan, β-1,4-linkage 

between N-acetylmuramyl and N-

acetylglucosaminyl residues in 

peptidoglycan 

2 1 
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GH family Known activities Potential activities in SAUL Putative substrates Bin_aplysina Bin_petrosia 

GH26 

β-mannanase (EC 3.2.1.78); exo-β-1,4-

mannobiohydrolase (EC 3.2.1.100); β-1,3-

xylanase (EC 3.2.1.32); lichenase / endo-β-

1,3-1,4-glucanase (EC 3.2.1.73); 

mannobiose-producing exo-β-mannanase 

(EC 3.2.1.-) 

β-mannanase (EC 3.2.1.78) 
mannans, galactomannans and 

glucomannans 
1 0 

GH28 

Polygalacturonase (EC 3.2.1.15); exo-

polygalacturonase (EC 3.2.1.67); exo-

polygalacturonosidase (EC 3.2.1.82); 

rhamnogalacturonase (EC 3.2.1.171); 

others 

Endopolygalacturonase Pectate and other galacturonans 0 2 

GH32 

invertase (EC 3.2.1.26); endo-inulinase 

(EC 3.2.1.7); β-2,6-fructan 6-

levanbiohydrolase (EC 3.2.1.64); endo-

levanase (EC 3.2.1.65); exo-inulinase (EC 

3.2.1.80);others 

β-fructofuranosidase (EC 

3.2.1.26) 

Substrates include sucrose; also 

catalyses fructotransferase 

reactions. 

2 2 

GH33 

sialidase or neuraminidase (EC 3.2.1.18); 

trans-sialidase (EC 2.4.1.-); 2-keto-3-

deoxynononic acid hydrolase (EC 3.2.1.-); 

others 

Sialidase (EC 3.2.1.18) 

 α-(2->3)-, α-(2->6)-, α-(2->8)- 

glycosidic linkages of terminal 

sialic acid residues in 

oligosaccharides, glycoproteins, 

glycolipids, colominic acid 

5 6 

GH36 

α-galactosidase (EC 3.2.1.22); α-N-

acetylgalactosaminidase (EC 3.2.1.49); 

others 

α-galactosidase (EC 3.2.1.22) 

Terminal α-galactosyl moieties 

from glycolipids and 

glycoproteins 

1 0 

GH38 

α-mannosidase (EC 3.2.1.24); mannosyl-

oligosaccharide α-1,2-mannosidase (EC 

3.2.1.113); others 

α-mannosidase (EC 3.2.1.24) α-D-mannosides 0 1 

 

 



118 
 

GH family Known activities Potential activities in SAUL Putative substrates Bin_aplysina Bin_petrosia 

GH4 

maltose-6-phosphate glucosidase (EC 

3.2.1.122); α-glucosidase (EC 

3.2.1.20); α-galactosidase (EC 

3.2.1.22); others 

α-glucosidase (EC 3.2.1.20) α-D-glucose 1 0 

GH42 
β-galactosidase (EC 3.2.1.23); α-L-

arabinopyranosidase (EC 3.2.1.-) 
β-galactosidase (EC 3.2.1.23) β-D-galactosides 1 0 

GH5 

endo-β-1,4-glucanase / cellulase (EC 

3.2.1.4); endo-β-1,4-xylanase (EC 

3.2.1.8); β-glucosidase (EC 3.2.1.21); 

β-mannosidase (EC 3.2.1.25); others 

Endoglucanase / cellulase (EC 

3.2.1.4) 

cellulose, lichenin and cereal β-D-

glucans 
2 2 

GH74 

endoglucanase (EC 3.2.1.4); 

oligoxyloglucan reducing end-specific 

cellobiohydrolase (EC 3.2.1.150); 

xyloglucanase (EC 3.2.1.151) 

- β-1,4-Linkages of various glucans 0 1 

GH78 α-L-rhamnosidase (EC 3.2.1.40) - 

naringin, rutin, quercitrin, 

hesperidin, dioscin, terpenyl 

glycosides and many other natural 

glycosides containing terminal α-L-

rhamnose 

1 0 

GH88 
d-4,5-unsaturated β-glucuronyl 

hydrolase (EC 3.2.1.-) 
  - 1 0 

GH99 

glycoprotein endo-α-1,2-mannosidase 

(EC 3.2.1.130); mannan endo-1,2-α-

mannanase (3.2.1.-) 

Endo-α-mannosidase glycoproteins   2 0 

GH130 

β-1,4-mannosylglucose phosphorylase 

(EC 2.4.1.281); β-1,4-

mannooligosaccharide phosphorylase 

(EC 2.4.1.319);others 

- Mannans 1 0 

GH93 exo-α-L-1,5-arabinanase (EC 3.2.1.-) - α-1,5-L-arabinan 0 1 
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5.3.2.2 Nitrogen metabolism in SAUL 

The nitrogen cycle has been intensively studied in sponge-associated microbial communities.  

A complex nitrogen cycle including nitrification, denitrification and anaerobic ammonium 

oxidation (anammox) was described for the deep-water sponge Geodia barretti (Hoffmann et 

al., 2009), while genes encoding for denitrification and ammonia oxidation enzymes were 

detected in the metagenomes of six shallow-water sponge species (Fan et al., 2012).  More 

recently, a metagenomic study of the deep-sea sponge Neamphius huxleyi suggested the 

capacity for nitrogen fixation, ammonia assimilation, dissimilatory nitrate reduction to 

ammonia, ammonia oxidation and complete denitrification within the associated microbial 

community (Li et al., 2014).  Studying the genomics of the nitrogen cycle has allowed the 

identification of microorganisms involved in the different steps of this cycle.  The functional 

characterisation of ―Poribacteria‖ based on single-cell genomics led to the detection of 

enzymes involved in denitrification, although complete reduction from nitrate to N2 could not 

be confirmed (Siegl et al., 2011).  In the same study, the identification of two nitrite 

reductases suggested the capability of ―Poribacteria‖ to assimilate nitrite.  In our study, both 

SAUL genomes encoded enzymes involved in the transport of nitrate into the cell (nitrate 

ABC transporters, COG1116, COG0600 and COG2146) and its further reduction to nitrite 

(assimilatory nitrate reductase, large subunit (EC 1.7.99.4)).  Genes encoding enzymes 

involved in the dissimilatory reduction of nitrite to ammonia (nitrite reductase (EC 1.7.1.4)) 

were identified in both bins, as well as genes involved in assimilation of ammonia to 

glutamate and glutamine (glutamate synthase (EC 1.4.1.13), glutamine synthetase (EC 

6.3.1.2) and glutamine amidotransferase protein (EC 2.4.2.-).  

The degradation of both nucleic acids and amino acids in the sponge environment generates 

small amounts of urea that can be utilised by the microorganisms present in the extracellular 

matrix as an alternative nitrogen source to ammonia, nitrate and nitrite (Hentschel et al., 

2012).  The utilisation of urea by bin_aplysina was inferred by the presence of genes coding 

for enzymes involved in its transport (urea ABC transporter permease proteins UrtC, 

substrate binding protein UrtA and ATPase protein UrtD) and utilisation (urease alpha 

subunit, UreC (EC 3.5.1.5)).  The latter enzyme catalyses the hydrolysis of urea into carbon 

dioxide and ammonia.  Also present in bin_aplysina were several urease accessory proteins 

(UreF, UreD, UreH, UreG) that are required for a complex post-translational maturation 

process carried out on the enzyme urease.  After urea is hydrolysed, the ammonia produced 

can be assimilated into glutamate and glutamine (see above).  Several studies have shown the 
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ability of sponge symbionts to utilise urea.  This capability was revealed in the microbial 

community of the sponge Xestospongia testudinaria by the detection of phylogenetically 

diverse ureC genes (Su et al., 2013).  Additionally, single-cell genomic analysis of 

―Poribacteria‖ also showed the presence of several urea ABC-transporters, as well as urease 

subunits and accessory proteins (Siegl et al., 2011).  

 

5.3.2.3 Sulphate metabolism in SAUL 

Sulphur is a nutrient essential for microorganisms as it is a component of amino acids and 

enzyme cofactors.  Sulphur is obtained by many bacteria through the sulphate assimilation 

pathway, in which sulphite is produced and then incorporated into molecules (Kertesz, 2000).  

In our study, only bin_aplysina encoded enzymes involved in sulphate uptake, such as 

sulphate permeases (SulP family).  Several enzymes related to sulphur assimilation, 

specifically alkanesulfonate assimilation, were also detected.  No enzymes were identified for 

either inorganic or organic sulphur transport or assimilation in bin_petrosia.  

 

5.3.2.4 Phosphate metabolism in SAUL 

Although phosphorus is a limiting nutrient in marine environments, its cycling within marine 

sponges has rarely been studied, with the exception of Zhang and colleagues (2015).  In our 

study, we detected the presence of several enzymes involved in phosphate transport, 

including the high affinity phosphate transporter and control of PHO regulon, and 

metabolism, including polyphosphate kinase (ppk, EC 2.7.4.1).  The PHO operon is 

comprised of a set of genes that are induced under inorganic phosphate (Pi) limiting 

conditions and are likely all involved in phosphorus assimilation.  The presence of these 

enzymes within SAUL genomes suggests that this clade may be involved in phosphorus 

sequestration from the environment and its later conversion into the polyphosphate (polyP) 

storage form.  A recent study of three Caribbean sponge species also revealed that a large 

proportion of their microbial associates contained intracellular polyphosphate granules 

(Zhang et al., 2015).  The redox environment generated by the pumping activity of the 

sponge may favour this process.  When pumping is active, mesohyl oxygenation facilitates 

the transport of phosphate into bacterial cells and its subsequent storage as polyP granules.  

However, when pumping ceases, anaerobic conditions predominate, and bacteria may 
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degrade polyP to obtain energy (Zhang et al., 2015).  Additionally, it has been suggested that 

this phosphate stored in bacterial cells may be released and utilised by the sponge host in 

periods of phosphate deprivation (Colman, 2015).  This implies that sponge symbionts may 

store limiting nutrients, such as phosphate, that could be used by the sponge host when 

needed.  

 

5.3.3 Biosynthesis in SAUL and information transfer machines 

The analysis of the two near-complete SAUL genomes identified enzymes involved in purine 

and pyrimidine metabolism as well as in the biosynthesis of most amino acids, with the 

exception of asparagine.  Additionally, enzymes involved in the synthesis of several cofactors 

and vitamins such as riboflavin (vitamin B2), menaquinone (K2), biotin (B7), folate (B9), 

pyridoxine (B6) and thiamine (B1) were identified in at least one of the SAUL bins.  (More 

detailed discussion of specific aspects of biosynthesis and information transfer machines in 

SAUL genomes can be found in Appendix C Supporting Text).  Eukaryotes do not possess 

the capacity to biosynthesise any vitamin and, therefore, their acquisition through the food is 

required.  In marine sponges, this vitamin dependency could be satisfied by associated 

microorganisms that possess this capacity.  In this context, several studies have identified 

genes involved in vitamin and cofactor biosynthesis in different sponge-associated microbial 

communities.  For example, genes involved in thiamine biosynthesis were identified in the 

microbiomes of six sponge species (Fan et al., 2012).  Likewise, the associated bacterial 

community of Cymbastela concentrica presented the genomic capacity of vitamin B12 

synthesis (Thomas et al., 2010).  Additionally, metatranscriptomic analyses on the 

microbiome of the sponge Xestospongia muta revealed the presence of transcripts involved in 

B vitamins biosynthetic pathways (Fiore et al., 2015). Detailed genomic analyses on specific 

members of sponge-associated communities have also revealed similar results.  The genome 

of the archaeal sponge symbiont Cenarchaeum symbiosum contained a nearly-complete 

repertoire of genes for biotin, vitamin B12, riboflavin, thiamine and pyridoxine biosynthesis 

(Hallam et al., 2006a), while ―Poribacteria‖ genomes  contained vitamin B12 biosynthesis-

related genes (Siegl et al., 2011).   

In addition to the genomic repertoire involved in vitamin and cofactor biosynthesis, near-

complete machineries for replication, transcription and translation were also identified within 

SAUL genomes (See Appendix C Supporting Text).   
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5.3.4 Gram-negative cell wall components and biosynthesis  

SAUL bacteria appear to have a Gram-negative cell wall, as machinery involved in 

lipopolysaccharide biosynthesis and transport was identified in the bins.  That machinery 

involved proteins in the KDO2-Lipid A biosynthesis cluster, enzymes for the core 

oligosaccharide and lipid A core biosynthesis, and O-antigen ligase and polymerase.  The 

bins also contain genes encoding for lipid A and lipopolysaccharide export system proteins.  

Furthermore, enzymes involved in lipoprotein sorting from the inner to the outer membrane, 

the Lol system, were identified in both bins, although some of these enzymes were missing 

(LolB for bin_petrosia, and LolEAB for bin_aplysina).  Some enzymes involved in core 

oligosaccharide biosynthesis were also encoded in both bins.  Although all genes required for 

peptidoglycan biosynthesis were present in bin_petrosia, only genes encoding for the 

biosynthesis of UDP-N-acetylmuramate from fructose-6-phosphate were detected in 

_aplysina.  In addition, genes encoding for enzymes degrading peptidoglycan (murein 

hydrolases) were also identified within both bins, as well as enzymes involved in 

peptidoglycan amino acids and sugar recycling, although the complete repertoire was not 

found.  

 

5.3.5 Horizontal gene transfer 

Horizontal gene transfer (HGT) plays an important role in adaptation and evolution of both 

prokaryotes and eukaryotes (Keeling and Palmer, 2008; Wiedenbeck and Cohan, 2011).  In 

sponge-associated microorganisms, the adaptation to either specific niches or to changes in 

environmental conditions can be facilitated by mobile genetic elements (MGEs) such as 

transposons, plasmids and prophages.  Systems involved in horizontal gene transfer, 

including transposases, conjugative transfer systems, retroid elements containing reverse 

transcriptase and integrases, were enriched in sponge symbionts compared to their free-living 

counterparts (Fan et al., 2012).   Furthermore, bacterial communities associated with some of 

those sponge species also presented abundant genetic systems for transformation.  

Interestingly, the same study revealed the association of different sets of MGEs within 

different sponge species, showing that each sponge community had its own distinct 

transposase system.  Similarly, transposases and site-specific DNA methylases were enriched 

in three draft genomes of the sponge symbiont ―Ca. Synechococcus spongiarum‖ compared 
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to members of the closely related free-living marine Synechococcus/Prochlorococcus 

subclade (Burgsdorf et al., 2015).  

In our study, and in agreement with the aforementioned studies, we found that SAUL bins 

encoded for highly transposable insertion elements such as transposases (COG1943, 

COG3415, COG3328), retroid elements containing reverse transcriptase (COG3344, 

PF00078) and integrases (PF00665).  Furthermore, replication, recombination and repair 

enzymes (COG class L), which are important for the stable insertion of mobile DNA into the 

chromosomes, were abundant in both bins (128 and 85 genes assigned to class L for 

bin_aplysina and bin_petrosia, respectively).  The presence of these highly transposable 

elements within SAUL genomes likely confers upon these microorganisms the capacity for 

genetic exchange and rearrangement.  This could allow for the acquisition of functions by the 

symbiont that maintain and strengthen its interaction with the host.  

 

5.3.6 Defense systems:  CRISPR and CRISPR-associated proteins 

Due to the intense pumping activity of the host sponge, associated microbes are usually 

exposed to a large amount of viral particles and phages.  Thomas and colleagues (2010) 

estimated that a single sponge-associated bacterial cell may be exposed to up to 1000 viral 

particles per day.  Members of sponge microbial communities have thus incorporated into 

their genomes systems to effectively protect them and minimise the introduction of foreign 

DNA into their chromosomes.  In this context, clustered, regularly interspaced, short, 

palindromic repeats (CRISPRs) and their associated proteins (Cas) (Makarova et al., 2011) 

are commonly enriched in sponge-associated microbial communities over free-living 

microorganisms (Thomas et al., 2010; Fan et al., 2012; Burgsdorf et al., 2015; Horn et al., 

2016).  CRISPR-Cas systems are heritable and adaptive immune systems that are encoded by 

most archaea and many bacteria.  These systems are comprised of two main stages: the 

adaptation stage, involving the incorporation of small fragments of foreign DNA into an array 

of spacer sequences within the CRISPR locus of the host genome; and the interference stage, 

where the recently acquired spacers are used to target and cleave invading DNA (Deveau et 

al., 2010; Makarova et al., 2011).   

Screening of SAUL genomes revealed six confirmed CRISPR regions in bin_aplysina 

(Figure 5.3).  Of these, two CRISPR regions had CRISPR-associated (Cas) proteins, thus 
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forming two CRISPR-Cas systems: NODE_2846 and NODE_3759.  NODE_2846 presents a 

region of 7304 nucleotides consisting of 101 spacer regions separated by a repeat of 37 nt. 

Cas proteins were found upstream of the CRISPR region, and included the universal Cas1 

and Cas2, as well as other associated proteins characteristic of subtype I-C (Table 5.4a).  

Moreover, NODE_3759 has a region of 4173 nt consisting on 68 spacer regions separated by 

a 29 nt repeat.  Apart from the universal Cas1 and Cas2, this system has proteins 

characteristic of subtype I-E (Table 5.4b).  These two system types identified in bin_aplysina 

were also the most prevalent CRISPR-Cas system types within other sponge metagenomes 

(Horn et al., 2016).  By contrast, bin_petrosia only presented one confirmed CRISPR region 

and no Cas proteins were identified.  As a consequence, the functionality of this system could 

not be assessed.  The apparent lack of genes coding for Cas proteins in the petrosia bin could 

potentially reflect incompleteness of the bin and, therefore, those genes may be actually 

present in the genome of the microorganism but were not sequenced or were missed in any of 

the bioinformatics steps. 

 

Table 5.4.  Summary of CRISPR-associated proteins identified in bin_aplysina, including their classification 

according to Makarova et al. (2011).  

 

MODULE CRISPR-associated protein COG Classification 
CRISPR-Cas 

system 

(a) 
    

NODE_2846 Cas1 COG1518 Type I, II and III Subtype I-C 

NODE_2846 Cas2 COG1343 Type I, II and III Subtype I-C 

NODE_2846 Csd2/Csh2 (cas7) COG3649 Subtype I-A, B, C , E Subtype I-C 

NODE_2846 Cas4 COG1468 Subtype I-A, B, C , D; Subtype II-B Subtype I-C 

NODE_2846 Cas3 COG1203 Type I Subtype I-C 

NODE_2846 Cas5d (cas5) N/A Subtype I-A, B, C , E Subtype I-C 

NODE_2846 Csd1 (cas8c) N/A Subtype I-C Subtype I-C 

(b) 
    

NODE_3759 Cas1 COG1518 Type I, II and III Subtype I-E 

NODE_3759 Cas2 N/A Type I, II and III Subtype I-E 

NODE_3759 Cas3 COG1203 Type I Subtype I-E 

NODE_3759 Cse1 N/A Subtype I-E Subtype I-E 

NODE_3759 Cse4 (cas7) N/A Subtype I-A, B, C , E Subtype I-E 

NODE_3759 Cas5e (cas5) N/A Subtype I-A, B, C , E Subtype I-E 

NODE_3759 Cse3 (cas6e) N/A Subtype I-E Subtype I-E 

NODE_3759 Cse2 N/A Subtype I-E Subtype I-E 
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Figure 5.3. Schematic representation of two CRISPR-Cas regions of bin_aplysina, (a) NODE_2846, (b) 

NODE_3759.  The names of the genes are as annotated in the analyses, following Makarova et al. (2011) (see 

Table 5.4). 

 

 

5.3.7 Host-microbe recognition systems.  Eukaryotic-like proteins (ELPs). 

The study of ELPs in bacterial symbionts, particularly ankyrin (ANK), tetratricopeptide 

(TPR) and leucine-rich (LRR) repeat proteins, has gained much attention due to their putative 

involvement in mediating host-microbe recognition and interaction (Liu et al., 2011; Siegl et 

al., 2011; Fan et al., 2012).  These ELPs are widespread in sponge-associated microbial 

communities.  Metagenomes from the Australian sponge Cymbastela concentrica were 

enriched in ELPs (Liu et al., 2011), particularly ANKs, while subsequent metaproteomic 

analyses of the same sponge confirmed the presence of both ANKs and TPRs as well as the 

expression of these proteins (Liu et al., 2012).  Such enrichment of ANKs along with other 

ELPs such as TPRs, was also detected in a metagenomic study of six different sponge species 

from the east coast of Australia (Fan et al., 2012).  Additionally, ANKs, TPRs and LRRs 

were abundant in ―Poribacteria‖ genomes (Kamke et al., 2014) and in all four ―Ca. 

Synechococcus spongiarum‖ genomes studied by Burgsdorf et al. (2015). The genomic study 

of a sulphur-oxidising bacterium associated with the sponge Haliclona cymaeformis also 

revealed the enrichment of genes encoding ANKs (Tian et al., 2014).  Due to their ubiquity in 

sponge-associated microbial communities and their presumed importance in symbiont 
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recognition, we investigated the presence of genes encoding for ELPs in SAUL bins.  

Screening of both COG and PFAM databases revealed that SAUL genomes encoded not only 

for ANKs (annotated as COG0666, PF0023) and TPRs (COG5010, PF00515, PF07719), but 

also for LRR (COG4886).  Genes encoding for WD40-repeat proteins (PF00400) were also 

identified in bin _aplysina.  The finding of these ELPs within SAUL genomes is in agreement 

with these previous studies, and suggests their putative importance for symbiont recognition 

by the sponge host.   

 

5.3.8 SAUL adaptation to host conditions  

Sponge symbionts exhibit resistance mechanisms designed to specifically address changes in 

host conditions that generally lead to stress.  Stress sources include antimicrobial compounds 

produced either by the host or by other members of the microbiota (Piel, 2009), 

bioaccumulation of heavy metals in the sponge mesohyl (Hansen et al., 1995; Webster et al., 

2001a), changes in temperature (Fan et al., 2013), pH (Ribes et al., 2016) and sedimentation 

(Luter et al., 2012).  Genomic studies of sponge-associated microbial communities have 

revealed an enrichment of proteins that may help microorganisms to cope with these 

stressors, including the universal stress protein (UspA) and the periplasmic protein PotD (Fan 

et al., 2012).  UspA is synthesised as a response to environmental stress, e.g., nutrient 

starvation, acid or heat exposure, oxidative agents, osmotic stress or antibiotics (Nyström and 

Neidhardt, 1994), and it is one of the most abundant proteins in growth-arrested cells (Kvint 

et al., 2003).  Proteins involved in the cleavage of denatured or damaged proteins such as the 

heat shock chaperonin GroEL or membrane proteases (HflC, DnaK) may also be important 

(Liu et al., 2012).  The SAUL clade presents signatures related to adaptation to the micro-

environment of the host sponge, with both bins carrying genes encoding proteins related to 

stress responses such as UspA and related nucleotide-binding proteins (annotated as 

COG0589).  Furthermore, genes encoding for the complex PotABCD, involved in the uptake 

of several polyamines like putrescine, spermidine and cadaverine (the most common 

polyamides in bacteria), were identified in SAUL bins.  Polyamines are involved in the 

biosynthesis and incorporation into the cell wall of siderophores.  Additionally, they play an 

important role in acid resistance and can act as a free radical ion scavenger (Wortham et al., 

2007).  Proteins involved in the elimination of denatured and/or damaged proteins were also 

identified in SAUL bins.  These include chaperone proteins GroEL (HSP60, COG0459), 
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membrane proteases HflC (COG0330) and DnaK (COG0443).  Furthermore, several 

enzymes involved in cell defense against host oxidative stress were also identified within 

SAUL genomes.  These include alkyl hydroperoxide reductase subunit C (AphC, COG0450) 

and manganese superoxide dismutase (MnSOD, EC 1.15.1.1, COG0605).  Only bin_aplysina 

encoded the enzyme glutathione peroxidase (EC 1.11.1.6, COG0386).  Both AphC and 

glutathione peroxidase are enzymes that reduce organic and lipid peroxides respectively, the 

former also protecting cells from reactive nitrogen intermediates (Chen et al., 1998).  

Furthermore, MnSOD is an enzyme member of the superoxide dismutase family, which is 

one of the cell‘s major defense mechanisms against oxidative stress.  These enzymes catalyse 

the conversion of superoxide molecules to hydrogen peroxide and molecular oxygen 

(McCord and Fridovich, 1969).  

 

5.3.9 Bacterial microcompartments 

Cell compartmentalisation is a feature considered to be exclusive to the eukaryotic domain.  

However, evidence for bacterial microcompartments (BMCs) exists for up to 23 different 

bacterial phyla (Axen et al., 2014).  Bacterial microcompartments are organelles consisting of 

a protein shell that encloses enzymes and proteins, involved in bacterial metabolism.  The 

presence of membrane coat-like proteins has also been linked to the occurrence of bacterial 

microcompartmentalisation in members of the PVC superphylum (Santarella-Mellwig et al., 

2010).  SAUL bins were screened for BMC evidence and, although no membrane coat-like 

proteins were identified, the Pfams for BMC shell proteins EutN CcmL (PF03319) and BMC 

(PF00936) were identified in both bins.  Pfam markers for BMC shell proteins similar to 

those identified in SAUL (EutN CcmL, PF03319; PF00936 BMC) were also identified in 

four out of six poribacterial SAGs (Kamke et al., 2014).  The presence of these Pfam markers 

in SAUL genomes indicates the putative occurrence of these microcompartments within their 

cells.  However, further investigations, including molecular analyses such as fluorescent 

labelling of BMC proteins, need to be conducted in order to confirm their existence. 

 

5.3.10 Secondary metabolism 

Production of biologically active secondary metabolites is an important defense mechanism 

utilised by sponges for protection against predators or epibionts (Pawlik, 2011).  Many 
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secondary metabolites are produced by polyketide synthases (PKS), mainly Type I PKS, and 

non-ribosomal peptide synthetases (NRPS) (Fischbach and Walsh, 2006; Newman and 

Cragg, 2012).  Their production was originally thought to be carried out exclusively by the 

sponge, but recent investigations have demonstrated that some of these important secondary 

metabolites are actually of microbial origin (Piel et al., 2004; Taylor et al., 2007; Fisch et al., 

2009).  Screening metagenomes from the sponge species Theonella swinhoei  and 

Psammocinia bulbosa led to the identification of genes involved in the biosynthesis of the 

highly potent antitumor polyketides onnamide A and psymberin, respectively (Piel et al., 

2004; Fisch et al., 2009).  Additionally, metagenomic analysis of the sponge Discodermia 

dissoluta revealed a high diversity of Type I PKSs, identifying sponge-specific PKS domains 

(Schirmer et al., 2005).  Analysis of individual genomes of sponge associates has also 

allowed the detection of specific biosynthetic gene clusters encoding for both NRPSs and 

PKSs.  The genome of Pseudovibrio sp. from Polymastia penicillus revealed its potential 

ability to produce a myriad of metabolic compounds due to the presence of several 

biosynthetic gene clusters, including PKSs, NRPSs and NRPS-independent siderophore  

(Alex and Antunes, 2015).  Single-cell and metagenomics analyses were also conducted on 

two phylotypes of the candidate genus ―Entotheonella‖ derived from the chemically rich 

sponge Theonella swinhoei.  Results showed that one of the studied phylotypes was the 

source of almost all polyketides and peptides derived from the sponge host, thus revealing the 

chemically distinct nature of the two ―Entotheonella‖ phylotypes (Wilson et al., 2014).  

Similarly, single-cell genomics of poribacterial cells revealed the presence of genomic 

fragments encoding for several members of the sponge-specific Sup-type PKS (Siegl et al., 

2011).  Some of these secondary metabolites produced either by the sponge or by their 

associated microorganisms, such as antitumor polyketides or compounds with antimicrobial 

properties, can be exploited for biotechnological and medical purposes.  As an example, a 

synthetic analogue of the sponge-derived compound halichondrin B, namely eribulin 

mesylate, was approved as a drug for the treatment of breast cancer (Huyck et al., 2011; 

Hentschel et al., 2012). 

In our study we also screened SAUL bins for biosynthetic gene clusters encoding for 

secondary metabolites, such as polyketides or non-ribosomal peptides.  Both bins possessed 

genes coding for polyketide synthase (PKS) modules and related proteins (COG3321).  

Further analysis with antiSMASH (Weber et al., 2015) detected the presence of several 

secondary metabolite biosynthesis gene clusters.  In bin_aplysina, a gene cluster encoding a 
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Type I polyketide synthase was identified, synthesising an unknown end-product.  This 

enzyme contained the following domains: ketoreductase (KR), a transport-related gene, 

ketoacyl synthase (KS), acyltransferase (AT) (EC 2.3.1.39) and malonyl CoA-acyl carrier 

protein (ACPS) (Figure 5.4a).  Other gene clusters identified in bin_aplysina were classified 

as a putative fatty acid cluster, three putative saccharide clusters (all of them identified with 

the ClusterFinder algorithm) and a terpene cluster.  Additionally, 15 putative unclassified 

gene clusters were identified.  In contrast, bin_petrosia encoded for two Type I PKSs (Figure 

5.4b-c) and a terpene gene cluster.  While Type I PKS cluster 1 possessed KR and KS 

domains,  Type I PKS cluster 2 showed enoyl reductase (ER), KR, KS and AT  domains.  A 

BlastP search conducted with the PKS identified in both bins showed >60% sequence 

similarity to a sponge symbiont ubiquitous type I PKS (Sup) identified in Theonella swinhoei 

(cosmid pSW1H8) (Fieseler et al., 2007).  That same study identified the same PKS in 10 

additional sponge species, all of which, including T. swinhoei, belonged to the ―high-

microbial-abundance‖ group (Hentschel et al., 2003).  Similarly, the sponges from which 

SAUL bins were obtained, Aplysina aerophoba and Petrosia ficiformis, are also considered 

as high-microbial-abundance species (Gloeckner et al., 2014).  The abundance of 

microorganisms present in these sponges may lead to intense (and not necessarily positive) 

microbe-microbe interactions (Thomas et al., 2016).  The production of secondary 

metabolites with antimicrobial properties may be used as a defense strategy by some sponge 

symbionts to confront either other symbionts present in the community or foreign 

microorganisms that enter the sponge environment.  

  



130 
 

 

 

Figure 5.4.  Features of the Type I polyketide synthase identified in (a) bin_aplysina and (b,c) bin_petrosia. 

Abbreviations of PKS domains as follows: KR, ketoreductase; KS, ketosynthase; AT, acyltransferase; ACPS, 

acyl carrier protein; ER, Enoyl reductase.  
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5.3.11 SAUL – “Latescibacteria” (WS3) genomic comparison  

We compared SAUL CAZymes annotation and frequency, as well as COG annotation, with 

those of the closest relative (see Chapter 4), candidate phylum ―Latescibacteria‖.  Briefly, the 

CAZy and COG annotation of two draft genomes of ―Latescibacteria” (WS3_E07 and 

WS3_B13) by Youssef et al. (2015) was used for comparison purposes.  Of the 24 GH 

families identified in SAUL bins, 13 were also present in either one or both of the 

―Latescibacteria‖ SAGs, albeit at lower abundance (Table 5.5a).  The most abundant GH 

families in SAUL, namely GH109, GH33, GH32 and GH5, were either absent or at much 

lower abundance in ―Latescibacteria” SAGs.  Additionally, a total of eight different 

polysaccharide lyases were found in both SAUL and ―Latescibacteria”.  Two additional PLs 

were exclusively identified in “Latescibacteria” SAGs (Table 5.5b).  

“Latescibacteria” SAGs have been described as containing the capacity to degrade multiple 

polysaccharides and glycoproteins derived from (1) green and brown algae cell walls 

(pectine, ulvan, fucan, hydroxyproline-rich glycoproteins), and (2) storage molecules (starch 

and trehalose).  The capacity of genes within SAUL bins to degrade these compounds 

potentially targeted by “Latescibacteria” SAGs was also assessed (Table 5.6a-b). 

(1) Algal cell wall degradation. Although SAUL bins possessed some enzymes involved in 

the degradation of pectins, alginates, ulvans and hydroxyproline-rich proteins, the majority of 

enzymes needed for their complete degradation were absent (Table 5.6a).  Moreover, none of 

the enzymes participating in fucan degradation were identified in any of the bins.   

(2) Storage molecules degradation. Only one enzyme involved in the degradation of starch 

(α-amylase belonging to GH13) was found in one of the SAUL bins (Table 5.6b).  Therefore, 

the capability of starch degradation in SAUL cannot be confirmed. No enzymes for trehalose 

degradation were found in any of the bins.  

The comparison between SAUL and ―Latescibacteria‖ genomes reveals different bacterial 

lifestyles likely related to the disparate environments with which they are associated and, 

therefore, the available nutrient sources.  ―Latescibacteria‖ is a free-living candidate phylum, 

commonly found in terrestrial, aquatic and marine environments.  The two ―Latescibacteria‖ 

genomes used here for comparisons were obtained from deep layers of anoxic sediments in 

two different lakes (Rinke et al., 2013).  Screening for enzymes involved in carbohydrate 

degradation together with the patterns of monomer/oligomer transport and catabolism, 
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revealed a niche specialisation, mainly focused on the degradation of algae-derived 

recalcitrant substrates that accumulate as sinking algal detritus (Youssef et al., 2015).  In 

contrast, and as stated in Chapter 4, the SAUL clade is commonly found associated with 

marine sponges and, consequently, it carries a genomic repertoire specifically adapted to the 

sponge environment.  In this context, the genomes of the two SAUL bins encoded enzymes 

that target readily degradable algae-derived components, including mannans or cellulose, that 

putatively are easily available from the sponge extracellular matrix.  Additionally, they also 

encoded for enzymes that are able to degrade sponge cell surface components.  

Further COG functional annotation comparisons also revealed dissimilarities between 

―Latescibacteria‖ and SAUL.  The genes of the two SAUL bins were assigned to 1644 

different COGs, while the genes from the two ―Latescibacteria‖ SAGs were assigned to 927 

different COGs. The relative percentage of each COG category was calculated and compared 

between SAUL and ―Latescibacteria‖ (Figure 5.5).  SAUL bins were enriched in COGs 

involved in amino acid metabolism and transport (E), secondary metabolite biosynthesis, 

transport and catabolism (Q), COGs of unknown function (R) and COGs with general 

function prediction only (S).  ―Latescibacteria‖ SAGs were enriched in COGs involved in 

translation, ribosomal structure and biogenesis (J), cell wall/membrane/envelope biogenesis 

(M) and signal transduction mechanisms (T).  However, statistical analysis of COG classes 

did not reveal significant differences in average relative abundances of COG classes between 

SAUL bins and ―Latescibacteria‖ SAGs.  Moreover, when considering the COG identity, 

945 COGs were exclusively present in SAUL, in contrast to 228 COGs that were present only 

in ―Latescibacteria‖.  A total of 699 COGs were shared between SAUL bins and 

―Latescibacteria‖ SAGs (Figure 5.6).  COGs present only in SAUL bins were mainly of 

unknown function (R class, 178 COGs), general function prediction only (S, 153 COGs), as 

well as involved in amino acid transport and metabolism (E, 88 COGs) and energy 

production and conversion (C, 78 COGs) (Appendix C Table C1a, Figure 5.7a).  This 

enrichment in amino acid-related enzymes may be related to the fact that SAUL bins 

contained genes encoding enzymes involved in the biosynthesis of most amino acids, while 

the genomic analysis of ―Latescibacteria‖ SGAs conducted by Youssef et al. (2015) revealed 

that this clade is auxotrophic for alanine, proline and branched amino acids.  COGs 

exclusively present in ―Latescibacteria‖ SAGs were involved in energy production and 

conversion (C, 32 COGs), of unknown function (R, 30 COGs), carbohydrate transport and 

metabolism (G, 26 COGs) and of general function prediction only (S, 22 COGs) (Appendix C 
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Table C1b, Figure 5.7b).  This pattern observed in ―Latescibacteria‖ may be a consequence 

of niche specialisation, with ―Latescibacteria‖ genomes presenting an enormous repertoire of 

carbohydrate-degrading enzymes as well as transport and catabolism of different sugars. 

It is important to reiterate that caution must be exerted when interpreting the results displayed 

here, as completeness of ―Latescibacteria‖ bins was much lower than that for SAUL bins 

(Table 5.1).  Therefore, the lack of significant differences observed when comparing COG 

class annotations and the differences observed in the number of COGs assigned to each clade 

may be a consequence of differences in genome completeness.  Notwithstanding such 

differences in genome completeness, the genomic differences observed between SAUL and 

―Latescibacteria‖ may still reflect adaptation to their respective specific environments. 
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Table 5.5.  Number of genes associated with (a) different glycoside hydrolases and (b) different polysaccharide 

lyases present in both SAUL bins (bin_aplysina and bin_petrosia) and ―Latescibacteria‖ SAGs (WS3_E07 and 

WS3_B13). 

(a) 

    GH family Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

GH117 1 2* 0 0 

GH113 1* 1* 0 0 

GH109 63 73 1 3 

GH33 5 6 0 0 

GH32 2 2 1 1 

GH5 2 2 1 0 

GH28 0 2 0 0 

GH23 2 1 1 1 

GH2 0 1 1 1 

GH38 0 1 1 0 

GH74 0 1 2 0 

GH93 0 1 0 0 

GH116 1* 0 1 0 

GH99 2 0 0 0 

GH10  1 0 0 0 

GH13 1 0 0 1 

GH130 1 0 0 0 

GH133 1 0 0 0 

GH26 1 0 0 0 

GH36 1 0 1 0 

GH4 1 0 0 0 

GH42 1 0 1 0 

GH78 1 0 0 1 

GH88 1 0 2 2 

GH106 0 0 0 1 

GH110 0 0 1 0 

GH114 0 0 1 0 

GH119 0 0 0 1 

GH127 0 0 1 1 

GH29 0 0 6 1 

GH3 0 0 2 0 

GH30 0 0 0 1 

GH31 0 0 1 0 

GH57 0 0 2 0 

GH65 0 0 0 3 

GH67 0 0 1 0 

GH95 0 0 0 2 

GH97 0 0 1 1 

*enzyme only annotated with CAZy, RAST annotation is 'hypothetical protein' 
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(b) 

    PL family Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

PL17 0 13 1 2 

PL12 0 10 4 2 

PL15 0 4 2 2 

PL22 2 1 6 3 

PL21 0 1 1 1 

PL9 0 1 1 2 

PL10 1 0 0 1 

PL11 1 0 1 0 

PL1 0 0 1 1 

PL6 0 0 1 2 
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Table 5.6.  Abundance of CAZymes identified in ―Latescibacteria‖ SAGs involved in (a) algal cell wall degradation and (b) degradation of algal storage compounds and 

additional polymers of non-algal origin. 

(a) 

       Polymer Enzyme CAZyme Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

PECTINS 

Homogalacturonan 

Pectin methylesterase CE8 0 0 N/A N/A 

Pectin acetylesterase CE12 0 1 N/A N/A 

Pectin lyase, pectate lyase PL1 0 0 1 1 

Pectate lyase PL10 1 0 0 1 

Exopolygalacturonate lyase PL9 0 1 1 2 

Oligogalacturonide lyase PL22 3 2 6 3 

Rhamnogalacturonan 

Pectin methylesterase CE8 0 0 N/A N/A 

Pectin acetylesterase CE12 0 1 N/A N/A 

Rhamnogalacturonan endolyase PL11 1 (lyase) 0 1 0 

Rhamnogalacturonan exolyase PL11 - 0 1 0 

d-4,5-unsaturated β- 

glucuronyl hydrolase 
GH88 1 0 2 2 

β-galactosidase GH42 1 0 1 0 

ALGINATES 

Alginate lyase PL6 0 0 1 2 

Oligoalginate lyase PL15 0 5 (1*) 2 2 

Oligoalginate lyase PL17 0 12* 1 2 

Poly β-D-mannuronate 

lyase 
PL7 0 0 0 0 

FUCANS Homofucans Xylofucoglan Xylofucoglucorunan 

α-L-fucosidase GH29 0 0 6 1 

α-L-fucosidase GH95 0 0 0 2 

β-glucuronidase GH67 0 0 1 0 
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Polymer Enzyme CAZyme Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

ULVANS 

Heparin lyase PL12 0 10 4 2 

Heparin lyase PL21 0 1 1 1 

d-4,5-unsaturated β- 

glucuronyl hydrolase 
GH88 1 0 2 2 

XYLOGLUCAN 

endo-β-1,4-glucanase GH74 1* 1* 2 0 

α-1,2-fucosidase GH95 0 0 0 2 

β-galactosidase GH2 0 1 6 1 

β-galactosidase GH42 1 0 1 0 

oligoxyloglucan β-galactosidase GH3  0 0 0 0 

HYDROXYPROLINE-RICH, OTHER O-LINKED AND N-

LINKED GLYCOPROTEINS 

β-L-arabinofuranosidase GH127 0 0 1 1 

endo-β-1,6-galactanases GH30 0 0 0 1 

β-galactosidase GH2 0 1 6 1 

β-galactosidase GH42 1 0 1 0 

β-glucuronidase GH79 0 0 N/A N/A 

α-fucosidase GH29 0 0 6 1 

α-fucosidase GH95 0 0 0 2 

α-rhamnosidase GH28 0 2 N/A N/A 

α-rhamnosidase GH78 1* 0 0 1 

α-rhamnosidase GH106 0 1 0 1 

α-N-acetylgalactosaminidase GH109 63 73 1 3 

α-mannosidase GH38 0 1 1 0 

sialidase GH33 5 6 0 0 

*only annotated with CAZy 
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(b) 

      Compound Enzyme CAZyme Bin_aplysina Bin_petrosia WS3_E07 WS3_B13 

Starch 

α-amylase GH119 0 0 0 1 

α-amylase GH57 0 0 2 0 

α-amylase GH13 1 0 0 1 

α-glucosidase GH97 0 0 1 1 

Trehalose Trehalase/maltase  GH65 0 0 0 3 
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Figure 5.5.  Heatmap comparing relative abundances of genes annotated to different functional COG classes for 

the two SAUL bins (blue) and two ―Latescibacteria‖ SAGs (yellow).  UPGMA clustering is presented at the top 

of the heatmap.  
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Figure 5.6.  Venn diagram comparing the number of unique COGs annotated in each SAUL bin (bin_aplysina 

and bin_petrosia) and in each ―Latescibacteria‖ SAG (WS3_E07 and WS3_B13). 
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 (a) 

 

 

(b) 

 

 Figure 5.7. Pie charts representing the COG class annotation for unique COGs present in (a) SAUL bins and (b) 

―Latescibacteria‖ SAGs.  
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5.3.12 Concluding remarks 

The extensive analysis conducted here of two SAUL genomes has revealed genomic 

characteristics that are commonly described for sponge-associated microorganisms, which 

may facilitate establishment and maintenance of the symbiotic relationship.  These symbiosis 

factors include enzymes which specifically degrade carbohydrates from both algae and 

sponge host cells.  Also related with the adaptation to the highly variable conditions within 

the host environment is an apparent abundance of ELPs, which help in the recognition of the 

symbiont by the host, and of universal stress proteins.  The incorporation of defense 

mechanisms, like CRISPR-Cas systems, may also protects the associated bacterial 

community against the higher abundance of viruses and bacterial phages that characterise the 

sponge mesohyl matrix.  The finding of these similar genomic attributes in highly dissimilar 

microbial communities associated with phylogenetically divergent sponge species (Thomas et 

al., 2010; Liu et al., 2011, 2012; Siegl et al., 2011; Fan et al., 2012; Giles et al., 2013; Kamke 

et al., 2014) suggests that they may have been acquired through evolutionarily convergent 

mechanisms that led to the incorporation of equivalent functions in different genomes.  In this 

context, the presence of highly mobile genetic elements commonly detected in sponge 

symbionts (including SAUL), is crucial for the evolution of symbiotic bacterial genomes.   

The genomic analyses conducted here also revealed peculiarities not previously described for 

a specific sponge symbiont.  These include the putative capacity to transport phosphate into 

the cell and to produce and store polyphosphate (polyP) granules.  Although the presence of 

polyP granules in bacterial cells has been described previously in the associated communities 

of three phylogenetically divergent sponge species (Zhang et al., 2015), this is the first time 

that the genomic potential for polyP granules production has been identified in an actual 

sponge associate.  Dissolved inorganic phosphorus is an essential nutrient for life but is 

limited in the surrounding seawater.  The accumulation of this inorganic phosphorus in the 

form of polyP granules by the sponge symbiont may represent a reservoir for the sponge host, 

as this phosphate may be released during periods of deprivation.  The availability of such a 

limiting nutrient may thus represent an advantage for the sponge host, and also for the 

symbiont as this host-microbe phosphate exchange may contribute to the stability and 

permanence of the symbiotic relationship.   

The results presented here reveal the genomic features of two SAUL members, presenting 

slightly different genomic potentials that may reflect their different origins.  As shown in 
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Chapter 4, the SAUL clade is comprised of three distinct phylogenetic clusters.  However, 

near-complete genomes from only two of these clusters (Cluster I and Cluster II; see Figure 

4.6 in Chapter 4) were available and, therefore, studied here.  As further genomic information 

on SAUL becomes available, including other complete genomes and especially for the third 

cluster, different genomic features may emerge, thus complementing and completing this first 

insight into SAUL genomics.      
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Chapter 6 

General Discussion 
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Many marine sponges contain highly diverse and abundant microbial communities.  Despite 

extensive study over the past several decades, much remains unknown about the sponge-

microbe relationship and the factors which affect it.  The advent of next-generation 

sequencing (NGS) technologies has enabled the study of sponge microbiology at previously 

unobtainable detail, yielding novel insights into symbiont diversity, function and the 

interactions among holobiont members.  In this thesis I have utilised different NGS 

techniques to explore two broad areas of marine sponge microbiology, ranging in scope from 

the ecological analysis of entire microbial communities down to a detailed description of the 

genomic potential of an abundant yet hitherto understudied sponge symbiont.  Firstly, using 

16S rRNA gene sequencing, I have described the structure of the microbial communities 

associated with two different sponge assemblages and evaluated the applicability of the ‗core 

microbiota‘ approach.  Then, with the aim of increasing knowledge about the taxonomy and 

physiology of sponge-associated microbes, I shed light on the phylogeny and genomic 

potential of an unclassified but widely distributed sponge symbiont, known as SAUL.  In this 

discussion, I consider my findings within the context of the broader sponge microbiology 

literature, and propose key focal points for future research. 

 

 

6.1 The core microbiota concept: robustness and significance 

The study of complex microbial communities can be challenging, especially with the high-

resolution data provided by NGS approaches further extending the already known diversity of 

microbial taxa.  Notwithstanding concerns about the role of sequencing artefacts in 

artificially inflating diversity estimates (Kunin et al., 2010), the new sequencing technologies 

now allow for the analysis of very low abundance taxa, the so-called ‗rare biosphere‘ (Sogin 

et al., 2006).  To shed light on such diverse systems and to identify key microorganisms, a 

core microbiota approach has been suggested and applied in myriad ecosystems (Huse et al., 

2012; Schmitt et al., 2012b; Shade and Handelsman, 2012; Otani et al., 2014; Benjamino and 

Graf, 2016).  The primary aim of this approach is to detect stable and/or abundant microbes 

shared among all (or part of) the microbial communities as they may be considered critical to 

community function.  This method has been applied to both host-associated communities, 

such as those present in humans, marine sponges, corals and plants (Huse et al., 2012; 

Schmitt et al., 2012b; Ainsworth et al., 2015), and free-living microbial communities, 
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including sand and seawater (Newton et al., 2013).  As pointed out in Chapter 2, the 

definition of a core is arbitrary, and I have explored several factors that can be considered 

when defining a core microbiota (Chapters 2 and 3).  These included the application of 

relative abundance thresholds to discard putative transient microbes, or of occurrence 

percentages (i.e. the percentage of microbial communities in which a microbe must occur in 

order to be considered).  While not explicitly studied here, other factors affecting the core 

microbiota definition include the percentage sequence identity that is used to define an OTU 

(Schmitt et al., 2012b), the taxonomic level chosen, co-occurrence patterns or connectivity 

(Shade and Handelsman, 2012).   

Divergent results obtained in Chapters 2 and 3 indicated that it is critical to investigate which 

core definition is most appropriate and biologically meaningful for the system of study.  In 

Chapter 2, application of different core microbiota definitions revealed a high degree of 

robustness when evaluating microbial communities associated with congeneric host sponges, 

with highly diverse core communities comprising numerous OTUs even when the most 

stringent definitions were applied.  By contrast, the study of a complex sponge assemblage 

with divergent host species revealed a quite different trend (Chapter 3).  In this case, core 

communities were rather small, and when the most stringent definitions were applied the core 

was comprised of only a handful of OTUs, mostly representing cyanobacteria with a probable 

seawater origin.  Additionally, the definition of the core microbiota affected considerably the 

results obtained when diversity analyses were conducted on the bacterial communities.  

Consequently, I recommend testing the sensitivity of different core microbiota definitions 

when interrogating highly diverse microbial systems.    

The small size, or even lack of, a core microbiota detected among different host-associated 

microbial communities raises the question of whether it is more appropriate to take into 

account functional traits rather than solely microbial identity (Shafquat et al., 2014).  Given 

the extent of functional redundancy known for some microbial communities, is it therefore 

more meaningful to consider common gene families and pathways rather than common 

organisms?  In sponge microbiome studies, unique metabolic pathways have been ascribed to 

different microbes in different sponge species, thus suggesting functional convergence.  For 

example, two sympatric sponges (Agelas oroides and Chondrosia reniformis) presented high 

nitrification and high dissolved organic carbon and ammonium uptake, as well as similar net 

nutrient fluxes, but contained different microbes (Ribes et al., 2012).  Similarly, the 
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metagenomic study of six demosponges revealed shared functions among the sponges but, 

again, different associated microbial communities (Fan et al., 2012).  

While defining a core microbiota based on organism identities would help to identify key 

microorganisms, the identification of core functions would help to identify metabolic 

pathways critical for each environment.  Consequently, to gain a deeper understanding of the 

structure of these complex microbial communities, an approach considering both core 

organisms and core functions is strongly recommended.   

 

6.2 Finding the missing pieces in the jigsaw of microbial diversity 

The analysis of complex microbial communities using NGS has revealed an extraordinary 

level of diversity, mostly comprised of as yet uncultured microorganisms.  In this context, a 

minor fraction of the recognized bacterial phyla include cultivated representatives (Rappé and 

Giovannoni, 2003; Stewart, 2012; Rinke et al., 2013; Brown et al., 2015).  This genomic 

diversity (sometimes referred to as microbial dark matter (Marcy et al., 2007)) possessed by 

the so-called ‗candidate‘ phyla represents a substantial, underexplored component of the 

diversity of life on Earth.   

As described in detail in Chapters 2 and 3, marine sponges contain a great diversity of 

microorganisms, including numerous candidate phyla.  Some studies have identified up to 10 

different candidate phyla associated with marine sponges, revealing the potential importance 

of these uncultured microbes in such complex microbial communities (Hentschel et al., 2012; 

Schmitt et al., 2012b).  Surveys employing both single-cell genomics and metagenomics have 

recovered draft and even complete genomes from some significant sponge-associated phyla 

(Gao et al., 2014; Alex and Antunes, 2015; Burgsdorf et al., 2015).  However, only one 

candidate phylum that is mostly associated with marine sponges, the ―Poribacteria‖, has been 

investigated in great detail (Siegl et al., 2011; Kamke et al., 2013, 2014).  Little or nothing is 

known, about the importance, functionality or even the precise phylogenetic classification of 

some other, less well known sponge symbionts.  With the aim of expanding our knowledge of 

these less prominent sponge-associated microorganisms, I conducted a detailed analysis on 

the sponge symbiont SAUL (sponge-associated unclassified lineage) (Chapters 4 and 5).  In 

Chapter 4, the ubiquity and abundance of the SAUL clade among numerous sponge species 

and across geographically distant locations is described, a characteristic that has commonly 
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been attributed to true sponge symbionts.  Although SAUL had been detected previously in 

numerous sponge microbiology studies, its exact taxonomic classification remained 

uncertain.  Using 16S rRNA gene-based phylogeny in concert with a concatenated set of 

single-copy marker genes I revealed a more exact phylogeny of this clade, indicating its 

monophyletic nature and, therefore, suggesting its status as a putative novel candidate 

phylum.  Given that, despite the ubiquity and abundance of this clade, it has commonly been 

ignored in sponge microbiota studies, I propose the name of putative candidate phylum 

‗Neclectusaeota‘ (neclectus is Latin for ‗ignored‘) to refer to the SAUL clade.   

The use of a single gene (in most cases the 16S rRNA gene) to determine microbial 

phylogenetic relationships has been widely accepted as a robust method and, therefore, 

applied in the placement of novel organisms within the microbial tree of life (Yarza et al., 

2008, 2010, 2014).  The inclusion of taxonomic thresholds considering sequence similarity 

has also been suggested as a means of supporting (or otherwise) the previously proposed 

clades as well as to unify their classification (Hugenholtz et al., 1998; Yarza et al., 2014).  

However, the increasing availability of draft and complete genomes for a greater diversity of 

organisms is changing the focus of phylogeny investigation from single-gene- to genome-

based approaches.  Although recent data support the validity of rRNA-defined candidate 

phyla when compared with genome-based phylogenies (Rinke et al., 2013), the latter provide 

greater phylogenetic resolution, resolving many intra- and inter-phylum-level relationships 

that are not apparent from single-gene analysis.  Moreover, the use of these approaches may 

provide additional information about metabolic potential as well as phylogenetically 

informative sequences that can be used to further classify microorganisms (Hug et al., 2013).  

In our analysis of SAUL phylogeny (Chapter 4), the two approaches both set SAUL as a 

monophyletic clade, but differed in their placement of SAUL within the phylogenetic tree.   

The near-exponential increase in the number of draft genes recovered since the reconstruction 

of the first genome in 1995 (Fleischmann et al., 1995) is already (and inevitably) bringing the 

need for a deep phylogenetic revision of the microbial tree of life and the adjustment of 

previously established phylogenetic relationships (Rinke et al., 2013; Hug et al., 2016).  As 

an example, the phylogenetic status of the sponge symbiont candidate phylum ―Poribacteria‖ 

was revisited when near-complete genomes became available.  As a consequence, this clade, 

which was previously thought to be affiliated with the Planctomycetes-Verrucomicrobia-

Chlamydiae superphylum, was instead revealed as forming a distinct monophyletic phylum 

contiguous to the superphylum (Kamke et al., 2014).  As more draft genome sequences of 
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SAUL and related clades become available, the phylogenetic status of this clade should be 

similarly revisited. 

 

 

6.3 Microbial genomics and marine sponge symbionts 

The recalcitrance of many or even most sponge-associated microorganisms to grow in a pure 

laboratory culture is a major constraint that has prevented a better understanding of sponge 

symbiont physiology.  However, a suite of cultivation-independent techniques, such as 

metagenomics, metaproteomics and single-cell genomics, has been successfully applied to 

the sponge microbiome, allowing for the analysis of metabolic and functional traits of these 

complex communities (Schleper et al., 1998; Fieseler et al., 2006; Thomas et al., 2010; Siegl 

et al., 2011; Fan et al., 2012; Liu et al., 2012).  This includes the identification of genes 

involved in nitrogen fixation, nitrification, photosynthesis and sulphate reduction (Hentschel 

et al., 2012).  Furthermore, metagenomic and single-cell genomics approaches have enabled 

the reconstruction of several draft genomes of uncultured sponge symbionts, such as the 

archaeon ―Cenarchaeum symbiosum‖ (Hallam et al., 2006a, 2006b), candidate phylum 

―Poribacteria‖ (Siegl et al., 2011; Kamke et al., 2014), ―Ca. Synechococcus spongiarum‖ 

(Gao et al., 2014; Burgsdorf et al., 2015), Pseudovibrio sp. (Alex and Antunes, 2015) and a 

sulphur-oxidising bacterium (Tian et al., 2014).  The increase in the number of available 

genome sequences has shed new light on the genomic potential of specific sponge symbionts.  

Analysis of these symbiont genomes has allowed the description of genomic factors that are 

not only crucial for symbiotic bacterial genome evolution (e.g. large numbers of transposable 

insertion elements) (Thomas et al., 2010; Fan et al., 2012; Liu et al., 2012), but also factors 

involved in host-symbiont interaction and recognition.  These include an enrichment of 

eukaryotic-like repeat (ELR) proteins such as ankyrin, tetratricopeptide and leucine-rich 

repeat proteins (Kamke et al., 2014; Tian et al., 2014; Burgsdorf et al., 2015).   

Despite this recent progress, our knowledge of sponge symbionts at the genome level remains 

limited.  To help fill this knowledge gap, I used a metagenomic binning approach to recover 

two draft genomes representing the enigmatic SAUL clade.  Prior to this thesis, nothing 

whatsoever was known about SAUL genomics, and the detailed analysis of these two 

genomes has allowed novel insights into the physiology of this ubiquitous (but often ignored) 
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sponge symbiont (Chapter 5).  Many of the physiological characteristics attributed to SAUL, 

such as those involved in symbiont recognition (ELR) or defense (CRISPR-Cas systems), 

have been previously identified in other sponge symbionts (Kamke et al., 2014; Burgsdorf et 

al., 2015), revealing the presence of symbiont-shared genomic characteristics.  However, the 

in-depth study of SAUL genomes has also revealed unique symbiotic features not previously 

described for other sponge microbes, e.g. the production and accumulation of intracellular 

polyphosphate granules that might potentially be released and used by the host in periods of 

phosphate deprivation (Colman, 2015).   

The use of meta-omic approaches (genomics, proteomics or transcriptomics) and organism-

level genomic analysis for the sponge microbiota has also revealed the genomic potential of 

certain symbionts for the biosynthesis of natural products with potential pharmacological and 

biotechnological applications (Hentschel et al., 2012).  Natural products frequently 

synthesised by sponge symbionts include antimicrobial compounds (e.g. antibacterial, 

antiviral, antifungal or antiprotozoal compounds) (Indraningrat et al., 2016) and polyketides, 

some of them with antitumor properties (Piel et al., 2004; Huyck et al., 2011; Sala et al., 

2014; Wilson et al., 2014).  Biosynthetic gene clusters such as those encoding for polyketide 

synthases or non-ribosomal peptide synthetases have been documented in a multitude of 

(meta)genomic studies (Schirmer et al., 2005; Siegl et al., 2011; Alex and Antunes, 2015).  In 

this context, analysis of genomes from single microorganisms carries certain advantages 

when compared with metagenomic studies, as this not only indicates the presence/absence of 

these biosynthetic gene clusters (and therefore the putative capacity for secondary metabolite 

production), but also reveals the identity of the microorganism involved (Siegl et al., 2011; 

Alex and Antunes, 2015).  Moreover, additional information obtained about the metabolic 

requirements of said microbe can provide valuable information about what may be hindering 

cultivation efforts (Brown et al., 2015).  In Chapter 5, several biosynthetic gene clusters were 

identified within SAUL genomes, including an unusual type of small PKS mainly found in 

sponges, termed sup (sponge symbiont ubiquitous PKS).  However, the metabolic products of 

these genes are unknown, and the issue of whether sponge symbionts are the only source of 

sup remains unresolved.  Consequently, further studies focused on the function and/or 

taxonomic distribution of these genes may greatly aid biosynthetic gene cloning to develop 

sustainable production sources.  
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6.4 Future directions 

This thesis has demonstrated the potential of using a core community approach when 

evaluating complex microbial communities, as well as the advantages of employing NGS to 

decipher the function of sponge symbionts.  As is often the case, however, many new issues 

have now been raised and opportunities for extending the scope of this work remain.  This 

section presents some areas that warrant future research attention. 

1. In Chapters 2 and 3 the value of employing a core microbiota approach to describe 

complex microbial communities was shown.  However, the function of the 

microorganisms comprising these core communities remains unknown.  The 

application of diverse -omic techniques such as (meta)genomics or (meta)proteomics 

to these communities would help to infer the physiology and functionality of these 

key sponge symbionts and, therefore, would increase our understanding of their 

importance for the host sponge and their sensitivity to environmental change.   

 

2. Chapter 4 highlighted the lack of agreement that still exists in sponge microbiology 

regarding symbiont phylogeny.  Thus, as more microbial symbiont draft genomes 

become available, currently understood phylogenies may have to be revisited.  This 

would imply, in addition to the traditional 16S rRNA–based phylogeny, application of 

a genome-based approach that provides greater phylogenetic resolution.   

 

3. Genomic analyses have been conducted for only a few sponge symbionts (Chapters 4 

and 5), while the functional capacity of the remaining symbiont diversity remains 

largely unexplored.  To better understand and decipher the molecular bases mediating 

host-microbe interactions, it would be beneficial to expand genomic analyses to other 

members of the sponge microbiota together with parallel biochemical, molecular and 

physiological studies.  Additionally, data derived from the genomic analyses could be 

used to understand the metabolic requirements of sponge symbionts so that culture 

conditions can be adapted to these so-called ‗unculturable‘ microorganisms. 

 

4. The use of data obtained from genomic and transcriptomics studies has been shown to 

be a useful tool to adapt culture conditions, facilitating the culture of previously 

―unculturable‖ bacteria.  A good example of successful culturing using such 

approaches is the identification (and subsequent culture media enrichment) of mucin 



152 
 

as primary carbon and energy source for a Rikenella-like bacterium present in the gut 

of a medicinal leech (Bomar et al., 2011).  Successful cultivation of SAUL would 

involve replicating essential aspects of its sponge environment (e.g. composition and 

physical attributes of the sponge mesohyl such as pH, oxygen levels and temperature) 

and to adapt culture conditions according to its metabolic requirements.  According to 

the metabolic reconstruction conducted in Chapter 5, an effective isolation approach 

could involve the use of culture media enriched in carbohydrates that SAUL is 

putatively able to degrade, such as inositol, mannan or ribose.  Additionally, as the 

putative capacity for nitrate and urea transport and metabolism was inferred for 

SAUL, enrichment of the growth medium with these compounds as nitrogen sources 

would also be relevant.  Moreover, the use of both aerobic and anaerobic culture 

conditions would simulate the formation of temporal anaerobic patches inside the 

sponge mesohyl that are related to water pumping rate.  Although the information 

obtained from genomic data can be used to putatively infer metabolic capabilities, it is 

the data obtained from transcriptomic analysis (RNA sequences) that would indicate 

which genes are actually being expressed.  Consequently, in order to obtain a more 

accurate picture of the genes being expressed by SAUL within the sponge mesohyl, 

and consequently to apply that information towards a more effective culture medium, 

a transcriptomics analysis would be useful.  

 

5.  A recurring theme in marine sponge microbiology is the lack of an experimental 

model that can be manipulated to address questions related to symbiosis (Taylor et al., 

2011; Webster and Taylor, 2012; Pita et al., 2016).  The difficulty of maintaining a 

stable sponge-microbe system in aquaria, combined with the recalcitrance of many 

microorganisms to grow on artificial media, conspire to make the establishment of an 

experimental sponge model a genuine challenge.  Experimental host-microbe model 

systems offer unique opportunities to expand knowledge of the dynamics and 

consequences of animal-microbe symbiosis (Ruby, 2008; Kostic et al., 2013).  

Successful model systems of microbial symbiosis include germ-free or gnotobiotic 

inbred lines of vertebrates such as mice or zebra fish (Campbell et al., 2012; Kostic et 

al., 2013), but also invertebrate symbioses such as the fruit fly Drosophila 

melanogaster (Chandler et al., 2011) or the squid Euprymna scolopes and its 

bioluminescent bacterial symbiont Vibrio fischeri (Nyholm and McFall-Ngai, 2004; 

McFall-Ngai et al., 2013; McFall-Ngai, 2014).  In contrast, most of the currently 
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available information about sponge-microbe symbioses has been obtained from 

studies investigating the natural variability of sponge-associated microbial 

communities among different sponge species and/or under different environmental 

conditions.  Experiments in which sponge-microbe interactions can be manipulated to 

measure changes in functional processes (e.g. carbon or nitrogen metabolism, vitamin 

and secondary metabolite production) need to be conducted in order to expand our 

understanding of interactions between those sponges and their symbionts.  While the 

use of –omic approaches alone in sponge-microbe symbioses would provide greater 

insights into the mechanisms underlying these processes, coupling with experimental 

studies under controlled laboratory conditions should prove more informative.    

 

 

6.5 Concluding remarks 

 The work presented in the first part of this thesis represents the first comprehensive 

evaluation of the extensively applied core microbiota approach.  This thesis has shown that, 

although it can be a useful tool to identify key microbes and describe the structure of complex 

host-associated microbial communities, data sensitivity must be tested and caution must be 

exercised when defining core communities.  Additionally, light has been shed on the 

phylogeny and genomic potential of a widespread and previously unstudied sponge symbiont, 

revealing the presence of symbiont factors that are putatively essential for living within the 

sponge host.  I have also highlighted the lack of consensus when it comes to classification of 

uncultivated microorganisms, and proposed the employment of different approaches when 

constructing phylogenies.  The application of cutting-edge NGS to sponge-associated 

microbial communities has allowed me to study these complex systems at different levels, i.e. 

community level vs single microorganism, thus providing both a global picture of the entire 

microbial community and a detailed description of the genomic potential of a single symbiont 

lineage.   
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APPENDIX A 

 

Evaluating the core microbiota in complex communities: a systematic 

investigation. 
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Table A1.  PERMANOVA analyses based on a weighted UniFrac distance matrix generated with (1-3) whole community A, B and C respectively, (4-8) specific core with 

12, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (9-13) specific core with 12, 25, 50, 90 and 100 occurrence percentage 

respectively AND 0.01% relative abundance, (14-18) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.1% relative abundance, (19-23) 

overall core with 5, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (24-28) overall core with 5, 25, 50, 90 and 100 occurrence 

percentage respectively AND 0.01% relative abundance, and (29-33) overall core with 5, 35, 50, 90 and 100 occurrence percentage respectively AND 0.1% relative 

abundance.  A, B, and C refer to minimum relative abundance threshold applied to each community, (0, 0.01 and 0.1% respectively).   

Source (1) df SS MS Pseudo-F P(perm) (2) df SS MS Pseudo-F P(perm) (3) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.027 0.014 1.878 0.097 

 

2 0.027 0.013 1.817 0.102 

 

2 0.027 0.014 1.894 0.096 

qu 

 

2 0.027 0.014 1.87 0.089 

 

2 0.026 0.013 1.806 0.102 

 

2 0.028 0.014 1.921 0.090 

spxqu 

 

3 0.03 0.01 1.391 0.191 

 

3 0.028 0.009 1.251 0.255 

 

3 0.028 0.009 1.282 0.232 

Res 

 

56 0.407 0.007 

   

56 0.410 0.007                  

 

56 0.403 0.007                  

Total   63 0.487         63 0.486          63 0.486        

Source (4) df SS MS Pseudo-F P(perm) (5) df SS MS Pseudo-F P(perm) (6) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.027 0.013 1.845 0.103 

 

2 0.025 0.013 1.738 0.120 

 

2 0.027 0.014 1.888 0.089 

qu 

 

2 0.028 0.014 1.925 0.082 

 

2 0.025 0.013 1.762 0.105 

 

2 0.028 0.014 1.932 0.081 

spxqu 

 

3 0.029 0.010 1.324 0.213 

 

3 0.029 0.010 1.343 0.207 

 

3 0.031 0.010 1.430 0.171 

Res 

 

56 0.407 0.007                  

 

56 0.404 0.007                  

 

56 0.404 0.007                  

Total   63 0.486                              63 0.479                              63 0.486                            

Source (7) df SS MS Pseudo-F P(perm) (8) df SS MS Pseudo-F P(perm) (9) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.032 0.016 2.336 0.049 

 

2 0.031 0.016 2.282 0.044 

 

2 0.028 0.014 1.932 0.088 

qu 

 

2 0.030 0.015 2.222 0.052 

 

2 0.030 0.015 2.149 0.056 

 

2 0.027 0.013 1.854 0.096 

spxqu 

 

3 0.035 0.012 1.722 0.088 

 

3 0.035 0.012 1.698 0.099 

 

3 0.030 0.010 1.359 0.206 

Res 

 

56 0.381 0.007                  

 

56 0.385 0.007                  

 

56 0.406 0.007                  

Total   63 0.473                              63 0.475                              63 0.486                            

Source (10) df SS MS Pseudo-F P(perm) (11) df SS MS Pseudo-F P(perm) (12) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.028 0.014 1.943 0.090 

 

2 0.025 0.013 1.778 0.117 

 

2 0.032 0.016 2.345 0.049 

qu 

 

2 0.028 0.014 1.898 0.085 

 

2 0.027 0.013 1.878 0.088 

 

2 0.031 0.015 2.258 0.048 

spxqu 

 

3 0.029 0.010 1.313 0.221 

 

3 0.030 0.010 1.397 0.189 

 

3 0.035 0.012 1.688 0.108 

Res 

 

56 0.406 0.007                  

 

56 0.399 0.007                  

 

56 0.382 0.007                  
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Total   63 0.485                              63 0.476                              63 0.474                            

Source (13) df SS MS Pseudo-F P(perm) (14) df SS MS Pseudo-F P(perm) (15) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.032 0.016 2.321 0.047 

 

2 0.026 0.013 1.863 0.096 

 

2 0.027 0.013 1.874 0.104 

qu 

 

2 0.030 0.015 2.174 0.057 

 

2 0.026 0.013 1.818 0.099 

 

2 0.027 0.014 1.895 0.086 

spxqu 

 

3 0.034 0.011 1.641 0.119 

 

3 0.028 0.009 1.343 0.201 

 

3 0.030 0.010 1.389 0.190 

Res 

 

56 0.389 0.007                  

 

56 0.395 0.007                  

 

56 0.400 0.007                  

Total   63 0.479                              63 0.470                              63 0.478                            

Source (16) df SS MS Pseudo-F P(perm) (17) df SS MS Pseudo-F P(perm) (18) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.028 0.014 1.918 0.092 

 

2 0.031 0.016 2.256 0.059 

 

2 0.032 0.016 2.288 0.051 

qu 

 

2 0.027 0.013 1.844 0.096 

 

2 0.029 0.015 2.123 0.061 

 

2 0.029 0.015 2.132 0.061 

spxqu 

 

3 0.030 0.010 1.374 0.193 

 

3 0.034 0.011 1.649 0.115 

 

3 0.034 0.011 1.658 0.109 

Res 

 

56 0.404 0.007                  

 

56 0.386 0.007                  

 

56 0.386 0.007                  

Total   63 0.483                              63 0.474                              63 0.474                            

Source (19) df SS MS Pseudo-F P(perm) (20) df SS MS Pseudo-F P(perm) (21) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.027 0.014 1.882 0.095 

 

2 0.027 0.014 1.906 0.094 

 

2 0.029 0.014 2.043 0.074 

qu 

 

2 0.027 0.013 1.833 0.094 

 

2 0.026 0.013 1.840 0.089 

 

2 0.027 0.014 1.917 0.080 

spxqu 

 

3 0.028 0.009 1.298 0.237 

 

3 0.029 0.010 1.359 0.204 

 

3 0.030 0.010 1.420 0.182 

Res 

 

56 0.408 0.007                  

 

56 0.401 0.007                  

 

56 0.396 0.007                  

Total   63 0.486                              63 0.479                              63 0.477                            

Source (22) df SS MS Pseudo-F P(perm) (23) df SS MS Pseudo-F P(perm) (24) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.026 0.013 1.927 0.085 

 

2 0.024 0.012 1.905 0.094 

 

2 0.028 0.014 1.963 0.083 

qu 

 

2 0.028 0.014 2.076 0.063 

 

2 0.026 0.013 2.004 0.079 

 

2 0.026 0.013 1.823 0.102 

spxqu 

 

3 0.029 0.010 1.429 0.172 

 

3 0.029 0.010 1.531 0.150 

 

3 0.028 0.009 1.309 0.220 

Res 

 

56 0.378 0.007                  

 

56 0.358 0.006                  

 

56 0.401 0.007                  

Total   63 0.456                              63 0.432                              63 0.478                            
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Source (25) df SS MS Pseudo-F P(perm) (26) df SS MS Pseudo-F P(perm) (27) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.028 0.014 1.923 0.085 

 

2 0.027 0.013 1.847 0.096 

 

2 0.027 0.013 1.966 0.084 

qu 

 

2 0.026 0.013 1.823 0.096 

 

2 0.028 0.014 1.900 0.090 

 

2 0.029 0.015 2.163 0.052 

spxqu 

 

3 0.028 0.009 1.315 0.219 

 

3 0.029 0.010 1.329 0.204 

 

3 0.029 0.010 1.418 0.176 

Res 

 

56 0.404 0.007                  

 

56 0.406 0.007                  

 

56 0.378 0.007                  

Total   63 0.481                              63 0.484                              63 0.457                            

Source (28) df SS MS Pseudo-F P(perm) (29) df SS MS Pseudo-F P(perm) (30) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.026 0.013 2.047 0.077 

 

2 0.026 0.013 1.803 0.110 

 

2 0.026 0.013 1.822 0.101 

qu 

 

2 0.025 0.013 2.001 0.075 

 

2 0.026 0.013 1.848 0.095 

 

2 0.025 0.013 1.762 0.106 

spxqu 

 

3 0.029 0.010 1.526 0.151 

 

3 0.027 0.009 1.281 0.238 

 

3 0.028 0.009 1.313 0.229 

Res 

 

56 0.356 0.006                  

 

56 0.400 0.007                  

 

56 0.403 0.007                  

Total   63 0.432                              63 0.475                              63 0.478                            

Source (31) df SS MS Pseudo-F P(perm) (32) df SS MS Pseudo-F P(perm) (33) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.027 0.013 1.865 0.098 

 

2 0.026 0.013 1.881 0.096 

 

2 0.025 0.012 1.974 0.084 

qu 

 

2 0.027 0.014 1.896 0.084 

 

2 0.028 0.014 2.036 0.067 

 

2 0.026 0.013 2.050 0.068 

spxqu 

 

3 0.027 0.009 1.236 0.264 

 

3 0.029 0.010 1.424 0.177 

 

3 0.030 0.010 1.592 0.135 

Res 

 

56 0.405 0.007                  

 

56 0.383 0.007                  

 

56 0.352 0.006                  

Total   63 0.481                              63 0.459                              63 0.428                            
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Table A2.  PERMANOVA analyses based on a Bray Curtis distance matrix generated with (1-3) whole community A, B and C respectively, (4-8) specific core with 12, 25, 

50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (9-13) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively 

AND 0.01% relative abundance, (14-18) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.1% relative abundance, (19-23) overall core 

with 5, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (24-28) overall core with 5, 25, 50, 90 and 100 occurrence percentage 

respectively AND 0.01% relative abundance, and (29-33) overall core with 5, 35, 50, 90 and 100 occurrence percentage respectively AND 0.1% relative abundance.  A, B, 

and C refer to minimum relative abundance threshold applied to each community, (0, 0.01 and 0.1% respectively).   

Source (1) df      SS MS Pseudo-F P(perm) (2) df SS MS Pseudo-F P(perm) (3) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.269 0.135 1.392 0.146 

 

2 0.278 0.139 1.434 0.133 

 

2 0.270 0.135 1.473 0.123 

qu 

 

2 0.437 0.218 2.260 0.012 

 

2 0.436 0.218 2.249 0.012 

 

2 0.408 0.204 2.228 0.019 

spxqu 

 

3 0.382 0.127 1.319 0.151 

 

3 0.344 0.115 1.183 0.237 

 

3 0.353 0.118 1.287 0.188 

Res 

 

56 5.409 0.097                  

 

56 5.431 0.097                  

 

56 5.125 0.092                  

Total   63 6.446                              63 6.437                              63 6.100                            

Source (4) df SS MS Pseudo-F P(perm) (5) df SS MS Pseudo-F P(perm) (6) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.277 0.138 1.427 0.134 

 

2 0.259 0.130 1.347 0.166 

 

2 0.283 0.142 1.489 0.119 

qu 

 

2 0.444 0.222 2.289 0.013 

 

2 0.413 0.206 2.144 0.016 

 

2 0.442 0.221 2.322 0.010 

spxqu 

 

3 0.371 0.124 1.275 0.172 

 

3 0.369 0.123 1.276 0.167 

 

3 0.391 0.130 1.370 0.133 

Res 

 

56 5.429 0.097                  

 

56 5.392 0.096                  

 

56 5.330 0.095                  

Total   63 6.467                              63 6.381                              63 6.390                            

Source (7) df SS MS Pseudo-F P(perm) (8) df SS MS Pseudo-F P(perm) (9) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.348 0.174 2.092 0.029 

 

2 0.331 0.166 1.983 0.036 

 

2 0.284 0.142 1.483 0.117 

qu 

 

2 0.493 0.247 2.968 0.002 

 

2 0.479 0.240 2.872 0.004 

 

2 0.416 0.208 2.171 0.017 

spxqu 

 

3 0.442 0.147 1.773 0.039 

 

3 0.443 0.148 1.771 0.035 

 

3 0.370 0.123 1.286 0.173 

Res 

 

56 4.654 0.083                  

 

56 4.673 0.083                  

 

56 5.370 0.096                  

Total   63 5.876                              63 5.869                              63 6.391                            

Source (10) df SS MS Pseudo-F P(perm) (11) df SS MS Pseudo-F P(perm) (12) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.285 0.143 1.482 0.119 

 

2 0.264 0.132 1.392 0.153 

 

2 0.337 0.168 2.015 0.031 

qu 

 

2 0.426 0.213 2.209 0.016 

 

2 0.431 0.215 2.275 0.015 

 

2 0.497 0.249 2.974 0.002 

spxqu 

 

3 0.352 0.117 1.218 0.213 

 

3 0.377 0.126 1.328 0.155 

 

3 0.443 0.148 1.764 0.039 

Res 

 

56 5.394 0.096                  

 

56 5.303 0.095                  

 

56 4.683 0.084                  
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Total   63 6.406                              63 6.322                              63 5.899                            

Source (13) df SS MS Pseudo-F P(perm) (14) df SS MS Pseudo-F P(perm) (15) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.344 0.172 2.058 0.032 

 

2 0.272 0.136 1.499 0.117 

 

2 0.276 0.138 1.517 0.114 

qu 

 

2 0.484 0.242 2.895 0.002 

 

2 0.389 0.194 2.146 0.022 

 

2 0.406 0.203 2.230 0.016 

spxqu 

 

3 0.435 0.145 1.734 0.044 

 

3 0.349 0.116 1.284 0.187 

 

3 0.359 0.120 1.316 0.160 

Res 

 

56 4.682 0.084                  

 

56 5.072 0.091                  

 

56 5.098 0.091                  

Total   63 5.888                              63 6.025                              63 6.082                            

Source (16) df SS MS Pseudo-F P(perm) (17) df SS MS Pseudo-F P(perm) (18) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.269 0.134 1.471 0.126 

 

2 0.340 0.170 2.067 0.028 

 

2 0.333 0.166 2.015 0.034 

qu 

 

2 0.399 0.199 2.184 0.019 

 

2 0.472 0.236 2.872 0.005 

 

2 0.469 0.235 2.843 0.004 

spxqu 

 

3 0.356 0.119 1.301 0.178 

 

3 0.426 0.142 1.726 0.045 

 

3 0.417 0.139 1.685 0.051 

Res 

 

56 5.115 0.091                  

 

56 4.607 0.082                  

 

56 4.622 0.083                  

Total   63 6.086                              63 5.781                              63 5.775                            

Source (19) df SS MS Pseudo-F P(perm) (20) df SS MS Pseudo-F P(perm) (21) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.283 0.141 1.460 0.119 

 

2 0.278 0.139 1.457 0.125 

 

2 0.280 0.140 1.500 0.112 

qu 

 

2 0.426 0.213 2.200 0.015 

 

2 0.420 0.210 2.203 0.015 

 

2 0.401 0.200 2.146 0.021 

spxqu 

 

3 0.365 0.122 1.257 0.190 

 

3 0.372 0.124 1.302 0.164 

 

3 0.363 0.121 1.298 0.167 

Res 

 

56 5.421 0.097                  

 

56 5.339 0.095                  

 

56 5.229 0.093                  

Total   63 6.441                              63 6.356                              63 6.218                            

Source (22) df SS MS Pseudo-F P(perm) (23) df SS MS Pseudo-F P(perm) (24) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.254 0.127 1.542 0.113 

 

2 0.217 0.109 1.485 0.133 

 

2 0.290 0.145 1.516 0.103 

qu 

 

2 0.377 0.189 2.288 0.014 

 

2 0.324 0.162 2.213 0.024 

 

2 0.419 0.210 2.196 0.015 

spxqu 

 

3 0.306 0.102 1.236 0.211 

 

3 0.308 0.103 1.403 0.138 

 

3 0.372 0.124 1.298 0.162 

Res 

 

56 4.617 0.082                  

 

56 4.098 0.073                  

 

56 5.349 0.096                  

Total   63 5.501                              63 4.902                              63 6.379                            
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Source (25) df SS MS Pseudo-F P(perm) (26) df SS MS Pseudo-F P(perm) (27) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.270 0.135 1.419 0.140 

 

2 0.272 0.136 1.436 0.138 

 

2 0.255 0.127 1.528 0.110 

qu 

 

2 0.412 0.206 2.160 0.014 

 

2 0.398 0.199 2.101 0.022 

 

2 0.377 0.189 2.262 0.019 

spxqu 

 

3 0.369 0.123 1.290 0.164 

 

3 0.352 0.117 1.236 0.208 

 

3 0.318 0.106 1.273 0.191 

Res 

 

56 5.338 0.095                  

 

56 5.310 0.095                  

 

56 4.669 0.083                  

Total   63 6.337                              63 6.276                              63 5.559                            

Source (28) df SS MS Pseudo-F P(perm) (29) df SS MS Pseudo-F P(perm) (30) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.230 0.115 1.572 0.109 

 

2 0.263 0.131 1.446 0.135 

 

2 0.265 0.132 1.437 0.140 

qu 

 

2 0.326 0.163 2.226 0.022 

 

2 0.396 0.198 2.178 0.021 

 

2 0.388 0.194 2.108 0.024 

spxqu 

 

3 0.308 0.103 1.405 0.134 

 

3 0.337 0.112 1.234 0.210 

 

3 0.345 0.115 1.247 0.195 

Res 

 

56 4.097 0.073                  

 

56 5.090 0.091                  

 

56 5.159 0.092                  

Total   63 4.913                              63 6.036                              63 6.101                            

Source (31) df SS MS Pseudo-F P(perm) (32) df SS MS Pseudo-F P(perm) (33) df SS MS Pseudo-F P(perm) 

sp 

 

2 0.260 0.130 1.418 0.146 

 

2 0.242 0.121 1.467 0.136 

 

2 0.220 0.110 1.520 0.121 

qu 

 

2 0.387 0.193 2.107 0.022 

 

2 0.352 0.176 2.135 0.027 

 

2 0.326 0.163 2.244 0.021 

spxqu 

 

3 0.329 0.110 1.195 0.235 

 

3 0.326 0.109 1.319 0.164 

 

3 0.301 0.100 1.382 0.140 

Res 

 

56 5.143 0.092                  

 

56 4.620 0.082                  

 

56 4.062 0.073                  

Total   63 6.059                              63 5.480                              63 4.864                            
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Table A3.  PERMANOVA pairwise comparisons based on a weighted UniFrac distance matrix, considering (1) specific core 90% occurrence (no minimum abundance), (2) 

specific core 100% occurrence (no mimimum abundance), (3) specific core 90% occurrence AND 0.01% relative abundance and (4) specific core 100% occurrence AND 

0.01% relative abundance between different sponge species, and (5) specific core 90% occurrence AND 0.01% relative abundance between different quality sites. 

 

Groups (1) t P(perm) Unique perms (2) t P(perm) Unique perms 

A, B 

 

0.966 0.355 9927 

 

0.979 0.343 9933 

A, C 

 

1.306 0.138 9940 

 

1.242 0.178 9950 

B, C   2.294 0.005 9950   2.270 0.004 9945 

Groups (3) t P(perm) Unique perms (4) t P(perm) Unique perms 

A, B 

 

0.976 0.349 9944 

 

0.976 0.342 9936 

A, C 

 

1.298 0.144 9946 

 

1.273 0.162 9960 

B, C   2.296 0.005 9951   2.285 0.004 9931 

Groups (5) t P(perm) Unique perms 

    H, M 

 

0.972 0.365 9938 

    H, L 

 

1.460 0.083 9946 

    M, L   2.093 0.012 9936 
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Table A4.  PERMANOVA pairwise comparisons based on a Bray-Curtis distance matrix, between different sponge species considering (1-3) whole community A, B and C 

respectively, (4-8) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (9-13) specific core with 12, 25, 50, 90 

and 100 occurrence percentage respectively AND 0.01% relative abundance, (14-18) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.1% 

relative abundance, (19-23) overall core with 5, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (24-28) overall core with 5, 25, 

50, 90 and 100 occurrence percentage respectively AND 0.01% relative abundance, and (29-33) overall core with 5, 35, 50, 90 and 100 occurrence percentage respectively 

AND 0.1% relative abundance.  A, B, and C refer to minimum relative abundance threshold applied to each community, (0, 0.01 and 0.1% respectively).   
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Groups (1) t P(perm) Unique perms (2) t P(perm) Unique perms (3) t P(perm) Unique perms 

H, M 

 

0.940 0.450 9924 

 

0.951 0.444 9927 

 

0.957 0.424 9928 

H, L 

 

1.536 0.023 9929 

 

1.520 0.026 9935 

 

1.476 0.038 9914 

M, L   1.930 0.006 9929 

 

1.919 0.005 9920 

 

1.938 0.008 9926 

Groups (4) t P(perm) Unique perms (5) t P(perm) Unique perms (6) t P(perm) Unique perms 

H, M 

 

1.016 0.329 9925 

 

0.977 0.400 9918 

 

0.938 0.453 9927 

H, L 

 

1.497 0.030 9904 

 

1.459 0.038 9933 

 

1.572 0.020 9916 

M, L   1.914 0.005 9923   1.854 0.008 9916   1.946 0.005 9922 

Groups (7) t P(perm) Unique perms (8) t P(perm) Unique perms (9) t P(perm) Unique perms 

H, M 

 

1.178 0.181 9914 

 

1.162 0.193 9933 

 

0.925 0.473 9935 

H, L 

 

1.768 0.007 9915 

 

1.703 0.009 9934 

 

1.481 0.030 9914 

M, L   2.141 0.002 9927   2.140 0.002 9918   1.906 0.007 9927 

Groups (10) t P(perm) Unique perms (11) t P(perm) Unique perms (12) t P(perm) Unique perms 

H, M 

 

0.933 0.472 9920 

 

0.948 0.435 9918 

 

1.197 0.173 9922 

H, L 

 

1.513 0.028 9903 

 

1.516 0.029 9924 

 

1.774 0.006 9922 

M, L   1.903 0.006 9922   1.946 0.005 9930   2.136 0.002 9941 

Groups (13) t P(perm) Unique perms (14) t P(perm) Unique perms (15) t P(perm) Unique perms 

H, M 

 

1.160 0.190 9922 

 

0.917 0.486 9926 

 

0.959 0.421 9940 

H, L 

 

1.727 0.010 9910 

 

1.453 0.046 9921 

 

1.512 0.031 9930 

M, L   2.150 0.003 9930   1.918 0.005 9929   1.917 0.006 9916 

Groups (16) t P(perm) Unique perms (17) t P(perm) Unique perms (18) t P(perm) Unique perms 

H, M 

 

0.934 0.456 9916 

 

1.115 0.239 9926 

 

1.116 0.237 9924 

H, L 

 

1.490 0.037 9910 

 

1.731 0.008 9926 

 

1.736 0.008 9926 

M, L   1.901 0.006 9916   2.161 0.002 9914   2.138 0.002 9909 
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Groups (19) t P(perm) Unique perms (20) t P(perm) Unique perms (21) t P(perm) Unique perms 

L, H 

 

1.519 0.025 9932 

 

1.509 0.029 9940 

 

1.493 0.030 9920 

L, M 

 

1.889 0.006 9920 

 

1.893 0.008 9917 

 

1.853 0.009 9914 

H, M   0.921 0.492 9923   0.939 0.462 9919   0.951 0.435 9909 

Groups (22) t P(perm) Unique perms (23) t P(perm) Unique perms (24) t P(perm) Unique perms 

L, H 

 

1.529 0.030 9929 

 

1.449 0.054 9934 

 

1.489 0.033 9925 

L, M 

 

1.983 0.008 9919 

 

1.945 0.009 9930 

 

1.894 0.008 9911 

H, M   0.932 0.467 9924   0.986 0.377 9931   0.959 0.428 9914 

Groups (25) t P(perm) Unique perms (26) t P(perm) Unique perms (27) t P(perm) Unique perms 

L, H 

 

1.507 0.033 9924 

 

1.467 0.043 9919 

 

1.548 0.026 9930 

L, M 

 

1.877 0.007 9923 

 

1.835 0.009 9917 

 

1.954 0.007 9933 

H, M   0.910 0.514 9903   0.944 0.445 9914   0.919 0.481 9916 

Groups (28) t P(perm) Unique perms (29) t P(perm) Unique perms (30) t P(perm) Unique perms 

L, H 

 

1.475 0.045 9922 

 

1.522 0.033 9920 

 

1.489 0.038 9930 

L, M 

 

1.960 0.009 9929 

 

1.901 0.008 9929 

 

1.857 0.010 9930 

H, M   0.982 0.393 9934   0.873 0.560 9932   0.896 0.540 9937 

Groups (31) t P(perm) Unique perms (32) t P(perm) Unique perms (33) t P(perm) Unique perms 

L, H 

 

1.415 0.054 9932 

 

1.459 0.053 9925 

 

1.470 0.050 9939 

L, M 

 

1.907 0.006 9918 

 

1.941 0.008 9930 

 

1.986 0.008 9932 

H, M   0.928 0.476 9933   0.885 0.540 9927   0.969 0.409 9945 
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Table A5.  PERMANOVA pairwise comparisons based on a Bray-Curtis distance matrix, between different quality sites, considering (1) specific core 90% occurrence (no 

minimum abundance), (2) specific core 100% occurrence (no miminum abundance), (3) specific core 90% occurrence AND 0.01% min. relative abundance, (4) specific core 

100% occurrence AND 0.01% min. relative abundance, (5) specific core 90% occurrence AND 0.1% min. relative abundance, and (6) specific core 100% occurrence AND 

0.1% min. relative abundance.  

 

Groups (1) t P(perm) Unique perms (2) t P(perm) Unique perms 

A, B 

 

0.976 0.379 9923 

 

0.973 0.383 9928 

A, C 

 

1.403 0.065 9927 

 

1.335 0.092 9931 

B, C   1.948 0.003 9920   1.903 0.003 9923 

Groups (3) t P(perm) Unique perms (4) t P(perm) Unique perms 

A, B 

 

0.950 0.413 9928 

 

0.992 0.354 9926 

A, C 

 

1.398 0.069 9918 

 

1.367 0.076 9921 

B, C   1.901 0.003 9932   1.912 0.004 9920 

Groups (5) t P(perm) Unique perms (6) t P(perm) Unique perms 

A, B 

 

0.951 0.400 9938 

 

0.938 0.427 9932 

A, C 

 

1.362 0.078 9921 

 

1.373 0.071 9940 

B, C   1.958 0.003 9922   1.933 0.004 9919 
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Table A6.  Mean values of alpha-diversity metrics for each sponge species and each quality site, with calculations based on with (1-3) whole community A, B and C 

respectively, (4-8) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (9-13) specific core with 12, 25, 50, 90 

and 100 occurrence percentage respectively AND 0.01% relative abundance, (14-18) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.1% 

relative abundance, (19-23) overall core with 5, 25, 50, 90 and 100 occurrence percentage respectively (no minimum abundance threshold), (24-28) overall core with 5, 25, 

50, 90 and 100 occurrence percentage respectively AND 0.01% relative abundance, and (29-33) overall core with 5, 35, 50, 90 and 100 occurrence percentage respectively 

AND 0.1% relative abundance.  A, B, and C refer to minimum relative abundance threshold applied to each community, (0, 0.01 and 0.1% respectively).  This table includes 

additional metrics and datasets to those in Table 2.2.  

(1) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 184.26 ± 9.83 ns 159.76 ± 9.43 ns 0.96 ± 0.04 ns 5.86 ± 0.59 ns 

Species B 186.52 ± 11.64 ns 159.46 ± 9.63 ns 0.96 ± 0.03 ns 5.88 ± 0.52 ns 

Species C 183.81 ± 18.06 ns 160.29 ± 15.56 ns 0.97 ± 0.01 ns 6.04 ± 0.26 ns 

High quality 188.84 ± 12.43 ns 162.44 ± 10.62 ns 0.95 ± 0.04 ns 5.87 ± 0.57 ns 

Moderate quality 182.45 ± 15.29 ns 156.93 ± 13.82 ns 0.96 ± 0.03 ns 5.84 ± 0.53 ns 

Low quality 183.05 ± 7.87 ns 160.06 ± 6.03 ns 0.97 ± 0.01 ns 6.08 ± 0.26 ns 

(2) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 170.42 ± 7.1 ns 152.5 ± 8.47 ns 0.96 ± 0.04 ns 5.84 ± 0.6 ns 

Species B 167.11 ± 9.76 ns 150.82 ± 8.91 ns 0.96 ± 0.03 ns 5.85 ± 0.52 ns 

Species C 169.39 ± 15.36 ns 151.76 ± 14.37 ns 0.97 ± 0.01 ns 6.01 ± 0.27 ns 

High quality 173.41 ± 10.77 ns 154.91 ± 9.55 ns 0.95 ± 0.04 ns 5.85 ± 0.58 ns 

Moderate quality 165.72 ± 11.34 ns 148.48 ± 12.58 ns 0.96 ± 0.03 ns 5.81 ± 0.54 ns 

Low quality 166.99 ± 6.8 ns 151.65 ± 5.43 ns 0.97 ± 0.01 ns 6.06 ± 0.26 ns 

(3) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.64 ± 3.45 ns 116.9 ± 4.84 ns 0.95 ± 0.05 ns 5.64 ± 0.59 ns 

Species B 122.82 ± 4.05 ns 116.99 ± 4.98 ns 0.96 ± 0.03 ns 5.66 ± 0.52 ns 

Species C 121.56 ± 7.72 ns 116.63 ± 8.93 ns 0.97 ± 0.01 ns 5.83 ± 0.26 ns 

High quality 124.38 ± 3.97 ns 118.44 ± 5.01 ns 0.95 ± 0.05 ns 5.64 ± 0.57 ns 

Moderate quality 121.15 ± 6.37 ns 115.6 ± 8.03 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 121.46 ± 3.08 ns 116.41 ± 3.36 ns 0.97 ± 0.01 ns 5.86 ± 0.28 ns 
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(4) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 185.1 ± 11.56 ns 160.09 ± 9.08 ns 0.96 ± 0.04 ns 5.87 ± 0.59 ns 

Species B 184.47 ± 12.03 ns 159 ± 9.22 ns 0.96 ± 0.03 ns 5.87 ± 0.52 ns 

Species C 184.47 ± 18.8 ns 159.73 ± 15.67 ns 0.97 ± 0.01 ns 6.04 ± 0.26 ns 

High quality 188.34 ± 13.07 ns 162.53 ± 10.08 ns 0.95 ± 0.04 ns 5.87 ± 0.56 ns 

Moderate quality 181.87 ± 15.59 ns 156.41 ± 13.5 ns 0.96 ± 0.03 ns 5.84 ± 0.53 ns 

Low quality 183.5 ± 10.82 ns 159.97 ± 6.64 ns 0.97 ± 0.01 ns 6.09 ± 0.25 ns 

(5) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 180.39 ± 11.16 ns 157.63 ± 9.39 ns 0.96 ± 0.04 ns 5.86 ± 0.59 ns 

Species B 183.32 ± 12.38 ns 157.56 ± 10.24 ns 0.96 ± 0.03 ns 5.87 ± 0.52 ns 

Species C 182.61 ± 17.75 ns 158.56 ± 15.8 ns 0.97 ± 0.01 ns 6.03 ± 0.26 ns 

High quality 185.38 ± 13.62 ns 160.76 ± 10.68 ns 0.95 ± 0.04 ns 5.86 ± 0.57 ns 

Moderate quality 179.32 ± 14.66 ns 154.88 ± 13.79 ns 0.96 ± 0.03 ns 5.84 ± 0.53 ns 

Low quality 181.13 ± 10.46 ns 157.89 ± 7.6 ns 0.97 ± 0.01 ns 6.07 ± 0.26 ns 

(6) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 172.99 ± 9.56 ns 153.11 ± 9.11 ns 0.96 ± 0.04 ns 5.83 ± 0.59 ns 

Species B 173.07 ± 9.79 ns 152.68 ± 9.61 ns 0.96 ± 0.03 ns 5.85 ± 0.53 ns 

Species C 168.56 ± 13.29 ns 150.55 ± 13.81 ns 0.97 ± 0.01 ns 6 ± 0.26 ns 

High quality 171.76 ± 10.46 ns 153.55 ± 9.73 ns 0.95 ± 0.04 ns 5.83 ± 0.58 ns 

Moderate quality 169.88 ± 11.84 ns 149.2 ± 12.54 ns 0.96 ± 0.03 ns 5.81 ± 0.53 ns 

Low quality 175.19 ± 8.99 ns 155.13 ± 7.43 ns 0.97 ± 0.01 ns 6.06 ± 0.26 ns 

(7) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 130.47 ± 3.32 A-C, p=0.003 121.9 ± 5.73 A-C, p=0.006 0.95 ± 0.05 ns 5.58 ± 0.64 ns 

Species B 130.26 ± 5.01 B-C, p=0.003 121.97 ± 8.13 B-C, p=0.015 0.95 ± 0.03 ns 5.62 ± 0.56 ns 

Species C 118.4 ± 9.51 - 112.74 ± 9.59 - 0.97 ± 0.01 ns 5.72 ± 0.24 ns 

High quality 129.78 ± 5.22 H-M, p=0.006 122.07 ± 6.92 H-M, p=0.006 0.95 ± 0.05 ns 5.6 ± 0.61 ns 

Moderate quality 122.17 ± 9.59 M-L, p=0.003 114.32 ± 9.81 M-L, p=0.012 0.95 ± 0.03 ns 5.54 ± 0.55 ns 

Low quality 131.58 ± 2.53 - 123.97 ± 4.17 - 0.97 ± 0.02 ns 5.82 ± 0.3 ns 
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(8) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 129.8 ± 2.63 A-C, p=0.003 121.65 ± 5.59 A-C, p=0.003 0.95 ± 0.05 ns 5.58 ± 0.63 ns 

Species B 130.62 ± 4.99 B-C, p=0.003 121.82 ± 7.81 B-C, p=0.006 0.95 ± 0.04 ns 5.62 ± 0.57 ns 

Species C 118.82 ± 10.19 - 112.87 ± 9.78 - 0.97 ± 0.01 ns 5.71 ± 0.24 ns 

High quality 130.9 ± 4.71 H-M, p=0.003 122.14 ± 6.48 H-M, p=0.006 0.95 ± 0.05 ns 5.59 ± 0.6 ns 

Moderate quality 122.06 ± 9.6 M-L, p=0.012 114.45 ± 9.95 M-L, p=0.009 0.95 ± 0.04 ns 5.53 ± 0.56 ns 

Low quality 130.02 ± 3.1 - 123.19 ± 4.38 - 0.97 ± 0.02 ns 5.82 ± 0.31 ns 

(9) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 168.8 ± 7.77 ns 151.98 ± 9.1 ns 0.96 ± 0.04 ns 5.84 ± 0.6 ns 

Species B 169.66 ± 7.66 ns 151.33 ± 8.71 ns 0.96 ± 0.03 ns 5.85 ± 0.52 ns 

Species C 170.21 ± 14.84 ns 151.61 ± 14.15 ns 0.97 ± 0.01 ns 6.01 ± 0.26 ns 

High quality 173.77 ± 9.44 H-M, p=0.03 154.78 ± 9.6 ns 0.95 ± 0.04 ns 5.85 ± 0.57 ns 

Moderate quality 166.03 ± 11.02 - 148.27 ± 12.6 ns 0.96 ± 0.03 ns 5.81 ± 0.53 ns 

Low quality 168.19 ± 6.1 ns 151.99 ± 5.53 ns 0.97 ± 0.01 ns 6.06 ± 0.27 ns 

(10) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 169.37 ± 8.49 ns 152.09 ± 9.27 ns 0.96 ± 0.04 ns 5.84 ± 0.59 ns 

Species B 167.22 ± 8.28 ns 150.43 ± 8.59 ns 0.96 ± 0.03 ns 5.85 ± 0.52 ns 

Species C 168.05 ± 15.67 ns 152.13 ± 14.79 ns 0.97 ± 0.01 ns 6.02 ± 0.27 ns 

High quality 172.45 ± 10.31 ns 154.77 ± 9.77 ns 0.95 ± 0.04 ns 5.84 ± 0.57 ns 

Moderate quality 165.79 ± 11.93 ns 148.63 ± 12.91 ns 0.96 ± 0.03 ns 5.81 ± 0.53 ns 

Low quality 165.58 ± 6.65 ns 150.83 ± 6.21 ns 0.97 ± 0.01 ns 6.05 ± 0.26 ns 

(11) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 166.29 ± 6.34 ns 149.83 ± 8.52 ns 0.95 ± 0.04 ns 5.82 ± 0.6 ns 

Species B 165.48 ± 9.32 ns 148.65 ± 8.97 ns 0.96 ± 0.03 ns 5.83 ± 0.53 ns 

Species C 162.74 ± 13.15 ns 147.61 ± 13.33 ns 0.97 ± 0.01 ns 5.99 ± 0.26 ns 

High quality 167.22 ± 9.67 ns 150.95 ± 9.05 ns 0.95 ± 0.05 ns 5.82 ± 0.58 ns 

Moderate quality 163.16 ± 10.72 ns 146 ± 12.16 ns 0.96 ± 0.03 ns 5.8 ± 0.53 ns 

Low quality 164.83 ± 6.81 ns 149.9 ± 6.74 ns 0.97 ± 0.01 ns 6.04 ± 0.27 ns 
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(12) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 130.24 ± 2.75 A-C, p=0.003 121.8 ± 5.6 A-C, p=0.006 0.95 ± 0.05 ns 5.59 ± 0.63 ns 

Species B 129.24 ± 5.36 B-C, p=0.003 121.56 ± 7.84 B-C, p=0.021 0.95 ± 0.03 ns 5.62 ± 0.56 ns 

Species C 118.46 ± 9.1 - 112.83 ± 9.3 - 0.97 ± 0.01 ns 5.71 ± 0.24 ns 

High quality 130.22 ± 5.15 H-M, p=0.003 122.07 ± 6.67 H-M, p=0.006 0.95 ± 0.05 ns 5.6 ± 0.6 ns 

Moderate quality 121.14 ± 8.46 M-L, p=0.003 114.3 ± 9.53 M-L, p=0.003 0.95 ± 0.03 ns 5.54 ± 0.56 ns 

Low quality 130.63 ± 2.43 - 123.31 ± 4.04 - 0.97 ± 0.02 ns 5.83 ± 0.3 ns 

(13) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 129.5 ± 2.93 A-C, p=0.003 121.81 ± 5.83 A-C, p=0.003 0.95 ± 0.05 ns 5.59 ± 0.62 ns 

Species B 129.76 ± 5.08 B-C, p=0.003 121.61 ± 7.96 B-C, p=0.012 0.95 ± 0.03 ns 5.62 ± 0.56 ns 

Species C 119.05 ± 7.96 - 112.88 ± 9.12 - 0.97 ± 0.01 ns 5.72 ± 0.24 ns 

High quality 129.46 ± 5.37 H-M, p=0.003 121.89 ± 6.82 H-M, p=0.018 0.95 ± 0.05 ns 5.6 ± 0.59 ns 

Moderate quality 122.55 ± 8.18 M-L, p=0.003 114.48 ± 9.68 M-L, p=0.009 0.95 ± 0.03 ns 5.54 ± 0.55 ns 

Low quality 129.95 ± 2.82 - 123.46 ± 3.91 - 0.97 ± 0.02 ns 5.82 ± 0.3 ns 

(14) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.5 ± 3.71 ns 116.64 ± 4.93 ns 0.95 ± 0.05 ns 5.64 ± 0.59 ns 

Species B 122.41 ± 3.98 ns 116.71 ± 4.75 ns 0.96 ± 0.03 ns 5.65 ± 0.52 ns 

Species C 121.67 ± 7.66 ns 116.68 ± 8.96 ns 0.97 ± 0.01 ns 5.82 ± 0.26 ns 

High quality 123.47 ± 3.74 ns 118.13 ± 5.2 ns 0.95 ± 0.05 ns 5.63 ± 0.57 ns 

Moderate quality 121.8 ± 6.67 ns 115.41 ± 7.91 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 121.15 ± 3.5 ns 116.41 ± 3.25 ns 0.97 ± 0.01 ns 5.86 ± 0.27 ns 

(15) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.5 ± 3.36 ns 116.78 ± 4.81 ns 0.95 ± 0.05 ns 5.63 ± 0.59 ns 

Species B 123 ± 3.21 ns 117.02 ± 4.6 ns 0.96 ± 0.03 ns 5.65 ± 0.52 ns 

Species C 121.71 ± 7.81 ns 116.79 ± 8.81 ns 0.97 ± 0.01 ns 5.82 ± 0.25 ns 

High quality 123.64 ± 3.6 ns 118.25 ± 4.99 ns 0.95 ± 0.05 ns 5.63 ± 0.57 ns 

Moderate quality 121.45 ± 6.4 ns 115.7 ± 7.8 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 122.32 ± 3.16 ns 116.56 ± 3.24 ns 0.97 ± 0.01 ns 5.85 ± 0.28 ns 
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(16) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.31 ± 2.86 ns 116.56 ± 4.6 ns 0.95 ± 0.05 ns 5.63 ± 0.59 ns 

Species B 121.86 ± 2.94 ns 116.79 ± 4.89 ns 0.96 ± 0.03 ns 5.66 ± 0.52 ns 

Species C 120.64 ± 8.17 ns 116.13 ± 9.18 ns 0.97 ± 0.01 ns 5.82 ± 0.26 ns 

High quality 123.15 ± 3.45 ns 118.03 ± 5.12 ns 0.95 ± 0.05 ns 5.63 ± 0.57 ns 

Moderate quality 120.88 ± 6.52 ns 115.27 ± 8.01 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 120.85 ± 2.7 ns 116.21 ± 3.3 ns 0.97 ± 0.01 ns 5.86 ± 0.28 ns 

(17) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 107.82 ± 2.17 A-B, p=0.006 104.23 ± 3.45 A-C, p=0.024 0.95 ± 0.05 ns 5.48 ± 0.62 ns 

Species B 110.83 ± 2.98 B-C, p=0.003 106.95 ± 4.67 B-C, p=0.003 0.95 ± 0.03 ns 5.53 ± 0.54 ns 

Species C 102.06 ± 7.44 A-C, p=0.003 99.23 ± 7.79 - 0.96 ± 0.01 ns 5.63 ± 0.24 ns 

High quality 110.39 ± 3.07 H-M, p=0.012 106.56 ± 4.35 H-M, p=0.036 0.95 ± 0.05 ns 5.5 ± 0.58 ns 

Moderate quality 105.08 ± 7.4 - 101.4 ± 7.73 - 0.95 ± 0.04 ns 5.46 ± 0.54 ns 

Low quality 106.84 ± 1.99 H-L, p=0.003 104.05 ± 2.99 ns 0.97 ± 0.02 ns 5.71 ± 0.3 ns 

(18) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 107.61 ± 2.48 A-B, p=0.003 104.1 ± 3.48 A-C, p=0.015 0.95 ± 0.05 ns 5.48 ± 0.61 ns 

Species B 110.91 ± 2.7 B-C, p=0.003 106.99 ± 4.25 B-C, p=0.006 0.95 ± 0.03 ns 5.53 ± 0.54 ns 

Species C 101.56 ± 7.14 A-C, p=0.006 99.29 ± 7.69 - 0.96 ± 0.01 ns 5.63 ± 0.23 ns 

High quality 109.67 ± 3.11 H-M, p=0.042 106.45 ± 4.18 H-M, p=0.015 0.95 ± 0.05 ns 5.5 ± 0.59 ns 

Moderate quality 105.06 ± 7.59 - 101.38 ± 7.53 - 0.95 ± 0.03 ns 5.46 ± 0.53 ns 

Low quality 107.24 ± 2.65 H-L, p=0.042 104.19 ± 3.07 ns 0.97 ± 0.02 ns 5.71 ± 0.3 ns 

(19) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 183.44 ± 11.81 ns 159.38 ± 9.3 ns 0.96 ± 0.04 ns 5.86 ± 0.59 ns 

Species B 186.13 ± 11.62 ns 159.13 ± 10.15 ns 0.96 ± 0.03 ns 5.87 ± 0.53 ns 

Species C 182.98 ± 16.18 ns 159.58 ± 15.19 ns 0.97 ± 0.01 ns 6.04 ± 0.26 ns 

High quality 187.81 ± 12.74 ns 162.13 ± 10.41 ns 0.95 ± 0.04 ns 5.87 ± 0.57 ns 

Moderate quality 181.12 ± 14.11 ns 156.09 ± 13.77 ns 0.96 ± 0.03 ns 5.83 ± 0.54 ns 

Low quality 183.94 ± 10.26 ns 160 ± 6.33 ns 0.97 ± 0.01 ns 6.08 ± 0.26 ns 
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(20) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 178.74 ± 10.38 ns 156.09 ± 8.46 ns 0.96 ± 0.04 ns 5.85 ± 0.59 ns 

Species B 179.03 ± 8.93 ns 156.29 ± 9.28 ns 0.96 ± 0.03 ns 5.86 ± 0.52 ns 

Species C 178.93 ± 17.54 ns 156.56 ± 15.27 ns 0.97 ± 0.01 ns 6.03 ± 0.26 ns 

High quality 182.57 ± 11.51 ns 159.47 ± 9.97 ns 0.95 ± 0.04 ns 5.86 ± 0.57 ns 

Moderate quality 176.34 ± 13.67 ns 153.03 ± 13.13 ns 0.96 ± 0.03 ns 5.83 ± 0.53 ns 

Low quality 177.2 ± 8.77 ns 156.37 ± 5.56 ns 0.97 ± 0.01 ns 6.06 ± 0.26 ns 

(21) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 165.5 ± 7.51 ns 148.03 ± 8.47 ns 0.95 ± 0.04 ns 5.8 ± 0.59 ns 

Species B 165.23 ± 7.19 ns 147.77 ± 8.6 ns 0.96 ± 0.03 ns 5.82 ± 0.51 ns 

Species C 165.98 ± 12.52 ns 149.01 ± 13.38 ns 0.97 ± 0.01 ns 5.99 ± 0.27 ns 

High quality 169.13 ± 9.4 ns 151.12 ± 9.09 ns 0.95 ± 0.04 ns 5.81 ± 0.57 ns 

Moderate quality 163.13 ± 9.36 ns 146.13 ± 12.22 ns 0.96 ± 0.03 ns 5.8 ± 0.53 ns 

Low quality 163.69 ± 4.89 ns 146.83 ± 5.45 ns 0.97 ± 0.01 ns 6 ± 0.28 ns 

(22) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 133.91 ± 3.83 ns 125.45 ± 6.96 ns 0.95 ± 0.05 ns 5.61 ± 0.63 ns 

Species B 132.73 ± 4.83 ns 124.33 ± 7.5 ns 0.95 ± 0.04 ns 5.63 ± 0.58 ns 

Species C 134.35 ± 8.9 ns 125.8 ± 10.02 ns 0.97 ± 0.01 ns 5.82 ± 0.27 ns 

High quality 136.17 ± 4.15 H-L, p=0.003 127.13 ± 6.77 ns 0.95 ± 0.05 ns 5.62 ± 0.62 ns 

Moderate quality 132.02 ± 7.76 ns 123.26 ± 10.39 ns 0.95 ± 0.03 ns 5.61 ± 0.59 ns 

Low quality 132.03 ± 2.41 ns 124.88 ± 4.13 ns 0.97 ± 0.01 ns 5.83 ± 0.29 ns 

(23) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 83.03 ± 0.92 ns 81.18 ± 2.28 ns 0.94 ± 0.06 ns 5.19 ± 0.64 ns 

Species B 82.68 ± 1.37 ns 81.03 ± 2.52 ns 0.94 ± 0.06 ns 5.19 ± 0.61 ns 

Species C 83.4 ± 2.04 ns 81.68 ± 2.91 ns 0.96 ± 0.01 ns 5.41 ± 0.25 ns 

High quality 83.47 ± 1.13 ns 81.83 ± 2.12 ns 0.93 ± 0.07 ns 5.18 ± 0.64 ns 

Moderate quality 82.66 ± 1.88 ns 80.55 ± 3.17 ns 0.94 ± 0.05 ns 5.18 ± 0.59 ns 

Low quality 82.78 ± 0.9 ns 81.41 ± 1.74 ns 0.96 ± 0.02 ns 5.44 ± 0.3 ns 

 



172 
 

(24) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 171.1 ± 8.04 ns 152.05 ± 9.02 ns 0.96 ± 0.04 ns 5.84 ± 0.59 ns 

Species B 167.86 ± 9.13 ns 150.98 ± 8.99 ns 0.96 ± 0.03 ns 5.85 ± 0.53 ns 

Species C 169.41 ± 15.44 ns 152.5 ± 14.56 ns 0.97 ± 0.01 ns 6.02 ± 0.27 ns 

High quality 174.11 ± 9.85 H-M,p=0.048 155.18 ± 9.82 ns 0.95 ± 0.04 ns 5.85 ± 0.58 ns 

Moderate quality 166.55 ± 11.87 - 148.62 ± 12.71 ns 0.96 ± 0.03 ns 5.81 ± 0.54 ns 

Low quality 166.85 ± 7.7 ns 151.34 ± 6.12 ns 0.97 ± 0.01 ns 6.06 ± 0.26 ns 

(25) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 169.61 ± 7.89 ns 151.56 ± 8.46 ns 0.96 ± 0.04 ns 5.83 ± 0.59 ns 

Species B 167.32 ± 7.57 ns 150.22 ± 8.68 ns 0.96 ± 0.03 ns 5.84 ± 0.52 ns 

Species C 167.22 ± 15.3 ns 151.45 ± 14.66 ns 0.97 ± 0.01 ns 6.01 ± 0.27 ns 

High quality 171.73 ± 8.55 ns 154.3 ± 9.23 ns 0.95 ± 0.04 ns 5.84 ± 0.57 ns 

Moderate quality 165.71 ± 12.46 ns 147.8 ± 12.79 ns 0.96 ± 0.03 ns 5.81 ± 0.53 ns 

Low quality 166.45 ± 6.73 ns 150.97 ± 5.64 ns 0.97 ± 0.01 ns 6.05 ± 0.26 ns 

(26) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 161.7 ± 6.76 ns 146.47 ± 8.44 ns 0.95 ± 0.04 ns 5.8 ± 0.6 ns 

Species B 161.93 ± 6.43 ns 145.42 ± 7.74 ns 0.96 ± 0.03 ns 5.81 ± 0.51 ns 

Species C 161.44 ± 14.75 ns 146.5 ± 13.63 ns 0.97 ± 0.01 ns 5.98 ± 0.27 ns 

High quality 165.29 ± 8.6 H-L, p=0.015 149.14 ± 8.77 ns 0.95 ± 0.04 ns 5.81 ± 0.57 ns 

Moderate quality 160.44 ± 10.97 ns 144.43 ± 12 ns 0.96 ± 0.03 ns 5.79 ± 0.54 ns 

Low quality 158.29 ± 4.83 - 143.96 ± 5.44 ns 0.97 ± 0.01 ns 5.99 ± 0.28 ns 

(27) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 134.15 ± 4.53 ns 125.21 ± 7.28 ns 0.95 ± 0.05 ns 5.62 ± 0.63 ns 

Species B 133.22 ± 3.99 ns 124.63 ± 7.41 ns 0.95 ± 0.04 ns 5.62 ± 0.58 ns 

Species C 133.98 ± 9.03 ns 125.6 ± 9.94 ns 0.97 ± 0.01 ns 5.82 ± 0.27 ns 

High quality 135.31 ± 5.08 ns 126.7 ± 7.24 ns 0.95 ± 0.05 ns 5.63 ± 0.62 ns 

Moderate quality 132.92 ± 7.51 ns 123.43 ± 10.18 ns 0.95 ± 0.03 ns 5.61 ± 0.59 ns 

Low quality 132.68 ± 2.79 ns 125.16 ± 4.4 ns 0.97 ± 0.01 ns 5.83 ± 0.29 ns 
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(28) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 82.9 ± 1.28 ns 81.1 ± 2.52 ns 0.94 ± 0.06 ns 5.19 ± 0.64 ns 

Species B 82.97 ± 1.29 ns 81.13 ± 2.35 ns 0.94 ± 0.06 ns 5.19 ± 0.61 ns 

Species C 83.31 ± 1.3 ns 81.74 ± 2.68 ns 0.96 ± 0.01 ns 5.42 ± 0.25 ns 

High quality 83.15 ± 1 ns 81.74 ± 2.28 ns 0.93 ± 0.07 ns 5.19 ± 0.64 ns 

Moderate quality 82.74 ± 1.71 ns 80.66 ± 3.02 ns 0.94 ± 0.05 ns 5.18 ± 0.59 ns 

Low quality 83.29 ± 0.83 ns 81.48 ± 1.71 ns 0.96 ± 0.02 ns 5.43 ± 0.29 ns 

(29) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.51 ± 3.16 ns 116.78 ± 4.67 ns 0.95 ± 0.05 ns 5.63 ± 0.59 ns 

Species B 122.85 ± 3.56 ns 117.01 ± 5.08 ns 0.96 ± 0.03 ns 5.66 ± 0.52 ns 

Species C 121.13 ± 7.57 ns 116.56 ± 8.84 ns 0.97 ± 0.01 ns 5.82 ± 0.26 ns 

High quality 123.94 ± 3.5 H-L, p=0.009 118.25 ± 5.47 ns 0.95 ± 0.05 ns 5.63 ± 0.57 ns 

Moderate quality 121.74 ± 6.31 ns 115.78 ± 7.65 ns 0.96 ± 0.03 ns 5.63 ± 0.52 ns 

Low quality 120.65 ± 2.81 - 116.2 ± 3.44 ns 0.97 ± 0.01 ns 5.86 ± 0.28 ns 

(30) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 123.07 ± 2.97 ns 117 ± 4.28 ns 0.95 ± 0.05 ns 5.64 ± 0.59 ns 

Species B 122.13 ± 3.19 ns 116.79 ± 4.96 ns 0.96 ± 0.03 ns 5.66 ± 0.52 ns 

Species C 121.78 ± 7.53 ns 116.69 ± 8.99 ns 0.97 ± 0.01 ns 5.82 ± 0.26 ns 

High quality 123.52 ± 3.79 ns 118.18 ± 5.19 ns 0.95 ± 0.05 ns 5.64 ± 0.57 ns 

Moderate quality 121.68 ± 5.96 ns 115.49 ± 7.83 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 121.77 ± 2.91 ns 116.86 ± 2.73 ns 0.97 ± 0.01 ns 5.86 ± 0.27 ns 

(31) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 122.09 ± 3.36 ns 116.22 ± 4.97 ns 0.95 ± 0.05 ns 5.63 ± 0.59 ns 

Species B 121.23 ± 3.99 ns 115.97 ± 5.02 ns 0.96 ± 0.03 ns 5.64 ± 0.52 ns 

Species C 120.91 ± 7.82 ns 116.49 ± 8.81 ns 0.97 ± 0.01 ns 5.82 ± 0.26 ns 

High quality 122.95 ± 4.18 ns 117.97 ± 5.37 ns 0.95 ± 0.05 ns 5.64 ± 0.57 ns 

Moderate quality 121.02 ± 6.19 ns 115.25 ± 7.78 ns 0.96 ± 0.03 ns 5.63 ± 0.53 ns 

Low quality 119.93 ± 3.65 ns 114.96 ± 3.31 ns 0.97 ± 0.01 ns 5.83 ± 0.27 ns 
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(32) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 111.47 ± 2.96 ns 107.54 ± 4.08 ns 0.95 ± 0.05 ns 5.51 ± 0.61 ns 

Species B 111.4 ± 1.96 ns 107.62 ± 3.99 ns 0.95 ± 0.04 ns 5.53 ± 0.55 ns 

Species C 110.8 ± 6.18 ns 107.46 ± 7.41 ns 0.97 ± 0.01 ns 5.72 ± 0.26 ns 

High quality 112.53 ± 2.76 H-L, p=0.009 108.99 ± 4.11 ns 0.95 ± 0.05 ns 5.52 ± 0.59 ns 

Moderate quality 110.95 ± 5.07 ns 106.58 ± 6.73 ns 0.95 ± 0.03 ns 5.51 ± 0.56 ns 

Low quality 109.87 ± 1.69 - 106.86 ± 2.32 ns 0.97 ± 0.01 ns 5.73 ± 0.28 ns 

(33) Chao 1 Pairwise comparisons Observed species Pairwise comparisons Simpson Pairwise comparisons Shannon Pairwise comparisons 

Species A 79.97 ± 1.07 ns 78.58 ± 2.18 ns 0.94 ± 0.06 ns 5.17 ± 0.64 ns 

Species B 80.44 ± 1.07 ns 79.11 ± 1.84 ns 0.94 ± 0.06 ns 5.17 ± 0.6 ns 

Species C 80.01 ± 2.04 ns 78.84 ± 2.75 ns 0.96 ± 0.01 ns 5.39 ± 0.25 ns 

High quality 80.6 ± 0.66 H-L, p=0.039 79.25 ± 1.89 ns 0.93 ± 0.07 ns 5.16 ± 0.64 ns 

Moderate quality 79.9 ± 1.86 ns 78.36 ± 2.7 ns 0.94 ± 0.05 ns 5.17 ± 0.59 ns 

Low quality 79.87 ± 1.21 - 78.95 ± 1.77 ns 0.96 ± 0.02 ns 5.42 ± 0.3 ns 
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Table A7.  Modularity (Q) and specialisation degree (H2‘) values at sponge species and environmental quality 

levels, as well as their interaction, in each dataset considered: whole community A, B and C; specific core 12%-

100% with no minimum abundance, 0.01% and 0.1% min. relative abundance; and overall core 5%-100% with 

no minimum abundance, 0.01% and 0.1% min. relative abundance.  The definition of each core community is 

outlined in Section 2.2.4.  A, B, and C refer to minimum relative abundance threshold applied to each 

community, (0, 0.01 and 0.1% respectively).  Percentages indicated in each community refer to percentage 

occurrence. 
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Community % occurrence 
Sponge species Environ. quality Species X quality 

Q H2’ Q  H2’ Q  H2’ 

W
h

o
le

 

co
m

m
u

n
it

y
 no min. abund NA <0.001 0.021 <0.0001 0.035 <0.001 0.041 

0.01% abund NA 0.058 0.021 0.066 0.034 0.088 0.04 

0.1% abund. NA 0.049 0.017 0.049 0.028 0.078 0.035 

S
p

ec
if

ic
 c

o
re

 c
o

m
m

u
n

it
y

 n
o

 m
in

. 
ab

u
n

d
 12% <0.001 0.021 <0.001 0.034 <0.001 0.041 

25% <0.001 0.021 <0.001 0.034 <0.001 0.04 

50% <0.001 0.021 <0.001 0.036 <0.001 0.042 

90% 0.034 0.029 <0.001 0.039 0.053 0.052 

100% 0.035 0.028 0.058 0.039 0.039 0.052 

0
.0

1
%

 a
b
u

n
d

 12% 0.059 0.021 0.062 0.033 0.075 0.04 

25% 0.06 0.021 0.078 0.033 0.087 0.04 

50% 0.05 0.02 0.05 0.034 0.064 0.041 

90% 0.056 0.029 0.066 0.04 0.074 0.053 

100% 0.054 0.029 0.063 0.039 0.081 0.052 

0
.1

%
 a

b
u
n

d
. 

12% 0.048 0.017 0.071 0.027 0.074 0.034 

25% 0.055 0.017 0.06 0.028 0.069 0.035 

50% 0.054 0.017 0.073 0.028 0.087 0.035 

90% 0.034 0.027 0.064 0.036 0.096 0.049 

100% 0.054 0.026 0.054 0.036 0.093 0.048 

O
v

er
al

l 
co

re
 c

o
m

m
u

n
it

y
 n

o
 m

in
. 
ab

u
n

d
 5% <0.001 0.021 <0.001 0.035 <0.001 0.041 

25% 0.027 0.02 0.05 0.033 0.063 0.04 

50% 0.049 0.018 0.063 0.027 0.085 0.035 

90% 0.046 0.013 0.05 0.021 0.073 0.027 

100% 0.041 0.011 0.063 0.018 0.076 0.024 

0
.0

1
%

 a
b
u

n
d

 5% 0.045 0.021 0.052 0.034 0.082 0.04 

25% 0.049 0.02 0.076 0.031 0.084 0.039 

50% 0.049 0.018 0.053 0.026 0.087 0.035 

90% 0.047 0.013 0.067 0.021 0.078 0.027 

100% 0.04 0.011 0.063 0.018 0.069 0.024 

0
.1

%
 a

b
u
n

d
. 

5% 0.047 0.017 0.072 0.028 0.084 0.034 

25% 0.046 0.017 0.062 0.028 0.087 0.035 

50% 0.047 0.016 0.061 0.025 0.076 0.032 

90% 0.044 0.012 0.065 0.02 0.08 0.027 

100% 0.048 0.011 0.063 0.017 0.074 0.024 
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Table A8.  Relative proportion of OTUs that are assigned to sponge-specific clusters (SC) or sponge-coral-

specific clusters (SCC) in each of the dataset considered in the study: whole community A, B and C; specific 

core 12%-100% with no minimum abundance, 0.01% and 0.1% min. relative abundance; and overall core 5%-

100% with no minimum abundance, 0.01% and 0.1% min. relative abundance.  The definition of each core 

community is outlined in Section 2.2.4.  A, B, and C refer to minimum relative abundance threshold applied to 

each community, (0, 0.01 and 0.1% respectively).  Percentages indicated in each community refer to percentage 

occurrence. 

Community 
% 

occurrence 

Number 

of OTUs 

Percentage 

of OTUs 

OTUs 

assigned 

to SC 

% OTUs 

assigned 

to SC 

OTUs 

assigned 

to SCC 

% OTUs 

assigned 

to SCC 

W
h

o
le

 

co
m

m
u

n
it

y
 

no min. abund NA 370 100 110 29.73 62 16.76 

0.01% abund NA 232 62.70 93 40.09 50 21.55 

0.1% abund. NA 136 36.76 61 44.85 33 24.26 

S
p

ec
if

ic
 c

o
re

 c
o

m
m

u
n

it
y

 n
o

 m
in

. 
ab

u
n

d
 12% 376 101.62 109 28.99 62 16.49 

25% 351 94.86 108 30.77 59 16.81 

50% 290 78.38 98 33.79 49 16.9 

90% 177 47.84 79 44.63 34 19.21 

100% 177 47.84 79 44.63 34 19.21 

0
.0

1
%

 a
b
u

n
d

 12% 232 62.70 93 40.09 50 21.55 

25% 228 61.62 93 40.79 50 21.93 

50% 228 61.62 92 40.35 47 20.61 

90% 173 46.76 79 45.66 34 19.65 

100% 173 46.76 79 45.66 34 19.65 

0
.1

%
 a

b
u
n

d
. 

12% 136 36.76 61 44.85 33 24.26 

25% 136 36.76 61 44.85 33 24.26 

50% 136 36.76 61 44.85 33 24.26 

90% 129 34.86 59 45.74 29 22.48 

100% 129 34.86 59 45.74 29 22.48 
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 5% 364 98.38 108 29.67 62 17.03 

25% 282 76.22 97 34.4 45 15.96 

50% 217 58.65 88 40.55 40 18.43 

90% 142 38.38 64 45.07 28 19.72 

100% 84 22.70 43 51.19 15 17.86 

0
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%
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d

 5% 232 62.70 93 40.09 50 21.55 

25% 224 60.54 92 41.07 44 19.64 

50% 198 53.51 87 43.94 39 19.7 

90% 142 38.38 64 45.07 28 19.72 

100% 84 22.70 43 51.19 15 17.86 

0
.1

%
 a

b
u
n

d
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5% 136 36.76 61 44.85 33 24.26 

25% 136 36.76 61 44.85 33 24.26 

50% 134 36.22 61 45.52 32 23.88 

90% 116 31.35 54 46.55 25 21.55 

100% 81 21.89 43 53.09 14 17.28 
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Table A9.  Specialist OTUs indentified with IndVal according to (a) sponge species and (b) environmental 

quality. For each OTU, the group they are specialist in (group), the IndVal value (IndVal), the significance of 

the association (p-value), the number of sequences and the phylogenetic affiliation are shown in the table.  

(a)         

OTUs Group IndVal p-value Number of sequences Phylogenetic affiliation 

OTU_199 sp A and sp B 0.52 0.042 26 Alphaproteobacteria 

OTU_334 sp B 0.53 0.0279 19 Alphaproteobacteria 

OTU_203 sp C 0.427 0.0228 26 Gammaproteobacteria 

OTU_113 sp A and sp B 0.559 0.0226 206 Gammaproteobacteria 

OTU_367 sp B and sp C 0.447 0.0486 10 Bacteroidetes 

OTU_128 sp A and sp C 0.499 0.0436 170 Acidobacteria 

OTU_141 sp A 0.665 0.0095 89 Poribacteria 

(b)   
 

    

OTUs Group IndVal p-value Number of sequences Phylogenetic affiliation 

OTU_113 Low  0.934 0.0001 206 Gammaproteobacteria 

OTU_134 High and Moderate  0.679 0.0393 130 Alphaproteobacteria 

OTU_137 High and Moderate  0.588 0.0248 59 Bacteria 

OTU_138 Low  0.533 0.0127 34 Gammaproteobacteria 

OTU_151 High and Moderate  0.783 0.0005 119 Alphaproteobacteria 

OTU_152 High  0.516 0.0325 78 Gammaproteobacteria 

OTU_154 High and Moderate  0.731 0.0102 120 Chloroflexi 

OTU_159 Low  0.789 0.0127 288 Bacteroidetes 

OTU_165 Low  0.837 0.0001 83 Alphaproteobacteria 

OTU_172 High and Moderate  0.603 0.0314 47 Alphaproteobacteria 

OTU_180 Low and Moderate  0.706 0.0037 68 Actinobacteria 

OTU_186 Low  0.552 0.0046 33 Alphaproteobacteria 

OTU_195 High  0.67 0.0004 72 Gammaproteobacteria 

OTU_199 Low  0.758 0.0001 26 Alphaproteobacteria 

OTU_201 Low  0.626 0.0002 20 Deltaproteobacteria 

OTU_204 Low and Moderate  0.489 0.0431 19 Bacteria 

OTU_225 High and Moderate  0.689 0.017 81 Chloroflexi 

OTU_241 Low  0.498 0.0034 71 Chloroflexi 

OTU_270 High  0.408 0.0341 4 Deltaproteobacteria 

OTU_272 Low  0.433 0.0148 4 Cyanobacteria 

OTU_291 Low and Moderate  0.474 0.0411 12 Alphaproteobacteria 

OTU_297 Low  0.472 0.0256 8 Bacteroidetes 

OTU_304 Low  0.7 0.0002 11 Chloroflexi 

OTU_334 Low  0.543 0.0114 19 Alphaproteobacteria 

OTU_424 High and Moderate  0.571 0.0442 69 Acidobacteria 

OTU_430 High and Moderate  0.854 0.0019 482 Poribacteria 

OTU_75 Low and Moderate  0.758 0.0069 238 Gemmatimonadetes 

OTU_77 High and Moderate  0.801 0.0011 423 Acidobacteria 

OTU_99 Low  0.819 0.0001 286 Chloroflexi 
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Table A10. Summary table of environmental conditions of the sampling sites based on Bell et al. (2014) and Powell et al. (2014). 

Variable 

Sampling site 

Kerang 

Gurita 
Tomea 2 

Kaladupa Double 

Spur 
Ridge Tomea 1 Wanci Harbour Sampela 

Quality High High Moderate Moderate Moderate Low Low 

Coral cover (%) > 35 > 35 25 - 35 25 - 35 25 - 35 5 - 10 5 - 10 

Hard coral cover (%) - - 27.49 35.7 - - 11.11 

Soft coral cover (%) - - 13.05 17.34 - - 6.39 

Coralline algae cover (%) - - 27.43 12.23 - - 14.38 

Other non-coralline algae 

cover (%) - - 2.97 6.86 - - 6.8 

Distance to human 

populations (km) 5 - 10 5 - 10 3 - 5 3 - 5 3 - 5 < 1 < 1 

Seawater condition 
High water 

clarity 

High water 

clarity 
Good water clarity 

Good water 

clarity 

Good water 

clarity 

Heavy 

sedimentation 

Heavy 

sedimentation 

Turbidity* - - 0.78 (±0.38) 0.19 (±0.33)   - 3.88 (±4.58) 
*Standard turbidity units 
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Figure A1.  Non-metric multidimensional scaling (nMDS) plot based on weighted UniFrac distance 

matrices for (1-3) whole community A, B and C respectively, (4-8) specific core with 12, 25, 50, 90 

and 100 occurrence percentage respectively (no minimum abundance threshold), (9-13) specific core 

with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.01% relative abundance, (14-

18) specific core with 12, 25, 50, 90 and 100 occurrence percentage respectively AND 0.1% relative 

abundance, (19-23) overall core with 5, 25, 50, 90 and 100 occurrence percentage respectively (no 

minimum abundance threshold), (24-28) overall core with 5, 25, 50, 90 and 100 occurrence 

percentage respectively AND 0.01% relative abundance, and (29-33) overall core with 5, 35, 50, 90 

and 100 occurrence percentage respectively AND 0.1% relative abundance.  A, B, and C refer to 

minimum relative abundance threshold applied to each community, (0, 0.01 and 0.1% respectively). 

In the legend, A, B, C refers to host species A, B and C, respectively; H, M, L refers to High, 

Moderate and Low quality habitats respectively. 
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Figure A2.  Sponge microbiota-host bipartite network.  Bacterial OTUs (blue boxes) are linked to (a) 

sponge host, (b) environmental conditions and (c) sponge species within each environmental 

condition on the whole community.  Line thickness is proportional to interaction strength and box 

area corresponds to bacterial relative abundance.  (a) A, B, C: host species A, B and C respectively; 

(b) H, M, L: High, Moderate and Low quality sites respectively.  As same network patterns were 

displayed for each core community at each factor level, only the networks created for the whole 

community are shown here.  

(a) 

 

(b) 
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Figure A3.  Significant bacterial indicators and relative abundance according to (a) sponge species 

and (b) environmental quality site, as shown by Indicator Value analysis (IndVal). 

(a) 
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Experimental procedures 

Specialism degree (Blüthgen et al., 2006) (H2‘) for the entire interaction network was 

calculated as    

  
  

         

            
 

 

The two-dimensional Shannon entropy (H2) was previously calculated as follows: 

      ∑∑           

 

   

 

   

 

where i and j represent a species belonging to the upper and bottom level of the network 

respectively. pij is the number of interactions between i and j (aij) divided by the total 

interaction frequencies recorded for the entire network: 

        ∑∑   

 

   

 

   

⁄  

 

H2max was calculated as: 

        ∑∑             

 

   

 

   

 

where qiqj represents a random interaction matrix from which each pij equals its expected 

value. H2min is the heuristic minimum H2-value for the web matrix. 
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APPENDIX B 

 

Exploring the prevalence and phylogeny of a widespread sponge-associated 

unclassified lineage 
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Table B1.  Accession numbers of SAUL reference sequences used for BLAST search against 

GenBank nr/nt database. 

Accession number Host organism/isolation source Reference  

FM160872 Aplysina fulva clone i126 Hardoim et al., 2009 

FJ529351 Svenzea zeai clone E79 Lee et al., 2009 

AY627378 marine fosmid clone Suzuki et al., 2004 

GQ346884 seawater clone Walsh et al., 2009 

EF076191 Agelas dilatata clone AD029 Taylor et al., 2007 

FJ529319 Svenzea zeai clone E26 Lee et al., 2009 

EU795191 marine fosmid clone Unpublished 

AJ567590 deep-sea sediment clone Xu et al., 2005 

DQ499291 cave biofilm clone Macalady et al., 2007 

FJ529325 Svenzea zeai clone E90 Lee et al., 2009 

AF186412 Theonella swinhoei clone PAUC34f Hentschel et al., 2002 

AF186442 Theonella swinhoei clone PAWS53 Hentschel et al., 2002 

AF186443 Theonella swinhoei clone PAWS54 Hentschel et al., 2002 

GQ347165 seawater clone Walsh et al., 2009 

AY485295 Aplysina aerophoba clone 232 Fieseler et al., 2004 

FM160757 Aplysina fulva clone d14 Hardoim et al., 2009 

AY897080 Discodermia dissoluta clone Dd-spT-A14 Schirmer et al., 2005 

 

  



194 
 

Table B2. Accession numbers and study references of SAUL 16S rRNA gene sequences used for 

SAUL phylogenetic trees construction (Figures 4.4 and 4.6). 

SAUL 

Cluster 

Accession 

number 

Host organism/ 

isolation source 
Reference 

Cluster I JX280235 Ircinia strobilina clone Pita et al., 2013 

Cluster I EF076072 Plakortis sp. clone Taylor et al., 2007 

Cluster I HE985094.1 Astrosclera willeyana clone Karlińska-Batres and Wörheide, 2013b 

Cluster I JX206653 Ircinia oros clone Erwin et al., 2012 

Cluster I JX206480.1 Ircinia fasciculata clone Erwin et al., 2012 

Cluster I JX206514.1 Ircinia fasciculata clone Erwin et al., 2012 

Cluster I JX206510.1 Ircinia fasciculata clone Erwin et al., 2012 

Cluster I FJ529351 Svenzea zeai clone Lee et al., 2009 

Cluster I JN596692 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster I JX206629.1 Ircinia oros clone Erwin et al., 2012 

Cluster I JX206642 Ircinia oros clone Erwin et al., 2012 

Cluster I JX206660.1 Ircinia oros clone Erwin et al., 2012 

Cluster I JX206643.1 Ircinia oros clone Erwin et al., 2012 

Cluster I JX280229 Ircinia felix clone Pita et al., 2013 

Cluster I FJ900327.1 Ecionemia alata clone Kamke et al., 2010 

Cluster I FJ900563.1 Ecionemia alata clone Kamke et al., 2010 

Cluster I JQ612278.1 Geodia barretti clone Radax et al., 2012 

Cluster I JQ612296 Geodia barretti clone Radax et al., 2012 

Cluster I HQ672762 seawater clone Allers et al., 2013 

Cluster I AY627378 marine fosmid clone Suzuki et al. 2004 

Cluster I EU491100 seafloor lavas clone Santelli et al., 2008 

Cluster I KJ590553.1 biofilm clone Unpublished 

Cluster I KM018498.1 seawater clone Unpublished 

Cluster I HQ003612 lake anoxic sediment clone Ferrer et al., 2011 

Cluster I FJ712442 mud volcano sediment clone Pachiadaki et al., 2010 

Cluster I HQ270322 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster I HQ270300.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster I JX441593.1 seawater clone Jiang and Jiao, 2016 

Cluster I EU795191 seawater clone Unpublished 

Cluster I HQ673190 seawater clone Allers et al., 2013 

Cluster I JX280355 Ircinia felix clone Pita et al., 2013 

Cluster I FJ900328 Ecionemia alata clone Kamke et al., 2010 

Cluster I HE817821 Vaceletia crypta clone Karlińska-Batres and Wörheide, 2013a 

Cluster I AJ567590 deep-sea sediment clone Xu et al. 2005 

Cluster I HQ673429 seawater clone Allers et al., 2013 

Cluster I AB930585.1 dam reservoir water clone Kojima et al., 2014 

Cluster I DQ499291 biofilm clone Macalady et al., 2007 
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SAUL 

Cluster 

Accession 

number 

Host organism/ 

isolation source 
Reference 

Cluster II HQ270295.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270326.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270313.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270293.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270281 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270334.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270306.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270329.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270397.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270305.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270309.1 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II HQ270244.1 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II HQ270249.1 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II JN596764 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II EF076082.1 Plakortis sp. clone Taylor et al., 2007 

Cluster II EF076099 Plakortis sp. clone Taylor et al., 2007 

Cluster II HQ270277.1 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II HQ270237.1 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II HQ270274.1 Xestospongia testudinaria clone Montalvo and Hill, 2011 

Cluster II JX280254.1 Ircinia strobilina clone Pita et al., 2013 

Cluster II HG423461.1 Astrosclera willeyana clone Karlińska-Batres and Wörheide, 2013a 

Cluster II AF186412 Theonella swinhoei clone Hentschel et al., 2002 

Cluster II JX280284.1 Ircinia felix clone Pita et al., 2013 

Cluster II HF912447.1 Isops phlegraei clone Unpublished 

Cluster II HF912739 Geodia barretti clone Unpublished 

Cluster II JQ612359 Geodia barretti clone Radax et al., 2012 

Cluster II JQ612358.1 Geodia barretti clone Radax et al., 2012 

Cluster II JX206506.1 Ircinia fasciculata clone Erwin et al., 2012a 

Cluster II JN002382 Aplysina aerophoba clone Bayer et al., 2013 

Cluster II FJ900329 Ecionemia alata clone Kamke et al., 2010 

Cluster II FJ900564.1 Ecionemia alata clone Kamke et al., 2010 

Cluster II JX280249 Ircinia strobilina clone Pita et al., 2013 

Cluster II HQ270394 Xestospongia muta clone Montalvo and Hill, 2011 

Cluster II JX206578 Ircinia oros clone Erwin et al., 2012a 

Cluster II JQ612292 Geodia barretti clone Radax et al., 2012 

Cluster II KC471003 marine sediment clone Hoshino and Inagaki, 2013 

Cluster II EU374035 marine sediment clone Polymenakou et al., 2009 

Cluster II JX504410 marine sediment clone Edgcomb et al., 2013 

Cluster II HM187201 marine sediment clone Lin et al., 2012 

Cluster II KC831412.1 hot spring sediment clone Unpublished 
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SAUL 

Cluster 

Accession 

number 

Host organism/ 

isolation source 
Reference 

Cluster III  JN655269.1 Ircinia fasciculata clone Erwin et al., 2012 

Cluster III  JX206617.1 Ircinia oros clone Erwin et al., 2012a 

Cluster III  HE817816 Vaceletia crypta clone Karlińska-Batres and Wörheide, 2013a 

Cluster III  GU118564 Montastraea faveolata clone Sunagawa et al., 2010 

Cluster III  JX280250.1 Ircinia strobilina clone Pita et al., 2013 

Cluster III  HG423500.1 Astrosclera willeyana clone Karlińska-Batres and Wörheide, 2013b 

Cluster III  HQ674110.1 seawater clone Allers et al., 2013 

Cluster III  HQ674588.1 seawater clone Allers et al., 2013 

Cluster III  DQ513022 ridge flank crustal fluid clone Huber et al., 2006 

Cluster III  GQ351144 seawater clone Walsh et al., 2009 

Cluster III  HQ674041 seawater clone Allers et al., 2013 

Cluster III  KP091251.1 hydrothermal seep clone Unpublished 
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APPENDIX C 

 

First insights into the genomic potential of a widespread sponge-associated 

(un)classified lineage  
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Supporting text. 

 

Dedicated sugar catabolic pathways in SAUL. 

Sugar alcohols  

-Inositol catabolism.  Both bins showed a high occurrence of the genes coding for the enzyme 

myo-inositol 2-dehydrogenase (EC 1.1.1.18).  Other enzymes involved in the inositol 

dehydrogenase pathway were also identified in bin 136 but not in bin petrosia. These 

enzymes included Myo-inosose-2 dehydratase (EC 4.2.1.44), methylmalonate-semialdehyde 

dehydrogenase (acetylating) (EC 1.2.1.27) and a sugar binding protein involved in inositol 

transport system.  

Di- and oligosaccharides 

-Lactose utilization.  Both bins encoded for the enzyme beta-galactosidase (LacZ, EC 

3.2.1.23), which convert lactose into alpha-D-glucose and D-galactose. This D-galactose can 

then be redirected to amino sugar and nucleotide sugar metabolism.  

-Maltose utilization.  Only bin 136 encoded for the enzyme alpha-glucosidase (EC 3.2.1.20), 

which activity is to break down the maltose to alpha-D-glucose. 

Monosaccharides 

-Xylose utilization.  The potential for xylose utilization was shown by the presence of genes 

coding for the XylAB pathway, complete in bin 136, but with a missing enzyme in bin 

petrosia. Main enzymes involved in this pathway are xylose isomerase (XylA, EC 5.3.1.5) 

and xylulose kinase (XylB, EC 2.7.1.17). 

-D-ribose utilization.  Only bin 136 encoded almost full ribose utilization operon and the 

enzyme ribose 5-phosphate isomerase A (EC 5.3.1.6) was also identified. This operon 

comprises the enzyme ribokinase (EC 2.7.1.15) as well as the RbsABCD transporter set (TC 

3.A.1.2.1).  Ribose ABC transport system, high affinity permease (RbsD) was, however, 

missing in bin 136.  

-Fructose and mannose utilization.  Both bins encoded the genomic repertoire involved in the 

conversion of beta-D-Fructose 6-phosphate into GDP-mannose by mannose-6-phosphate 
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isomerase (EC 5.3.1.8), phosphomannomutase (EC 5.4.2.8) and mannose-1-phosphate 

guanylyltranferase (GDP) (EC 2.7.7.22).  However, only bin 136 coded for the conversion of 

beta-D-fructose into beta-D-fructose-6-phosphate, using both fructokinase (EC 2.7.1.1) and 

hexokinase (EC 2.7.1.4).  GDP-mannose can be then utilised for N-Glycan biosynthesis.  

Additionally, no mannose transport genes were identified in any of the bins. 

- D-glucuronate utilization.  Enzymes involved in D-glucuronate conversion to D-

glyceraldehyde-3P and pyruvate were encoded in both bins. These enzymes included 

glucuronate isomerase (EC 5.3.1.12), mannonate oxidoreductase (EC 1.1.1.57) (both 

enzymes exclusively found in bin 136), mannonate dehydratase (EC 4.2.1.8), 2-dehydro-3-

deoxygluconokinase (EC 2.7.1.45) and 2-dehydro-3-deoxy-phosphogluconate aldolase (EC 

4.1.2.14).  

-D-gluconate and ketogluconates metabolism.  Bin 136 has the genomic potential to oxidise 

D-glucose to D-gluconate by glucose dehydrogenase, PPQ dependent (EC 1.1.5.2) and 

gluconolactonase (EC 3.1.1.17).  This D-gluconate is further converted to 6-phospho-D-

gluconate via gluconokinase (EC 2.7.1.12), being then incorporated to the Pentose Phosphate 

Pathway.  Alternatively, D-gluconate can enter the Etner-Doudoroff pathway via a gluconate 

dehydratase (EC 4.2.1.39) for pyruvate generation (to be used in the TCA cycle), through the 

enzymes 2-dehydro-3-deoxygluconate kinase (EC 2.7.1.45) and 2-dehydro-3-

deoxyphosphogluconate aldolase (EC 4.1.2.14).  Bin petrosia, however, does not encode for 

any gluconokinase, and, presumably, the D-gluconate is exclusively utilised, and in a 

similarly way to bin 136, in the Etner-Doudoroff pathway.  

Biosynthesis in SAUL. 

-Amino acid biosynthesis.  Both bins present the machinery needed for the biosynthesis of 

most amino acids.  However, the gene encoding the enzyme catalysing the conversion of 

aspartate to asparagine was missing for both bins.  Incomplete biosynthesis pathways were 

found in bin petrosia for arginine, and in both bins for threonine, phenylalanine, tyrosine and 

tryptophan.  Genes for the biosynthesis of leucine, isoleucine and valine were only found in 

bin 136, whereas genes involved in histidine and lysine biosynthesis were exclusively found 

in bin petrosia, although some genes coding for enzymes involved in these pathways were not 

present.   
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-Purine and pyrimidine biosynthesis.  All the purine biosynthetic machinery for conversion of 

glutamine and phosphoribosylpyrophosphate (PRPP) to aminoimidazolesuccinocarboxamide 

(AICAR), and the later conversion of AICAR to iosine-monophosphate (IMP) was present in 

bin petrosia.  In addition, all genes encodings for the conversion of IMP to adenine and 

guanine (and their deoxy derivatives) were also present.However, bin 136 lacked the gene 

encoding for phosphoribosylformylglycinamidine synthase (EC 6.3.5.3), an enzyme that 

catalyses the conversion of 5'-Phosphoribosyl-N-formylglycinamide (FGAR) and L-

glutamine to 2-(Formamido)-N1-(5'-phosphoribosyl)acetamidine (FGAM) and L-glutamate.  

Both bins possessed the genes encoding enzymes for the conversion of glutamine to uridine 

monophosphate (UMP), a precursor of other pyrimidine nucleotides.  Several genes for 

conversions of UMP to different pyrimidines were also found in both bins. 

-Cofactor biosynthesis.  Both bins present the genomic potential to convert riboflavin (B2) to 

FMN and FAD, although only bin petrosia presents the enzymes needed for riboflavin 

biosynthesis. Both bins also encode enzymes for an alternative menaquinone (K2) 

biosynthesis pathway, which does not involve men genes from the known pathway described 

for E.coli but involves mqnABCDE genes instead (Dairi, 2009).  Biotin (B7) and folate (B9) 

biosynthesis pathways are both present in both bins, although gene FolB, involved in folate 

biosynthesis, is missing in both bins.  In addition, only bin 136 encodes enzymes for 

pyridoxine (B6) biosynthesis, while thiamine (B1) biosynthesis is only possible in bin 

petrosia.  

Bin 136 also encodes a range of enzymes involved in heme and siroheme biosynthesis, 

although this pathway is not complete.  This bin presents all the enzymes for the synthesis of 

5-aminolevulinic acid (ALA), a common precursor of all macrocyclic and linear 

tetrapyrroles, using the C5-skeleton of glutamate (C5-pathway), and its later conversion to 

uroporphyrinogen III, a precursor to several tetrapyrroles such as vitamin B12, sirohaem and 

haem d1. 

Both bins also encode machinery for the novo biosynthesis of NAD+ from aspartate, 

although the enzyme nicotinamide-nucleotide adenylyltransferase (EC 2.7.7.18) is missing in 

bin petrosia.  Bin petrosia also presents the genomic potential of converting this previously 

biosynthesized NAD+ into NADP through NAD kinase (EC 2.7.1.23).  Genes for the 

enzymes involved in molybdenum cofactor (associated with the metabolism of nitrogen, 

sulfur and carbon), cofactor A and lipoic acid biosynthesis are also present in both bins.  
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-Fatty acid biosynthesis.  Three enzymes involved in fatty acid biosynthesis, 3-oxoacyl-ACP-

synthase (EC 2.3.1.41), enoyl-ACP reductase (EC 1.3.1.9) and fatty acyl-ACP hydrolase (EC 

3.1.2.14), are not present in bin 136.  No machinery detected in bin petrosia.  

-Terpenoid backbone biosynthesis.  Both bins encoded the machinery for the biosynthesis of 

two major terpenoids building blocks, isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP), except for two enzymes in both bins, 1-deoxy-D-xylulose-5-

phosphate synthase (EC 2.2.1.7) and 1-deoxy-D-xylulose-5-phosphate reductoisomerase (EC 

1.1.1.267); and a third enzyme in bin petrosia, 4-(cytidine 5'-diphospho)-2-C-methyl-D-

erythritol kinase (EC 2.7.1.148).  They also encoded for the two enzymes involved in the 

biosynthesis of undecaprenyl-diphosphate from IPP, farnesyl-diphosphate synthase (EC 

2.5.1.10) and ditrans,polycis-undecaprenyl-diphosphate synthase [(2E,6E)-farnesyl-

diphosphate specific] (EC 2.5.1.31).  Undecaprenyl phosphate is a lipid involved in the 

biogenesis of several cell wall carbohydrate polymers (Touzé and Mengin-Lecreulx, 2013) 

-Capsular and extracellular polysaccharides.  Both bins encoded for the four enzymes 

required for dTDP-rhamnose biosynthesis from glucose 1-phosphate. dDTP-rhamnose is the 

precursor of rhamnose, a deoxy sugar commonly distributed in O-antigens as part of 

lipopolysaccharides in gram negative bacteria.  Rhamnose-containing glycans are involved in 

host-pathogen interactions, including adhesion, recognition, virulence, and biofilm formation. 

Also in both bins are genes involved in the biosynthesis of capsular heptoses. Capsular 

polysaccharides are known to play an important role in the bacterial survival and have been 

implicated as important virulence factors for many bacterial pathogens.  

Information transfer machines 

-DNA replication.  Both bins encoded for the DNA replication machine, including DNA 

polymerase I, DNA polymerase III (subunits α in both bins, β and γ/τ only in bin 136), DNA 

gyrase (subunits A and B), DNA topoisomerase types I and III (only present in bin 136), 

chromosomal replication initiator protein DnaA, DNA-binding proteins, DNA ligase, 

replicative DNA helicase DnaB and ribonuclease HI/HII. Bin 136 also encoded for 

topoisomerase IV (subunits A and B), DNA helicase (Rad25) and DNA primase DnaG. Bin 

petrosia also coded for DNA polymerase IV-like protein ImuB. 

-Transcription.  Both genomes have the genomic potential to encode several transcription 

initiation sigma factors, including RNA polymerase sigma factor RpoD and RpoE, and 
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sigma-54 factor RpoN. Bin 136 also encoded for sigma factor SigW and sigma-70 factor. 

Three DNA-directed RNA polymerase subunits were found to be encoded in bin 136 (α, β 

and β‘) while bin petrosia only encoded for two subunits (α and β).  Other transcription 

factors were also found in both bins, transcription elongation factor GreA, termination factor 

Rho, terminator protein NusA, antitermination protein NusG and transcription-repair 

coupling factor TrcF. Several transcriptional regulator families were detected in both bins, 

including argR (arginine repressor), DtxR, DeoR, MecI, MerR, GntR, LysR and TetR.  Bin 

136 also encoded for BlaI/MecI transcriptional repressor family, and NrdR, LacI and AbrB 

families.  On the other hand, bin petrosia encoded for AraC, TrmB and XRE families.  

-Translation.  Both bin 136 and bin petrosia encoded for 18 and 19 small subunit ribosomal 

proteins, and 30 and 27 large subunit ribosomal proteins respectively.  At least one tRNA was 

encoded for each amino acid, except for cysteine in bin 136 and for phenylalanine, glutamine 

and cysteine for bin petrosia.  Also amino acyl-tRNA synthetases were encoded for most of 

the amino acids, except for glutamine, glycine, phenylalanine and alanine. Bin 136 did not 

encode for aspartate, asparagine and seryne, while bin petrosia did not encode for methionine 

and glutamine.  Translation elongation factors were also found in both bins, including EF-Tu, 

EF-P and EF-G.  Bin petrosia also encoded for EF-Ts. The translation initiation factors IF-1, 

IF-2 and IF-3 were present in both bins.  
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Table C1. COGs present exclusively in (a) SAUL bins and (b) ―Latescibacteria‖ SAGs. 

(a) 

COG ID COG DESCRIPTION CLASS 

COG0371 Glycerol dehydrogenase and related enzymes C 

COG0045 Succinyl-CoA synthetase, beta subunit C 

COG0243 
Anaerobic dehydrogenases, typically selenocysteine-

containing 
C 

COG0055 F0F1-type ATP synthase, beta subunit C 

COG1146 Ferredoxin C 

COG2055 Malate/L-lactate dehydrogenases C 

COG1951 
Tartrate dehydratase alpha subunit/Fumarate hydratase class 

I, N-terminal domain 
C 

COG1838 
Tartrate dehydratase beta subunit/Fumarate hydratase class 

I, C-terminal domain 
C 

COG0508 

Pyruvate/2-oxoglutarate dehydrogenase complex, 

dihydrolipoamide acyltransferase (E2) component, and 

related enzymes 

C 

COG3258 Cytochrome c C 

COG1413 FOG: HEAT repeat C 

COG1622 Heme/copper-type cytochrome/quinol oxidases, subunit 2 C 

COG0822 NifU homolog involved in Fe-S cluster formation C 

COG3005 
Nitrate/TMAO reductases, membrane-bound tetraheme 

cytochrome c subunit 
C 

COG4231 
Indolepyruvate ferredoxin oxidoreductase, alpha and beta 

subunits 
C 

COG1014 
Pyruvate:ferredoxin oxidoreductase and related 2-

oxoacid:ferredoxin oxidoreductases, gamma subunit 
C 

COG1845 Heme/copper-type cytochrome/quinol oxidase, subunit 3 C 

COG1301 Na+/H+-dicarboxylate symporters C 

COG2141 

Coenzyme F420-dependent N5,N10-methylene 

tetrahydromethanopterin reductase and related flavin-

dependent oxidoreductases 

C 

COG0355 
F0F1-type ATP synthase, epsilon subunit (mitochondrial 

delta subunit) 
C 

COG0022 

Pyruvate/2-oxoglutarate dehydrogenase complex, 

dehydrogenase (E1) component, eukaryotic type, beta 

subunit 

C 

COG2080 
Aerobic-type carbon monoxide dehydrogenase, small 

subunit CoxS/CutS homologs 
C 

COG1883 
Na+-transporting methylmalonyl-CoA/oxaloacetate 

decarboxylase, beta subunit 
C 
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COG1726 
Na+-transporting NADH:ubiquinone oxidoreductase, 

subunit NqrA 
C 

COG1804 Predicted acyl-CoA transferases/carnitine dehydratase C 

COG1071 

Pyruvate/2-oxoglutarate dehydrogenase complex, 

dehydrogenase (E1) component, eukaryotic type, alpha 

subunit 

C 

COG3288 NAD/NADP transhydrogenase alpha subunit C 

COG3029 Fumarate reductase subunit C C 

COG0074 Succinyl-CoA synthetase, alpha subunit C 

COG1018 
Flavodoxin reductases (ferredoxin-NADPH reductases) 

family 1 
C 

COG2869 
Na+-transporting NADH:ubiquinone oxidoreductase, 

subunit NqrC 
C 

COG1529 
Aerobic-type carbon monoxide dehydrogenase, large 

subunit CoxL/CutL homologs 
C 

COG2225 Malate synthase C 

COG3080 Fumarate reductase subunit D C 

COG0567 
2-oxoglutarate dehydrogenase complex, dehydrogenase 

(E1) component, and related enzymes 
C 

COG1866 Phosphoenolpyruvate carboxykinase (ATP) C 

COG0348 Polyferredoxin C 

COG1048 Aconitase A C 

COG3411 Ferredoxin C 

COG1251 NAD(P)H-nitrite reductase C 

COG0538 Isocitrate dehydrogenases C 

COG2421 Predicted acetamidase/formamidase C 

COG1805 
Na+-transporting NADH:ubiquinone oxidoreductase, 

subunit NqrB 
C 

COG3488 Predicted thiol oxidoreductase C 

COG1319 
Aerobic-type carbon monoxide dehydrogenase, middle 

subunit CoxM/CutM homologs 
C 

COG1053 
Succinate dehydrogenase/fumarate reductase, flavoprotein 

subunit 
C 

COG1282 NAD/NADP transhydrogenase beta subunit C 

COG0843 Heme/copper-type cytochrome/quinol oxidases, subunit 1 C 

COG5557 Polysulphide reductase C 

COG0039 Malate/lactate dehydrogenases C 

COG1600 Uncharacterized Fe-S protein C 

COG0479 
Succinate dehydrogenase/fumarate reductase, Fe-S protein 

subunit 
C 

COG0838 NADH:ubiquinone oxidoreductase subunit 3 (chain A) C 

COG1031 Uncharacterized Fe-S oxidoreductase C 

COG1290 Cytochrome b subunit of the bc complex C 

COG1062 Zn-dependent alcohol dehydrogenases, class III C 

COG3474 Cytochrome c2 C 

COG0723 Rieske Fe-S protein C 
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COG0713 
NADH:ubiquinone oxidoreductase subunit 11 or 4L (chain 

K) 
C 

COG1294 Cytochrome bd-type quinol oxidase, subunit 2 C 

COG0114 Fumarase C 

COG2609 
Pyruvate dehydrogenase complex, dehydrogenase (E1) 

component 
C 

COG1139 
Uncharacterized conserved protein containing a ferredoxin-

like domain 
C 

COG0633 Ferredoxin C 

COG2838 Monomeric isocitrate dehydrogenase C 

COG1005 NADH:ubiquinone oxidoreductase subunit 1 (chain H) C 

COG4802 Ferredoxin-thioredoxin reductase, catalytic subunit C 

COG1007 NADH:ubiquinone oxidoreductase subunit 2 (chain N) C 

COG1274 Phosphoenolpyruvate carboxykinase (GTP) C 

COG0839 NADH:ubiquinone oxidoreductase subunit 6 (chain J) C 

COG1008 NADH:ubiquinone oxidoreductase subunit 4 (chain M) C 

COG1052 Lactate dehydrogenase and related dehydrogenases C 

COG0473 Isocitrate/isopropylmalate dehydrogenase C 

COG1668 ABC-type Na+ efflux pump, permease component C 

COG0604 
NADPH:quinone reductase and related Zn-dependent 

oxidoreductases 
C 

COG4987 
ABC-type transport system involved in cytochrome bd 

biosynthesis, fused ATPase and permease components 
C 

COG4232 Thiol:disulfide interchange protein C 

COG4233 
Uncharacterized protein predicted to be involved in C-type 

cytochrome biogenesis 
C 

COG1077 Actin-like ATPase involved in cell morphogenesis D 

COG1196 Chromosome segregation ATPases D 

COG0239 
Integral membrane protein possibly involved in 

chromosome condensation 
D 

COG2161 Antitoxin of toxin-antitoxin stability system D 

COG4118 Antitoxin of toxin-antitoxin stability system D 

COG1674 
DNA segregation ATPase FtsK/SpoIIIE and related 

proteins 
D 

COG3096 
Uncharacterized protein involved in chromosome 

partitioning 
D 

COG3116 Cell division protein D 

COG2026 
Cytotoxic translational repressor of toxin-antitoxin stability 

system 
D 

COG0440 Acetolactate synthase, small (regulatory) subunit E 

COG0703 Shikimate kinase E 

COG0498 Threonine synthase E 

COG0620 Methionine synthase II (cobalamin-independent) E 

COG1921 
Selenocysteine synthase [seryl-tRNASer selenium 

transferase] 
E 

COG0520 Selenocysteine lyase E 
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COG1177 
ABC-type spermidine/putrescine transport system, 

permease component II 
E 

COG0070 Glutamate synthase domain 3 E 

COG0687 Spermidine/putrescine-binding periplasmic protein E 

COG0624 
Acetylornithine deacetylase/Succinyl-diaminopimelate 

desuccinylase and related deacylases 
E 

COG2303 Choline dehydrogenase and related flavoproteins E 

COG2856 Predicted Zn peptidase E 

COG0548 Acetylglutamate kinase E 

COG0665 Glycine/D-amino acid oxidases (deaminating) E 

COG1164 Oligoendopeptidase F E 

COG0076 
Glutamate decarboxylase and related PLP-dependent 

proteins 
E 

COG0722 
3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) 

synthase 
E 

COG2008 Threonine aldolase E 

COG4166 
ABC-type oligopeptide transport system, periplasmic 

component 
E 

COG0067 Glutamate synthase domain 1 E 

COG0421 Spermidine synthase E 

COG0346 Lactoylglutathione lyase and related lyases E 

COG0404 
Glycine cleavage system T protein 

(aminomethyltransferase) 
E 

COG1586 S-adenosylmethionine decarboxylase E 

COG2515 1-aminocyclopropane-1-carboxylate deaminase E 

COG0334 Glutamate dehydrogenase/leucine dehydrogenase E 

COG2362 D-aminopeptidase E 

COG1176 
ABC-type spermidine/putrescine transport system, 

permease component I 
E 

COG0079 
Histidinol-phosphate/aromatic aminotransferase and cobyric 

acid decarboxylase 
E 

COG1171 Threonine dehydratase E 

COG0754 Glutathionylspermidine synthase E 

COG1364 
N-acetylglutamate synthase (N-acetylornithine 

aminotransferase) 
E 

COG1506 Dipeptidyl aminopeptidases/acylaminoacyl-peptidases E 

COG0014 Gamma-glutamyl phosphate reductase E 

COG4766 Ethanolamine utilization protein E 

COG4177 
ABC-type branched-chain amino acid transport system, 

permease component 
E 

COG2317 Zn-dependent carboxypeptidase E 

COG0118 Glutamine amidotransferase E 

COG0140 Phosphoribosyl-ATP pyrophosphohydrolase E 

COG0040 ATP phosphoribosyltransferase E 

COG4091 Predicted homoserine dehydrogenase E 

COG3616 Predicted amino acid aldolase or racemase E 
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COG1003 
Glycine cleavage system protein P (pyridoxal-binding), C-

terminal domain 
E 

COG0403 
Glycine cleavage system protein P (pyridoxal-binding), N-

terminal domain 
E 

COG0345 Pyrroline-5-carboxylate reductase E 

COG0119 Isopropylmalate/homocitrate/citramalate synthases E 

COG0685 5,10-methylenetetrahydrofolate reductase E 

COG0106 
Phosphoribosylformimino-5-aminoimidazole carboxamide 

ribonucleotide (ProFAR) isomerase 
E 

COG0066 3-isopropylmalate dehydratase small subunit E 

COG0065 3-isopropylmalate dehydratase large subunit E 

COG3842 
ABC-type spermidine/putrescine transport systems, ATPase 

components 
E 

COG0560 Phosphoserine phosphatase E 

COG0260 Leucyl aminopeptidase E 

COG0263 Glutamate 5-kinase E 

COG0136 Aspartate-semialdehyde dehydrogenase E 

COG0509 Glycine cleavage system H protein (lipoate-binding) E 

COG0002 Acetylglutamate semialdehyde dehydrogenase E 

COG0559 
Branched-chain amino acid ABC-type transport system, 

permease components 
E 

COG1446 Asparaginase E 

COG0757 3-dehydroquinate dehydratase II E 

COG1448 Aspartate/tyrosine/aromatic aminotransferase E 

COG0139 Phosphoribosyl-AMP cyclohydrolase E 

COG0804 Urea amidohydrolase (urease) alpha subunit E 

COG1410 Methionine synthase I, cobalamin-binding domain E 

COG4992 Ornithine/acetylornithine aminotransferase E 

COG0709 Selenophosphate synthase E 

COG3869 Arginine kinase E 

COG1703 
Putative periplasmic protein kinase ArgK and related 

GTPases of G3E family 
E 

COG2866 Predicted carboxypeptidase E 

COG0460 Homoserine dehydrogenase E 

COG0141 Histidinol dehydrogenase E 

COG1126 
ABC-type polar amino acid transport system, ATPase 

component 
E 

COG0131 Imidazoleglycerol-phosphate dehydratase E 

COG2040 
Homocysteine/selenocysteine methylase (S-

methylmethionine-dependent) 
E 

COG4311 Sarcosine oxidase delta subunit E 

COG2423 Predicted ornithine cyclodeaminase, mu-crystallin homolog E 

COG1045 Serine acetyltransferase E 

COG0308 Aminopeptidase N E 

COG0527 Aspartokinases E 
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COG0129 Dihydroxyacid dehydratase/phosphogluconate dehydratase E 

COG0473 Isocitrate/isopropylmalate dehydrogenase E 

COG3191 L-aminopeptidase/D-esterase E 

COG0834 
ABC-type amino acid transport/signal transduction systems, 

periplasmic component/domain 
E 

COG0028 

Thiamine pyrophosphate-requiring enzymes [acetolactate 

synthase, pyruvate dehydrogenase (cytochrome), glyoxylate 

carboligase, phosphonopyruvate decarboxylase] 

E 

COG0462 Phosphoribosylpyrophosphate synthetase E 

COG0059 Ketol-acid reductoisomerase E 

COG0146 
N-methylhydantoinase B/acetone carboxylase, alpha 

subunit 
E 

COG3185 
4-hydroxyphenylpyruvate dioxygenase and related 

hemolysins 
E 

COG0462 Phosphoribosylpyrophosphate synthetase F 

COG0590 Cytosine/adenosine deaminases F 

COG3194 Ureidoglycolate hydrolase F 

COG0518 GMP synthase - Glutamine amidotransferase domain F 

COG1051 ADP-ribose pyrophosphatase F 

COG0737 
5'-nucleotidase/2',3'-cyclic phosphodiesterase and related 

esterases 
F 

COG0516 IMP dehydrogenase/GMP reductase F 

COG3613 Nucleoside 2-deoxyribosyltransferase F 

COG0152 
Phosphoribosylaminoimidazolesuccinocarboxamide 

(SAICAR) synthase 
F 

COG0717 Deoxycytidine deaminase F 

COG2759 Formyltetrahydrofolate synthetase F 

COG1957 Inosine-uridine nucleoside N-ribohydrolase F 

COG0572 Uridine kinase F 

COG0634 Hypoxanthine-guanine phosphoribosyltransferase F 

COG0756 dUTPase F 

COG0138 
AICAR transformylase/IMP cyclohydrolase PurH (only 

IMP cyclohydrolase domain in Aful) 
F 

COG0775 Nucleoside phosphorylase F 

COG0528 Uridylate kinase F 

COG0209 Ribonucleotide reductase, alpha subunit F 

COG2233 Xanthine/uracil permeases F 

COG0125 Thymidylate kinase F 

COG0105 Nucleoside diphosphate kinase F 

COG1437 Adenylate cyclase, class 2 (thermophilic) F 

COG0540 Aspartate carbamoyltransferase, catalytic chain F 

COG3363 Archaeal IMP cyclohydrolase F 

COG1816 Adenosine deaminase F 

COG0044 Dihydroorotase and related cyclic amidohydrolases F 
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COG0504 CTP synthase (UTP-ammonia lyase) F 

COG0207 Thymidylate synthase F 

COG0046 
Phosphoribosylformylglycinamidine (FGAM) synthase, 

synthetase domain 
F 

COG2820 Uridine phosphorylase F 

COG4993 Glucose dehydrogenase G 

COG4409 Neuraminidase (sialidase) G 

COG3836 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase G 

COG0395 ABC-type sugar transport system, permease component G 

COG1175 ABC-type sugar transport systems, permease components G 

COG2133 Glucose/sorbosone dehydrogenases G 

COG4209 
ABC-type polysaccharide transport system, permease 

component 
G 

COG2152 Predicted glycosylase G 

COG2211 Na+/melibiose symporter and related transporters G 

COG0362 6-phosphogluconate dehydrogenase G 

COG1653 ABC-type sugar transport system, periplasmic component G 

COG2956 Predicted N-acetylglucosaminyl transferase G 

COG3408 Glycogen debranching enzyme G 

COG0738 Fucose permease G 

COG2115 Xylose isomerase G 

COG0406 Fructose-2,6-bisphosphatase G 

COG4101 Predicted mannose-6-phosphate isomerase G 

COG0158 Fructose-1,6-bisphosphatase G 

COG4632 

Exopolysaccharide biosynthesis protein related to N-

acetylglucosamine-1-phosphodiester alpha-N-

acetylglucosaminidase 

G 

COG2706 3-carboxymuconate cyclase G 

COG0363 
6-phosphogluconolactonase/Glucosamine-6-phosphate 

isomerase/deaminase 
G 

COG0120 Ribose 5-phosphate isomerase G 

COG1486 
Alpha-galactosidases/6-phospho-beta-glucosidases, family 

4 of glycosyl hydrolases 
G 

COG3839 ABC-type sugar transport systems, ATPase components G 

COG0580 
Glycerol uptake facilitator and related permeases (Major 

Intrinsic Protein Family) 
G 

COG3250 Beta-galactosidase/beta-glucuronidase G 

COG4124 Beta-mannanase G 

COG2513 PEP phosphonomutase and related enzymes G 

COG4692 Predicted neuraminidase (sialidase) G 

COG0448 ADP-glucose pyrophosphorylase G 

COG1482 Phosphomannose isomerase G 

COG3265 Gluconate kinase G 

COG3693 Beta-1,4-xylanase G 

COG0366 Glycosidases G 

COG2074 2-phosphoglycerate kinase G 
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COG0837 Glucokinase G 

COG1874 Beta-galactosidase G 

COG0364 Glucose-6-phosphate 1-dehydrogenase G 

COG0383 Alpha-mannosidase G 

COG3623 Putative L-xylulose-5-phosphate 3-epimerase G 

COG4806 L-rhamnose isomerase G 

COG3525 N-acetyl-beta-hexosaminidase G 

COG0696 Phosphoglyceromutase G 

COG2301 Citrate lyase beta subunit G 

COG0061 Predicted sugar kinase G 

COG0129 Dihydroxyacid dehydratase/phosphogluconate dehydratase G 

COG0702 Predicted nucleoside-diphosphate-sugar epimerases G 

COG2140 
Thermophilic glucose-6-phosphate isomerase and related 

metalloenzymes 
G 

COG1488 Nicotinic acid phosphoribosyltransferase H 

COG2896 Molybdenum cofactor biosynthesis enzyme H 

COG0408 Coproporphyrinogen III oxidase H 

COG0161 
Adenosylmethionine-8-amino-7-oxononanoate 

aminotransferase 
H 

COG0132 Dethiobiotin synthetase H 

COG1977 Molybdopterin converting factor, small subunit H 

COG0262 Dihydrofolate reductase H 

COG0171 NAD synthase H 

COG3071 Uncharacterized enzyme of heme biosynthesis H 

COG1587 Uroporphyrinogen-III synthase H 

COG3201 Nicotinamide mononucleotide transporter H 

COG0043 
3-polyprenyl-4-hydroxybenzoate decarboxylase and related 

decarboxylases 
H 

COG0521 Molybdopterin biosynthesis enzymes H 

COG0315 Molybdenum cofactor biosynthesis enzyme H 

COG2154 Pterin-4a-carbinolamine dehydratase H 

COG0303 Molybdopterin biosynthesis enzyme H 

COG0108 3,4-dihydroxy-2-butanone 4-phosphate synthase H 

COG1541 Coenzyme F390 synthetase H 

COG0669 Phosphopantetheine adenylyltransferase H 

COG0054 Riboflavin synthase beta-chain H 

COG0311 
Predicted glutamine amidotransferase involved in 

pyridoxine biosynthesis 
H 

COG0320 Lipoate synthase H 

COG4145 Na+/panthothenate symporter H 

COG0502 Biotin synthase and related enzymes H 

COG0314 Molybdopterin converting factor, large subunit H 

COG1270 Cobalamin biosynthesis protein CobD/CbiB H 

COG0214 Pyridoxine biosynthesis enzyme H 

COG0321 Lipoate-protein ligase B H 
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COG0807 GTP cyclohydrolase II H 

COG0156 7-keto-8-aminopelargonate synthetase and related enzymes H 

COG0307 Riboflavin synthase alpha chain H 

COG0163 3-polyprenyl-4-hydroxybenzoate decarboxylase H 

COG0117 Pyrimidine deaminase H 

COG1985 Pyrimidine reductase, riboflavin biosynthesis H 

COG0351 
Hydroxymethylpyrimidine/phosphomethylpyrimidine 

kinase 
H 

COG1232 Protoporphyrinogen oxidase H 

COG0452 Phosphopantothenoylcysteine synthetase/decarboxylase H 

COG0301 Thiamine biosynthesis ATP pyrophosphatase H 

COG0276 Protoheme ferro-lyase (ferrochelatase) H 

COG1052 Lactate dehydrogenase and related dehydrogenases H 

COG0028 

Thiamine pyrophosphate-requiring enzymes [acetolactate 

synthase, pyruvate dehydrogenase (cytochrome), glyoxylate 

carboligase, phosphonopyruvate decarboxylase] 

H 

COG0059 Ketol-acid reductoisomerase H 

COG0511 Biotin carboxyl carrier protein I 

COG1398 Fatty-acid desaturase I 

COG4770 Acetyl/propionyl-CoA carboxylase, alpha subunit I 

COG1250 3-hydroxyacyl-CoA dehydrogenase I 

COG1260 Myo-inositol-1-phosphate synthase I 

COG0439 Biotin carboxylase I 

COG1024 Enoyl-CoA hydratase/carnithine racemase I 

COG0764 
3-hydroxymyristoyl/3-hydroxydecanoyl-(acyl carrier 

protein) dehydratases 
I 

COG0825 Acetyl-CoA carboxylase alpha subunit I 

COG2084 
3-hydroxyisobutyrate dehydrogenase and related beta-

hydroxyacid dehydrogenases 
I 

COG0777 Acetyl-CoA carboxylase beta subunit I 

COG1562 Phytoene/squalene synthetase I 

COG2185 
Methylmalonyl-CoA mutase, C-terminal domain/subunit 

(cobalamin-binding) 
I 

COG3239 Fatty acid desaturase I 

COG2057 Acyl CoA:acetate/3-ketoacid CoA transferase, beta subunit I 

COG0183 Acetyl-CoA acetyltransferase I 

COG0657 Esterase/lipase I 

COG4799 
Acetyl-CoA carboxylase, carboxyltransferase component 

(subunits alpha and beta) 
I 

COG2030 Acyl dehydratase I 

COG1884 Methylmalonyl-CoA mutase, N-terminal domain/subunit I 

COG0318 Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II I 

COG0615 Cytidylyltransferase I 

COG0761 Penicillin tolerance protein I 
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COG1597 
Sphingosine kinase and enzymes related to eukaryotic 

diacylglycerol kinase 
I 

COG0513 Superfamily II DNA and RNA helicases J 

COG2026 
Cytotoxic translational repressor of toxin-antitoxin stability 

system 
J 

COG0590 Cytosine/adenosine deaminases J 

COG1208 

Nucleoside-diphosphate-sugar pyrophosphorylase involved 

in lipopolysaccharide biosynthesis/translation initiation 

factor 2B, gamma/epsilon subunits (eIF-2Bgamma/eIF-

2Bepsilon) 

J 

COG0016 Phenylalanyl-tRNA synthetase alpha subunit J 

COG0238 Ribosomal protein S18 J 

COG1841 Ribosomal protein L30/L7E J 

COG0721 Asp-tRNAAsn/Glu-tRNAGln amidotransferase C subunit J 

COG0349 Ribonuclease D J 

COG0809 
S-adenosylmethionine:tRNA-ribosyltransferase-isomerase 

(queuine synthetase) 
J 

COG1187 
16S rRNA uridine-516 pseudouridylate synthase and related 

pseudouridylate synthases 
J 

COG0267 Ribosomal protein L33 J 

COG2813 16S RNA G1207 methylase RsmC J 

COG2269 
Truncated, possibly inactive, lysyl-tRNA synthetase (class 

II) 
J 

COG0291 Ribosomal protein L35 J 

COG0023 
Translation initiation factor 1 (eIF-1/SUI1) and related 

proteins 
J 

COG0261 Ribosomal protein L21 J 

COG1384 Lysyl-tRNA synthetase (class I) J 

COG0052 Ribosomal protein S2 J 

COG2265 
SAM-dependent methyltransferases related to tRNA (uracil-

5-)-methyltransferase 
J 

COG0103 Ribosomal protein S9 J 

COG0211 Ribosomal protein L27 J 

COG1859 RNA:NAD 2'-phosphotransferase J 

COG0162 Tyrosyl-tRNA synthetase J 

COG0018 Arginyl-tRNA synthetase J 

COG0072 Phenylalanyl-tRNA synthetase beta subunit J 

COG1534 
Predicted RNA-binding protein containing KH domain, 

possibly ribosomal protein 
J 

COG0102 Ribosomal protein L13 J 

COG0290 Translation initiation factor 3 (IF-3) J 

COG0231 
Translation elongation factor P (EF-P)/translation initiation 

factor 5A (eIF-5A) 
J 

COG1188 
Ribosome-associated heat shock protein implicated in the 

recycling of the 50S subunit (S4 paralog) 
J 

COG0199 Ribosomal protein S14 J 
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COG0264 Translation elongation factor Ts J 

COG0233 Ribosome recycling factor J 

COG3276 Selenocysteine-specific translation elongation factor J 

COG0751 Glycyl-tRNA synthetase, beta subunit J 

COG0752 Glycyl-tRNA synthetase, alpha subunit J 

COG0513 Superfamily II DNA and RNA helicases K 

COG0553 Superfamily II DNA/RNA helicases, SNF2 family K 

COG3279 Response regulator of the LytR/AlgR family K 

COG1200 RecG-like helicase K 

COG1842 
Phage shock protein A (IM30), suppresses sigma54-

dependent transcription 
K 

COG0745 
Response regulators consisting of a CheY-like receiver 

domain and a winged-helix DNA-binding domain 
K 

COG2901 Factor for inversion stimulation Fis, transcriptional activator K 

COG2208 Serine phosphatase RsbU, regulator of sigma subunit K 

COG4978 
Transcriptional regulator, effector-binding 

domain/component 
K 

COG2944 Predicted transcriptional regulator K 

COG2865 

Predicted transcriptional regulator containing an HTH 

domain and an uncharacterized domain shared with the 

mammalian protein Schlafen 

K 

COG2002 Regulators of stationary/sporulation gene expression K 

COG3636 Predicted transcriptional regulator K 

COG0583 Transcriptional regulator K 

COG1158 Transcription termination factor K 

COG5662 
Predicted transmembrane transcriptional regulator (anti-

sigma factor) 
K 

COG1321 Mn-dependent transcriptional regulator K 

COG2378 Predicted transcriptional regulator K 

COG0846 NAD-dependent protein deacetylases, SIR2 family K 

COG1678 Putative transcriptional regulator K 

COG3905 Predicted transcriptional regulator K 

COG1438 Arginine repressor K 

COG0864 

Predicted transcriptional regulators containing the 

CopG/Arc/MetJ DNA-binding domain and a metal-binding 

domain 

K 

COG1420 Transcriptional regulator of heat shock gene K 

COG1609 Transcriptional regulators K 

COG0781 Transcription termination factor K 

COG2909 ATP-dependent transcriptional regulator K 

COG1813 Predicted transcription factor, homolog of eukaryotic MBF1 K 

COG5499 Predicted transcription regulator containing HTH domain K 

COG3620 
Predicted transcriptional regulator with C-terminal CBS 

domains 
K 
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COG2186 Transcriptional regulators K 

COG1191 DNA-directed RNA polymerase specialized sigma subunit K 

COG1293 
Predicted RNA-binding protein homologous to eukaryotic 

snRNP 
K 

COG0085 
DNA-directed RNA polymerase, beta subunit/140 kD 

subunit 
K 

COG5340 Predicted transcriptional regulator K 

COG1959 Predicted transcriptional regulator K 

COG2524 
Predicted transcriptional regulator, contains C-terminal 

CBS domains 
K 

COG4742 Predicted transcriptional regulator K 

COG3655 Predicted transcriptional regulator K 

COG2207 AraC-type DNA-binding domain-containing proteins K 

COG0513 Superfamily II DNA and RNA helicases L 

COG0494 
NTP pyrophosphohydrolases including oxidative damage 

repair enzymes 
L 

COG0553 Superfamily II DNA/RNA helicases, SNF2 family L 

COG1200 RecG-like helicase L 

COG2901 Factor for inversion stimulation Fis, transcriptional activator L 

COG0758 
Predicted Rossmann fold nucleotide-binding protein 

involved in DNA uptake 
L 

COG1041 Predicted DNA modification methylase L 

COG3593 Predicted ATP-dependent endonuclease of the OLD family L 

COG0497 ATPase involved in DNA repair L 

COG2189 Adenine specific DNA methylase Mod L 

COG0177 Predicted EndoIII-related endonuclease L 

COG3077 DNA-damage-inducible protein J L 

COG0742 N6-adenine-specific methylase L 

COG0187 
Type IIA topoisomerase (DNA gyrase/topo II, 

topoisomerase IV), B subunit 
L 

COG1343 
Uncharacterized protein predicted to be involved in DNA 

repair 
L 

COG3695 
Predicted methylated DNA-protein cysteine 

methyltransferase 
L 

COG0556 Helicase subunit of the DNA excision repair complex L 

COG0210 Superfamily I DNA and RNA helicases L 

COG1570 Exonuclease VII, large subunit L 

COG0188 
Type IIA topoisomerase (DNA gyrase/topo II, 

topoisomerase IV), A subunit 
L 

COG2003 DNA repair proteins L 

COG0266 Formamidopyrimidine-DNA glycosylase L 

COG0270 Site-specific DNA methylase L 

COG3344 Retron-type reverse transcriptase L 

COG2826 Transposase and inactivated derivatives, IS30 family L 

COG0514 Superfamily II DNA helicase L 
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COG1112 
Superfamily I DNA and RNA helicases and helicase 

subunits 
L 

COG1743 Adenine-specific DNA methylase containing a Zn-ribbon L 

COG0593 ATPase involved in DNA replication initiation L 

COG3145 Alkylated DNA repair protein L 

COG1533 DNA repair photolyase L 

COG1555 DNA uptake protein and related DNA-binding proteins L 

COG3677 Transposase and inactivated derivatives L 

COG1637 Predicted nuclease of the RecB family L 

COG0592 DNA polymerase sliding clamp subunit (PCNA homolog) L 

COG1525 Micrococcal nuclease (thermonuclease) homologs L 

COG1194 A/G-specific DNA glycosylase L 

COG1195 Recombinational DNA repair ATPase (RecF pathway) L 

COG5433 Transposase L 

COG0258 5'-3' exonuclease (including N-terminal domain of PolI) L 

COG0420 DNA repair exonuclease L 

COG0675 Transposase and inactivated derivatives L 

COG3649 
Uncharacterized protein predicted to be involved in DNA 

repair 
L 

COG1722 Exonuclease VII small subunit L 

COG1643 HrpA-like helicases L 

COG3039 Transposase and inactivated derivatives, IS5 family L 

COG1468 RecB family exonuclease L 

COG0417 DNA polymerase elongation subunit (family B) L 

COG0708 Exonuclease III L 

COG3415 Transposase and inactivated derivatives L 

COG0122 
3-methyladenine DNA glycosylase/8-oxoguanine DNA 

glycosylase 
L 

COG2827 Predicted endonuclease containing a URI domain L 

COG2176 DNA polymerase III, alpha subunit (gram-positive type) L 

COG2816 
NTP pyrophosphohydrolases containing a Zn-finger, 

probably nucleic-acid-binding 
L 

COG0470 ATPase involved in DNA replication L 

COG1796 DNA polymerase IV (family X) L 

COG0816 
Predicted endonuclease involved in recombination (possible 

Holliday junction resolvase in Mycoplasmas and B. subtilis) 
L 

COG3328 Transposase and inactivated derivatives L 

COG1292 Choline-glycine betaine transporter M 

COG0836 Mannose-1-phosphate guanylyltransferase M 

COG0766 UDP-N-acetylglucosamine enolpyruvyl transferase M 

COG1388 FOG: LysM repeat M 

COG0810 Periplasmic protein TonB, links inner and outer membranes M 

COG1088 dTDP-D-glucose 4,6-dehydratase M 

COG1213 Predicted sugar nucleotidyltransferases M 
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COG3248 Nucleoside-binding outer membrane protein M 

COG2335 
Secreted and surface protein containing fasciclin-like 

repeats 
M 

COG0682 Prolipoprotein diacylglyceryltransferase M 

COG2230 
Cyclopropane fatty acid synthase and related 

methyltransferases 
M 

COG1452 Organic solvent tolerance protein OstA M 

COG0707 
UDP-N-acetylglucosamine:LPS N-acetylglucosamine 

transferase 
M 

COG1207 

N-acetylglucosamine-1-phosphate uridyltransferase 

(contains nucleotidyltransferase and I-patch 

acetyltransferase domains) 

M 

COG0741 
Soluble lytic murein transglycosylase and related regulatory 

proteins (some contain LysM/invasin domains) 
M 

COG4623 
Predicted soluble lytic transglycosylase fused to an ABC-

type amino acid-binding protein 
M 

COG5337 Spore coat assembly protein M 

COG1686 D-alanyl-D-alanine carboxypeptidase M 

COG1970 Large-conductance mechanosensitive channel M 

COG0770 UDP-N-acetylmuramyl pentapeptide synthase M 

COG3307 Lipid A core - O-antigen ligase and related enzymes M 

COG0791 
Cell wall-associated hydrolases (invasion-associated 

proteins) 
M 

COG4953 
Membrane carboxypeptidase/penicillin-binding protein 

PbpC 
M 

COG3637 Opacity protein and related surface antigens M 

COG3064 Membrane protein involved in colicin uptake M 

COG0771 UDP-N-acetylmuramoylalanine-D-glutamate ligase M 

COG5434 Endopolygalacturonase M 

COG0481 Membrane GTPase LepA M 

COG0797 Lipoproteins M 

COG3409 Putative peptidoglycan-binding domain-containing protein M 

COG0702 Predicted nucleoside-diphosphate-sugar epimerases M 

COG1208 

Nucleoside-diphosphate-sugar pyrophosphorylase involved 

in lipopolysaccharide biosynthesis/translation initiation 

factor 2B, gamma/epsilon subunits (eIF-2Bgamma/eIF-

2Bepsilon) 

M 

COG0761 Penicillin tolerance protein M 

COG0615 Cytidylyltransferase M  

COG1843 Flagellar hook capping protein N 

COG1345 Flagellar capping protein N 

COG0630 
Type IV secretory pathway, VirB11 components, and 

related ATPases involved in archaeal flagella biosynthesis 
N 

COG3678 
P pilus assembly/Cpx signaling pathway, periplasmic 

inhibitor/zinc-resistance associated protein 
N 
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COG0740 Protease subunit of ATP-dependent Clp proteases O 

COG4987 
ABC-type transport system involved in cytochrome bd 

biosynthesis, fused ATPase and permease components 
O 

COG1391 Glutamine synthetase adenylyltransferase O 

COG4232 Thiol:disulfide interchange protein O 

COG4233 
Uncharacterized protein predicted to be involved in C-type 

cytochrome biogenesis 
O 

COG1225 Peroxiredoxin O 

COG1138 Cytochrome c biogenesis factor O 

COG3088 
Uncharacterized protein involved in biosynthesis of c-type 

cytochromes 
O 

COG1975 
Xanthine and CO dehydrogenases maturation factor, 

XdhC/CoxF family 
O 

COG3823 Glutamine cyclotransferase O 

COG5550 Predicted aspartyl protease O 

COG1030 Membrane-bound serine protease (ClpP class) O 

COG1066 Predicted ATP-dependent serine protease O 

COG4235 Cytochrome c biogenesis factor O 

COG4930 Predicted ATP-dependent Lon-type protease O 

COG0396 
ABC-type transport system involved in Fe-S cluster 

assembly, ATPase component 
O 

COG1219 ATP-dependent protease Clp, ATPase subunit O 

COG1612 
Uncharacterized protein required for cytochrome oxidase 

assembly 
O 

COG2386 
ABC-type transport system involved in cytochrome c 

biogenesis, permease component 
O 

COG0450 Peroxiredoxin O 

COG0542 ATPases with chaperone activity, ATP-binding subunit O 

COG0602 Organic radical activating enzymes O 

COG0225 Peptide methionine sulfoxide reductase O 

COG0229 
Conserved domain frequently associated with peptide 

methionine sulfoxide reductase 
O 

COG0576 Molecular chaperone GrpE (heat shock protein) O 

COG0109 
Polyprenyltransferase (cytochrome oxidase assembly 

factor) 
O 

COG0719 
ABC-type transport system involved in Fe-S cluster 

assembly, permease component 
O 

COG0695 Glutaredoxin and related proteins O 

COG1331 Highly conserved protein containing a thioredoxin domain O 

COG0830 Urease accessory protein UreF O 

COG3526 Uncharacterized protein conserved in bacteria O 

COG2332 Cytochrome c-type biogenesis protein CcmE O 

COG0638 20S proteasome, alpha and beta subunits O 

COG2377 
Predicted molecular chaperone distantly related to HSP70-

fold metalloproteases 
O 

COG0829 Urease accessory protein UreH O 
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COG0533 Metal-dependent proteases with possible chaperone activity O 

COG1222 ATP-dependent 26S proteasome regulatory subunit O 

COG0544 
FKBP-type peptidyl-prolyl cis-trans isomerase (trigger 

factor) 
O 

COG0466 ATP-dependent Lon protease, bacterial type O 

COG0725 
ABC-type molybdate transport system, periplasmic 

component 
P 

COG4559 ABC-type hemin transport system, ATPase component P 

COG3263 
NhaP-type Na+/H+ and K+/H+ antiporters with a unique C-

terminal domain 
P 

COG2239 Mg/Co/Ni transporter MgtE (contains CBS domain) P 

COG4558 ABC-type hemin transport system, periplasmic component P 

COG0715 
ABC-type nitrate/sulfonate/bicarbonate transport systems, 

periplasmic components 
P 

COG0288 Carbonic anhydrase P 

COG0226 
ABC-type phosphate transport system, periplasmic 

component 
P 

COG1116 
ABC-type nitrate/sulfonate/bicarbonate transport system, 

ATPase component 
P 

COG4771 Outer membrane receptor for ferrienterochelin and colicins P 

COG3720 Putative heme degradation protein P 

COG0607 Rhodanese-related sulfurtransferase P 

COG1108 
ABC-type Mn2+/Zn2+ transport systems, permease 

components 
P 

COG0529 Adenylylsulfate kinase and related kinases P 

COG1563 Predicted subunit of the Multisubunit Na+/H+ antiporter P 

COG2072 Predicted flavoprotein involved in K+ transport P 

COG1918 Fe2+ transport system protein A P 

COG0605 Superoxide dismutase P 

COG0600 
ABC-type nitrate/sulfonate/bicarbonate transport system, 

permease component 
P 

COG1528 Ferritin-like protein P 

COG1393 Arsenate reductase and related proteins, glutaredoxin family P 

COG0530 Ca2+/Na+ antiporter P 

COG0581 
ABC-type phosphate transport system, permease 

component 
P 

COG0659 
Sulfate permease and related transporters (MFS 

superfamily) 
P 

COG3338 Carbonic anhydrase P 

COG1858 Cytochrome c peroxidase P 

COG1121 ABC-type Mn/Zn transport systems, ATPase component P 

COG4148 ABC-type molybdate transport system, ATPase component P 

COG4774 Outer membrane receptor for monomeric catechols P 
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COG4149 
ABC-type molybdate transport system, permease 

component 
P 

COG1117 ABC-type phosphate transport system, ATPase component P 

COG0155 Sulfite reductase, beta subunit (hemoprotein) P 

COG2217 Cation transport ATPase P 

COG3487 Uncharacterized iron-regulated protein P 

COG4772 Outer membrane receptor for Fe3+-dicitrate P 

COG0803 
ABC-type metal ion transport system, periplasmic 

component/surface adhesin 
P 

COG3540 Phosphodiesterase/alkaline phosphatase D P 

COG0376 Catalase (peroxidase I) P 

COG0475 Kef-type K+ transport systems, membrane components P 

COG2608 Copper chaperone P 

COG4531 
ABC-type Zn2+ transport system, periplasmic 

component/surface adhesin 
P 

COG0306 Phosphate/sulphate permeases P 

COG1324 
Uncharacterized protein involved in tolerance to divalent 

cations 
P 

COG1283 Na+/phosphate symporter P 

COG2967 Uncharacterized protein affecting Mg2+/Co2+ transport P 

COG2897 Rhodanese-related sulfurtransferase P 

COG2059 Chromate transport protein ChrA P 

COG1178 ABC-type Fe3+ transport system, permease component P 

COG1668 ABC-type Na+ efflux pump, permease component P 

COG2146 
Ferredoxin subunits of nitrite reductase and ring-

hydroxylating dioxygenases 
P 

COG3678 
P pilus assembly/Cpx signaling pathway, periplasmic 

inhibitor/zinc-resistance associated protein 
P 

COG3191 L-aminopeptidase/D-esterase Q 

COG0318 Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II Q 

COG0146 
N-methylhydantoinase B/acetone carboxylase, alpha 

subunit 
Q 

COG0500 SAM-dependent methyltransferases Q 

COG5285 
Protein involved in biosynthesis of mitomycin 

antibiotics/polyketide fumonisin 
Q 

COG2368 Aromatic ring hydroxylase Q 

COG2175 Probable taurine catabolism dioxygenase Q 

COG4665 
TRAP-type mannitol/chloroaromatic compound transport 

system, small permease component 
Q 

COG1335 Amidases related to nicotinamidase Q 

COG1233 Phytoene dehydrogenase and related proteins Q 

COG2854 
ABC-type transport system involved in resistance to organic 

solvents, auxiliary component 
Q 

COG0412 Dienelactone hydrolase and related enzymes Q 

COG3509 Poly(3-hydroxybutyrate) depolymerase Q 
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COG3127 
Predicted ABC-type transport system involved in 

lysophospholipase L1 biosynthesis, permease component 
Q 

COG4663 
TRAP-type mannitol/chloroaromatic compound transport 

system, periplasmic component 
Q 

COG1228 Imidazolonepropionase and related amidohydrolases Q 

COG4664 
TRAP-type mannitol/chloroaromatic compound transport 

system, large permease component 
Q 

COG3321 Polyketide synthase modules and related proteins Q 

COG3320 
Putative dehydrogenase domain of multifunctional non-

ribosomal peptide synthetases and related enzymes 
Q 

COG4181 
Predicted ABC-type transport system involved in 

lysophospholipase L1 biosynthesis, ATPase component 
Q 

COG3485 Protocatechuate 3,4-dioxygenase beta subunit Q 

COG3458 Acetyl esterase (deacetylase) Q 

COG2124 Cytochrome P450 Q 

COG1402 Uncharacterized protein, putative amidase R 

COG4785 Lipoprotein NlpI, contains TPR repeats R 

COG1878 Predicted metal-dependent hydrolase R 

COG1106 Predicted ATPases R 

COG2234 Predicted aminopeptidases R 

COG1848 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG3083 Predicted hydrolase of alkaline phosphatase superfamily R 

COG0300 
Short-chain dehydrogenases of various substrate 

specificities 
R 

COG2041 Sulfite oxidase and related enzymes R 

COG3093 Plasmid maintenance system antidote protein R 

COG2907 Predicted NAD/FAD-binding protein R 

COG3549 Plasmid maintenance system killer protein R 

COG1487 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG4586 
ABC-type uncharacterized transport system, ATPase 

component 
R 

COG4221 Short-chain alcohol dehydrogenase of unknown specificity R 

COG3211 Predicted phosphatase R 

COG3417 Collagen-binding surface adhesin SpaP (antigen I/II family) R 

COG0596 
Predicted hydrolases or acyltransferases (alpha/beta 

hydrolase superfamily)  
R 

COG0666 FOG: Ankyrin repeat R 

COG3618 Predicted metal-dependent hydrolase of the TIM-barrel fold R 

COG5012 Predicted cobalamin binding protein R 

COG1011 Predicted hydrolase (HAD superfamily) R 

COG2607 Predicted ATPase (AAA+ superfamily) R 

COG4691 Plasmid stability protein R 

COG2962 Predicted permeases R 
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COG0824 Predicted thioesterase R 

COG1373 Predicted ATPase (AAA+ superfamily) R 

COG3654 Prophage maintenance system killer protein R 

COG1672 Predicted ATPase (AAA+ superfamily) R 

COG3973 Superfamily I DNA and RNA helicases R 

COG1092 Predicted SAM-dependent methyltransferases R 

COG4889 Predicted helicase R 

COG2319 FOG: WD40 repeat R 

COG0724 RNA-binding proteins (RRM domain) R 

COG3894 Uncharacterized metal-binding protein R 

COG0456 Acetyltransferases R 

COG0517 FOG: CBS domain R 

COG3858 Predicted glycosyl hydrolase R 

COG3964 Predicted amidohydrolase R 

COG1708 Predicted nucleotidyltransferases R 

COG2334 Putative homoserine kinase type II (protein kinase fold) R 

COG4174 
ABC-type uncharacterized transport system, permease 

component 
R 

COG5611 
Predicted nucleic-acid-binding protein, contains PIN 

domain 
R 

COG4113 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG1483 Predicted ATPase (AAA+ superfamily) R 

COG1712 Predicted dinucleotide-utilizing enzyme R 

COG0618 Exopolyphosphatase-related proteins R 

COG4783 Putative Zn-dependent protease, contains TPR repeats R 

COG2137 Uncharacterized protein conserved in bacteria R 

COG2366 Protein related to penicillin acylase R 

COG1524 Uncharacterized proteins of the AP superfamily R 

COG3668 Plasmid stabilization system protein R 

COG4262 
Predicted spermidine synthase with an N-terminal 

membrane domain 
R 

COG4587 
ABC-type uncharacterized transport system, permease 

component 
R 

COG1033 Predicted exporters of the RND superfamily R 

COG3324 Predicted enzyme related to lactoylglutathione lyase R 

COG0433 Predicted ATPase R 

COG4106 Trans-aconitate methyltransferase R 

COG2374 Predicted extracellular nuclease R 

COG3393 Predicted acetyltransferase R 

COG2079 Uncharacterized protein involved in propionate catabolism R 

COG5006 Predicted permease, DMT superfamily R 

COG1203 Predicted helicases R 

COG1546 
Uncharacterized protein (competence- and mitomycin-

induced) 
R 
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COG2194 Predicted membrane-associated, metal-dependent hydrolase R 

COG1427 Predicted periplasmic solute-binding protein R 

COG1451 Predicted metal-dependent hydrolase R 

COG4158 
Predicted ABC-type sugar transport system, permease 

component 
R 

COG5271 
AAA ATPase containing von Willebrand factor type A 

(vWA) domain 
R 

COG2068 Uncharacterized MobA-related protein R 

COG3478 
Predicted nucleic-acid-binding protein containing a Zn-

ribbon domain 
R 

COG1999 
Uncharacterized protein SCO1/SenC/PrrC, involved in 

biogenesis of respiratory and photosynthetic systems 
R 

COG2405 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG0727 Predicted Fe-S-cluster oxidoreductase R 

COG2936 Predicted acyl esterases R 

COG2333 Predicted hydrolase (metallo-beta-lactamase superfamily) R 

COG0658 Predicted membrane metal-binding protein R 

COG3608 Predicted deacylase R 

COG4172 
ABC-type uncharacterized transport system, duplicated 

ATPase component 
R 

COG0701 Predicted permeases R 

COG3383 Uncharacterized anaerobic dehydrogenase R 

COG3291 FOG: PKD repeat R 

COG1694 Predicted pyrophosphatase R 

COG1287 
Uncharacterized membrane protein, required for N-linked 

glycosylation 
R 

COG2107 Predicted periplasmic solute-binding protein R 

COG4341 Predicted HD phosphohydrolase R 

COG1988 Predicted membrane-bound metal-dependent hydrolases R 

COG4239 
ABC-type uncharacterized transport system, permease 

component 
R 

COG4674 
Uncharacterized ABC-type transport system, ATPase 

component 
R 

COG2402 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG0218 Predicted GTPase R 

COG4857 Predicted kinase R 

COG2130 Putative NADP-dependent oxidoreductases R 

COG5573 
Predicted nucleic-acid-binding protein, contains PIN 

domain 
R 

COG1090 Predicted nucleoside-diphosphate sugar epimerase R 

COG4980 Gas vesicle protein R 

COG4026 
Uncharacterized protein containing TOPRIM domain, 

potential nuclease 
R 
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COG4152 
ABC-type uncharacterized transport system, ATPase 

component 
R 

COG4710 Predicted DNA-binding protein with an HTH domain R 

COG4099 Predicted peptidase R 

COG0486 Predicted GTPase R 

COG3688 Predicted RNA-binding protein containing a PIN domain R 

COG1942 
Uncharacterized protein, 4-oxalocrotonate tautomerase 

homolog 
R 

COG2110 
Predicted phosphatase homologous to the C-terminal 

domain of histone macroH2A1 
R 

COG3318 
Predicted metal-binding protein related to the C-terminal 

domain of SecA 
R 

COG0220 
Predicted S-adenosylmethionine-dependent 

methyltransferase 
R 

COG1234 
Metal-dependent hydrolases of the beta-lactamase 

superfamily III 
R 

COG3552 
Protein containing von Willebrand factor type A (vWA) 

domain 
R 

COG2517 
Predicted RNA-binding protein containing a C-terminal 

EMAP domain 
R 

COG4324 Predicted aminopeptidase R 

COG0637 Predicted phosphatase/phosphohexomutase R 

COG4552 
Predicted acetyltransferase involved in intracellular survival 

and related acetyltransferases 
R 

COG1026 Predicted Zn-dependent peptidases, insulinase-like R 

COG0073 EMAP domain R 

COG3694 
ABC-type uncharacterized transport system, permease 

component 
R 

COG4590 
ABC-type uncharacterized transport system, permease 

component 
R 

COG3889 Predicted solute binding protein R 

COG1783 Phage terminase large subunit R 

COG1418 Predicted HD superfamily hydrolase R 

COG2252 Permeases R 

COG3956 
Protein containing tetrapyrrole methyltransferase domain 

and MazG-like (predicted pyrophosphatase) domain 
R 

COG0536 Predicted GTPase R 

COG3302 DMSO reductase anchor subunit R 

COG3981 Predicted acetyltransferase R 

COG2945 Predicted hydrolase of the alpha/beta superfamily R 

COG1721 
Uncharacterized conserved protein (some members contain 

a von Willebrand factor type A (vWA) domain) 
R 

COG3897 Predicted methyltransferase R 

COG5564 Predicted TIM-barrel enzyme, possibly a dioxygenase R 

COG1266 Predicted metal-dependent membrane protease R 

COG1559 Predicted periplasmic solute-binding protein R 
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COG2103 Predicted sugar phosphate isomerase R 

COG4666 
TRAP-type uncharacterized transport system, fused 

permease components 
R 

COG0446 Uncharacterized NAD(FAD)-dependent dehydrogenases R 

COG4976 Predicted methyltransferase (contains TPR repeat) R 

COG4619 
ABC-type uncharacterized transport system, ATPase 

component 
R 

COG0780 Enzyme related to GTP cyclohydrolase I R 

COG2129 Predicted phosphoesterases, related to the Icc protein R 

COG0663 
Carbonic anhydrases/acetyltransferases, isoleucine patch 

superfamily 
R 

COG0645 Predicted kinase R 

COG3968 Uncharacterized protein related to glutamine synthetase R 

COG2358 
TRAP-type uncharacterized transport system, periplasmic 

component 
R 

COG3401 Fibronectin type 3 domain-containing protein R 

COG3178 
Predicted phosphotransferase related to Ser/Thr protein 

kinases 
R 

COG1201 Lhr-like helicases R 

COG3970 Fumarylacetoacetate (FAA) hydrolase family protein R 

COG0790 FOG: TPR repeat, SEL1 subfamily R 

COG1574 
Predicted metal-dependent hydrolase with the TIM-barrel 

fold 
R 

COG1832 Predicted CoA-binding protein R 

COG2425 
Uncharacterized protein containing a von Willebrand factor 

type A (vWA) domain 
R 

COG0656 Aldo/keto reductases, related to diketogulonate reductase R 

COG1545 
Predicted nucleic-acid-binding protein containing a Zn-

ribbon 
R 

COG1964 Predicted Fe-S oxidoreductases R 

COG2514 Predicted ring-cleavage extradiol dioxygenase R 

COG1094 Predicted RNA-binding protein (contains KH domains) R 

COG2071 Predicted glutamine amidotransferases R 

COG2520 Predicted methyltransferase R 

COG4137 
ABC-type uncharacterized transport system, permease 

component 
R 

COG3571 Predicted hydrolase of the alpha/beta-hydrolase fold R 

COG5621 Predicted secreted hydrolase R 

COG3631 Ketosteroid isomerase-related protein R 

COG0523 Putative GTPases (G3E family) R 

COG1896 Predicted hydrolases of HD superfamily R 

COG0390 
ABC-type uncharacterized transport system, permease 

component 
R 

COG4867 
Uncharacterized protein with a von Willebrand factor type 

A (vWA) domain 
R 

COG3450 Predicted enzyme of the cupin superfamily R 
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COG1568 Predicted methyltransferases R 

COG1286 
Uncharacterized membrane protein, required for colicin V 

production 
R 

COG1310 
Predicted metal-dependent protease of the PAD1/JAB1 

superfamily 
R 

COG1052 Lactate dehydrogenase and related dehydrogenases R 

COG0494 
NTP pyrophosphohydrolases including oxidative damage 

repair enzymes 
R 

COG0604 
NADPH:quinone reductase and related Zn-dependent 

oxidoreductases 
R 

COG2146 
Ferredoxin subunits of nitrite reductase and ring-

hydroxylating dioxygenases 
R 

COG0500 SAM-dependent methyltransferases R 

COG2140 
Thermophilic glucose-6-phosphate isomerase and related 

metalloenzymes 
R 

COG1597 
Sphingosine kinase and enzymes related to eukaryotic 

diacylglycerol kinase 
R 

COG3185 
4-hydroxyphenylpyruvate dioxygenase and related 

hemolysins 
R 

COG4638 
Phenylpropionate dioxygenase and related ring-

hydroxylating dioxygenases, large terminal subunit 
R 

COG4638 
Phenylpropionate dioxygenase and related ring-

hydroxylating dioxygenases, large terminal subunit 
R 

COG2442 Uncharacterized conserved protein S 

COG4636 Uncharacterized protein conserved in cyanobacteria S 

COG2246 Predicted membrane protein S 

COG2908 Uncharacterized protein conserved in bacteria S 

COG5276 Uncharacterized conserved protein S 

COG4938 Uncharacterized conserved protein S 

COG2886 Uncharacterized small protein S 

COG2847 Uncharacterized protein conserved in bacteria S 

COG1426 Uncharacterized protein conserved in bacteria S 

COG3041 Uncharacterized protein conserved in bacteria S 

COG2929 Uncharacterized protein conserved in bacteria S 

COG0586 Uncharacterized membrane-associated protein S 

COG3177 Uncharacterized conserved protein S 

COG2308 Uncharacterized conserved protein S 

COG2510 Predicted membrane protein S 

COG1576 Uncharacterized conserved protein S 

COG4911 Uncharacterized conserved protein S 

COG2035 Predicted membrane protein S 

COG5389 Uncharacterized protein conserved in bacteria S 

COG5606 Uncharacterized conserved small protein S 

COG2991 Uncharacterized protein conserved in bacteria S 

COG5305 Predicted membrane protein S 

COG4336 Uncharacterized conserved protein S 
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COG2322 Predicted membrane protein S 

COG3802 Uncharacterized protein conserved in bacteria S 

COG4804 Uncharacterized conserved protein S 

COG1479 Uncharacterized conserved protein S 

COG2307 Uncharacterized protein conserved in bacteria S 

COG4683 Uncharacterized protein conserved in bacteria S 

COG3744 Uncharacterized protein conserved in bacteria S 

COG4412 Uncharacterized protein conserved in bacteria S 

COG4456 Virulence-associated protein and related proteins S 

COG2096 Uncharacterized conserved protein S 

COG3514 Uncharacterized protein conserved in bacteria S 

COG5441 Uncharacterized conserved protein S 

COG3379 Uncharacterized conserved protein S 

COG2947 Uncharacterized conserved protein S 

COG3657 Uncharacterized protein conserved in bacteria S 

COG3391 Uncharacterized conserved protein S 

COG1981 Predicted membrane protein S 

COG3254 Uncharacterized conserved protein S 

COG4856 Uncharacterized protein conserved in bacteria S 

COG5470 Uncharacterized conserved protein S 

COG4679 Phage-related protein S 

COG4634 Uncharacterized protein conserved in bacteria S 

COG2128 Uncharacterized conserved protein S 

COG3883 Uncharacterized protein conserved in bacteria S 

COG3012 Uncharacterized protein conserved in bacteria S 

COG4185 Uncharacterized protein conserved in bacteria S 

COG1692 Uncharacterized protein conserved in bacteria S 

COG4737 Uncharacterized protein conserved in bacteria S 

COG4399 Uncharacterized protein conserved in bacteria S 

COG3824 Uncharacterized protein conserved in bacteria S 

COG4226 
Uncharacterized protein encoded in hypervariable junctions 

of pilus gene clusters 
S 

COG5642 Uncharacterized conserved protein S 

COG3427 Uncharacterized conserved protein S 

COG3358 Uncharacterized conserved protein S 

COG1944 Uncharacterized conserved protein S 

COG3372 Uncharacterized conserved protein S 

COG2353 Uncharacterized conserved protein S 

COG5428 Uncharacterized conserved small protein S 

COG2833 Uncharacterized protein conserved in bacteria S 

COG2912 Uncharacterized conserved protein S 

COG4422 Bacteriophage protein gp37 S 

COG3536 Uncharacterized protein conserved in bacteria S 

COG0779 Uncharacterized protein conserved in bacteria S 

COG2954 Uncharacterized protein conserved in bacteria S 

COG3595 Uncharacterized conserved protein S 
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COG3877 Uncharacterized protein conserved in bacteria S 

COG5660 Predicted integral membrane protein S 

COG3766 Predicted membrane protein S 

COG4864 Uncharacterized protein conserved in bacteria S 

COG1652 Uncharacterized protein containing LysM domain S 

COG1379 Uncharacterized conserved protein S 

COG3496 Uncharacterized conserved protein S 

COG2268 Uncharacterized protein conserved in bacteria S 

COG2253 Uncharacterized conserved protein S 

COG3011 Uncharacterized protein conserved in bacteria S 

COG3752 Predicted membrane protein S 

COG2258 Uncharacterized protein conserved in bacteria S 

COG4916 
Uncharacterized protein containing a TIR (Toll-Interleukin 

1-resistance) domain 
S 

COG2764 Uncharacterized protein conserved in bacteria S 

COG0062 Uncharacterized conserved protein S 

COG4680 Uncharacterized protein conserved in bacteria S 

COG2849 Uncharacterized protein conserved in bacteria S 

COG5483 Uncharacterized conserved protein S 

COG1432 Uncharacterized conserved protein S 

COG1470 Predicted membrane protein S 

COG5654 Uncharacterized conserved protein S 

COG5522 Predicted integral membrane protein S 

COG4895 Uncharacterized conserved protein S 

COG4244 Predicted membrane protein S 

COG4278 Uncharacterized conserved protein S 

COG3472 Uncharacterized conserved protein S 

COG5464 Uncharacterized conserved protein S 

COG3880 Uncharacterized protein with conserved CXXC pairs S 

COG1572 Uncharacterized conserved protein S 

COG4115 Uncharacterized protein conserved in bacteria S 

COG3367 Uncharacterized conserved protein S 

COG5578 Predicted integral membrane protein S 

COG3055 Uncharacterized protein conserved in bacteria S 

COG4694 Uncharacterized protein conserved in bacteria S 

COG4715 Uncharacterized conserved protein S 

COG1615 Uncharacterized conserved protein S 

COG3007 Uncharacterized paraquat-inducible protein B S 

COG3253 Uncharacterized conserved protein S 

COG1895 
Uncharacterized conserved protein related to C-terminal 

domain of eukaryotic chaperone, SACSIN 
S 

COG2170 Uncharacterized conserved protein S 

COG1865 Uncharacterized conserved protein S 

COG4274 Uncharacterized conserved protein S 

COG5360 Uncharacterized protein conserved in bacteria S 

COG3832 Uncharacterized conserved protein S 
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COG3339 Uncharacterized conserved protein S 

COG3204 Uncharacterized protein conserved in bacteria S 

COG5649 Uncharacterized conserved protein S 

COG5373 Predicted membrane protein S 

COG3665 Uncharacterized conserved protein S 

COG3528 Uncharacterized protein conserved in bacteria S 

COG4717 Uncharacterized conserved protein S 

COG1547 Uncharacterized conserved protein S 

COG3349 Uncharacterized conserved protein S 

COG0398 Uncharacterized conserved protein S 

COG2340 Uncharacterized protein with SCP/PR1 domains S 

COG4696 Uncharacterized protein conserved in bacteria S 

COG2105 Uncharacterized conserved protein S 

COG1809 Uncharacterized conserved protein S 

COG4861 Uncharacterized protein conserved in bacteria S 

COG1561 Uncharacterized stress-induced protein S 

COG4312 Uncharacterized protein conserved in bacteria S 

COG3837 
Uncharacterized conserved protein, contains double-

stranded beta-helix domain 
S 

COG0759 Uncharacterized conserved protein S 

COG0599 
Uncharacterized homolog of gamma-

carboxymuconolactone decarboxylase subunit 
S 

COG1833 Uncharacterized conserved protein S 

COG5426 Uncharacterized membrane protein S 

COG3108 Uncharacterized protein conserved in bacteria S 

COG2138 Uncharacterized conserved protein S 

COG2320 Uncharacterized conserved protein S 

COG2852 Uncharacterized protein conserved in bacteria S 

COG1679 Uncharacterized conserved protein S 

COG3513 Uncharacterized protein conserved in bacteria S 

COG3356 Predicted membrane protein S 

COG3791 Uncharacterized conserved protein S 

COG2445 Uncharacterized conserved protein S 

COG1556 Uncharacterized conserved protein S 

COG4641 Uncharacterized protein conserved in bacteria S 

COG1915 Uncharacterized conserved protein S 

COG2043 Uncharacterized protein conserved in archaea S 

COG1786 Uncharacterized conserved protein S 

COG3410 Uncharacterized conserved protein S 

COG4872 Predicted membrane protein S 

COG3804 
Uncharacterized conserved protein related to 

dihydrodipicolinate reductase 
S 

COG1376 Uncharacterized protein conserved in bacteria S 

COG4866 Uncharacterized conserved protein S 

COG0834 
ABC-type amino acid transport/signal transduction systems, 

periplasmic component/domain 
T 
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COG3279 Response regulator of the LytR/AlgR family T 

COG1842 
Phage shock protein A (IM30), suppresses sigma54-

dependent transcription 
T 

COG0745 
Response regulators consisting of a CheY-like receiver 

domain and a winged-helix DNA-binding domain 
T 

COG1391 Glutamine synthetase adenylyltransferase T 

COG2208 Serine phosphatase RsbU, regulator of sigma subunit T 

COG3678 
P pilus assembly/Cpx signaling pathway, periplasmic 

inhibitor/zinc-resistance associated protein 
T 

COG4978 
Transcriptional regulator, effector-binding 

domain/component 
T 

COG5635 Predicted NTPase (NACHT family) T 

COG4191 
Signal transduction histidine kinase regulating C4-

dicarboxylate transport system 
T 

COG2337 Growth inhibitor T 

COG0589 
Universal stress protein UspA and related nucleotide-

binding proteins 
T 

COG1366 
Anti-anti-sigma regulatory factor (antagonist of anti-sigma 

factor) 
T 

COG2205 Osmosensitive K+ channel histidine kinase T 

COG4564 Signal transduction histidine kinase T 

COG3275 Putative regulator of cell autolysis T 

COG3706 
Response regulator containing a CheY-like receiver domain 

and a GGDEF domain 
T 

COG2198 FOG: HPt domain T 

COG5000 
Signal transduction histidine kinase involved in nitrogen 

fixation and metabolism regulation 
T 

COG2453 Predicted protein-tyrosine phosphatase T 

COG3642 Mn2+-dependent serine/threonine protein kinase T 

COG4585 Signal transduction histidine kinase T 

COG2905 
Predicted signal-transduction protein containing cAMP-

binding and CBS domains 
T 

COG3103 SH3 domain protein T 

COG3290 
Signal transduction histidine kinase regulating 

citrate/malate metabolism 
T 

COG3848 Phosphohistidine swiveling domain T 

COG2203 FOG: GAF domain T 

COG0823 
Periplasmic component of the Tol biopolymer transport 

system 
U 

COG0341 Preprotein translocase subunit SecF U 

COG0681 Signal peptidase I U 

COG0706 Preprotein translocase subunit YidC U 

COG0740 Protease subunit of ATP-dependent Clp proteases U 

COG0630 
Type IV secretory pathway, VirB11 components, and 

related ATPases involved in archaeal flagella biosynthesis 
U 
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COG3678 
P pilus assembly/Cpx signaling pathway, periplasmic 

inhibitor/zinc-resistance associated protein 
U 

COG0758 
Predicted Rossmann fold nucleotide-binding protein 

involved in DNA uptake 
U 

COG1715 Restriction endonuclease V 

COG3570 Streptomycin 6-kinase V 

COG2746 Aminoglycoside N3'-acetyltransferase V 

COG3023 Negative regulator of beta-lactamase expression V 

COG4096 
Type I site-specific restriction-modification system, R 

(restriction) subunit and related helicases 
V 

COG1401 GTPase subunit of restriction endonuclease V 

COG0610 
Type I site-specific restriction-modification system, R 

(restriction) subunit and related helicases 
V 

COG4268 McrBC 5-methylcytosine restriction system component V 

COG2810 Predicted type IV restriction endonuclease V 

COG0732 Restriction endonuclease S subunits V 

COG3896 Chloramphenicol 3-O-phosphotransferase V 

COG1002 Type II restriction enzyme, methylase subunits V 

COG4257 Streptogramin lyase V 

COG2274 
ABC-type bacteriocin/lantibiotic exporters, contain an N-

terminal double-glycine peptidase domain 
V 

COG4452 Inner membrane protein involved in colicin E2 resistance V 

COG3440 Predicted restriction endonuclease V 

COG3183 Predicted restriction endonuclease V 

COG2367 Beta-lactamase class A V 

COG1619 
Uncharacterized proteins, homologs of microcin C7 

resistance protein MccF 
V 

 

 

 

 

 

(b) 

COG ID COG DESCRIPTION CLASS 

COG0427 Acyl-CoA hydrolase C 

COG1042 Acyl-CoA synthetase (NDP forming) C 

COG1155 
Archaeal/vacuolar-type H+-ATPase catalytic subunit 

A/Vma1 
C 

COG1156 Archaeal/vacuolar-type H+-ATPase subunit B/Vma2 C 

COG1527 Archaeal/vacuolar-type H+-ATPase subunit C/Vma6 C 

COG1394 Archaeal/vacuolar-type H+-ATPase subunit D/Vma8 C 

COG1390 Archaeal/vacuolar-type H+-ATPase subunit E/Vma4 C 
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COG1436 Archaeal/vacuolar-type H+-ATPase subunit F/Vma7 C 

COG1269 Archaeal/vacuolar-type H+-ATPase subunit I/STV1 C 

COG3202 ATP/ADP translocase C 

COG3259 Coenzyme F420-reducing hydrogenase, alpha subunit C 

COG1333 Cytochrome c biogenesis protein ResB C 

COG2033 
Desulfoferrodoxin, superoxide reductase-like (SORL) 

domain 
C 

COG2086 Electron transfer flavoprotein, alpha and beta subunits C 

COG2025 Electron transfer flavoprotein, alpha subunit C 

COG1141 Ferredoxin C 

COG0426 Flavorubredoxin C 

COG1304 

FMN-dependent dehydrogenase, includes L-lactate 

dehydrogenase and type II isopentenyl diphosphate 

isomerase 

C 

COG0650 Formate hydrogenlyase subunit 4 C 

COG0655 Multimeric flavodoxin WrbA C 

COG4657 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfA subunit 
C 

COG2878 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfB subunit 
C 

COG4656 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfC subunit 
C 

COG4658 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfD subunit 
C 

COG4660 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfE subunit 
C 

COG4659 
Na+-translocating ferredoxin:NAD+ oxidoreductase RNF, 

RnfG subunit 
C 

COG3262 Ni,Fe-hydrogenase III component G C 

COG3261 Ni,Fe-hydrogenase III large subunit C 

COG3260 Ni,Fe-hydrogenase III small subunit C 

COG0680 Ni,Fe-hydrogenase maturation factor C 

COG2210 Peroxiredoxin family protein C 

COG1773 Rubredoxin C 

COG0464 AAA+-type ATPase, SpoVK/Ycf46/Vps4 family D 

COG0455 
MinD-like ATPase involved in chromosome partitioning or 

flagellar assembly 
D 

COG1465 3-dehydroquinate synthase, class II E 

COG2876 
3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) 

synthase 
E 

COG1125 
ABC-type proline/glycine betaine transport system, ATPase 

component 
E 

COG0075 
Archaeal aspartate aminotransferase or a related 

aminotransferase, includes purine catabolism protein PucG 
E 

COG0010 Arginase family enzyme E 
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COG2502 Asparagine synthetase A E 

COG0241 Histidinol phosphatase or a related phosphatase E 

COG2021 Homoserine acetyltransferase E 

COG1113 L-asparagine transporter and related permeases E 

COG1350 
Predicted alternative tryptophan synthase beta-subunit 

(paralog of TrpB) 
E 

COG1945 Pyruvoyl-dependent arginine decarboxylase (PvlArgDC) E 

COG0075 
Archaeal aspartate aminotransferase or a related 

aminotransferase, includes purine catabolism protein PucG 
F 

COG1328 Anaerobic ribonucleoside-triphosphate reductase F 

COG1691 NCAIR mutase (PurE)-related protein F 

COG1351 Thymidylate synthase ThyX F 

COG1501 Alpha-glucosidase, glycosyl hydrolase family GH31 G 

COG3669 Alpha-L-fucosidase G 

COG2731 Beta-galactosidase, beta subunit G 

COG1064 
D-arabinose 1-dehydrogenase, Zn-dependent alcohol 

dehydrogenase family 
G 

COG0794 D-arabinose 5-phosphate isomerase GutQ G 

COG3822 D-lyxose ketol-isomerase G 

COG1349 
DNA-binding transcriptional regulator of sugar metabolism, 

DeoR/GlpR family 
G 

COG0191 Fructose/tagatose bisphosphate aldolase G 

COG1085 Galactose-1-phosphate uridylyltransferase G 

COG1904 Glucuronate isomerase G 

COG0297 Glycogen synthase G 

COG2160 L-arabinose isomerase G 

COG2407 L-fucose isomerase or related protein G 

COG0246 Mannitol-1-phosphate/altronate dehydrogenases G 

COG2942 
Mannose or cellobiose epimerase, N-acyl-D-glucosamine 2-

epimerase family 
G 

COG1820 N-acetylglucosamine-6-phosphate deacetylase G 

COG1472 Periplasmic beta-glucosidase and related glycosidases G 

COG0588 Phosphoglycerate mutase (BPG-dependent) G 

COG3444 
Phosphotransferase system, mannose/fructose/N-

acetylgalactosamine-specific component IIB 
G 

COG3716 
Phosphotransferase system, mannose/fructose/N-

acetylgalactosamine-specific component IID 
G 

COG2893 
Phosphotransferase system, mannose/fructose-specific 

component IIA 
G 

COG1543 
Predicted glycosyl hydrolase, contains GH57 and DUF1957 

domains 
G 

COG0469 Pyruvate kinase G 

COG4225 Rhamnogalacturonyl hydrolase YesR G 

COG1850 
Ribulose 1,5-bisphosphate carboxylase, large subunit, or a 

RuBisCO-like protein 
G 
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COG2271 Sugar phosphate permease G 

COG1575 1,4-dihydroxy-2-naphthoate octaprenyltransferase H 

COG1995 4-hydroxy-L-threonine phosphate dehydrogenase PdxA H 

COG0853 Aspartate 1-decarboxylase H 

COG1268 Biotin transporter BioY H 

COG2941 
Demethoxyubiquinone hydroxylase, CLK1/Coq7/Cat5 

family 
H 

COG2145 Hydroxyethylthiazole kinase, sugar kinase family H 

COG0432 Thiamin phosphate synthase YjbQ, UPF0047 family H 

COG0422 Thiamine biosynthesis protein ThiC H 

COG5598 Trimethylamine:corrinoid methyltransferase H 

COG1304 

FMN-dependent dehydrogenase, includes L-lactate 

dehydrogenase and type II isopentenyl diphosphate 

isomerase 

I 

COG0743 1-deoxy-D-xylulose 5-phosphate reductoisomerase I 

COG0416 Fatty acid/phospholipid biosynthesis enzyme I 

COG1646 Heptaprenylglyceryl phosphate synthase I 

COG1560 Lauroyl/myristoyl acyltransferase I 

COG0344 
Phospholipid biosynthesis protein PlsY, probable glycerol-

3-phosphate acyltransferase 
I 

COG1899 Deoxyhypusine synthase J 

COG1385 16S rRNA U1498 N3-methylase RsmE J 

COG3481 
3'-5' exoribonuclease YhaM, can participate in 23S rRNA 

maturation, HD superfamily 
J 

COG0013 Alanyl-tRNA synthetase J 

COG0423 Glycyl-tRNA synthetase (class II) J 

COG0333 Ribosomal protein L32 J 

COG0268 Ribosomal protein S20 J 

COG1720 tRNA (Thr-GGU) A37 N-methylase J 

COG0565 
tRNA C32,U32 (ribose-2'-O)-methylase TrmJ or a related 

methyltransferase 
J 

COG1349 
DNA-binding transcriptional regulator of sugar metabolism, 

DeoR/GlpR family 
K 

COG0640 DNA-binding transcriptional regulator, ArsR family K 

COG2188 DNA-binding transcriptional regulator, GntR family K 

COG1846 DNA-binding transcriptional regulator, MarR family K 

COG2183 Transcriptional accessory protein Tex/SPT6 K 

COG3857 ATP-dependent helicase/DNAse subunit B L 

COG0794 D-arabinose 5-phosphate isomerase GutQ M 

COG0464 AAA+-type ATPase, SpoVK/Ycf46/Vps4 family M 

COG1519 3-deoxy-D-manno-octulosonic-acid transferase M 

COG1043 
Acyl-[acyl carrier protein]--UDP-N-acetylglucosamine O-

acyltransferase 
M 

COG0787 Alanine racemase M 

COG0449 
Glucosamine 6-phosphate synthetase, contains 

amidotransferase and phosphosugar isomerase domains 
M 
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COG3786 
L,D-peptidoglycan transpeptidase YkuD, 

ErfK/YbiS/YcfS/YnhG family 
M 

COG0763 Lipid A disaccharide synthetase M 

COG3034 Murein L,D-transpeptidase YafK M 

COG1732 

Periplasmic glycine betaine/choline-binding (lipo)protein of 

an ABC-type transport system (osmoprotectant binding 

protein) 

M 

COG1368 
Phosphoglycerol transferase MdoB or a related enzyme of 

AlkP superfamily 
M 

COG1663 Tetraacyldisaccharide-1-P 4'-kinase M 

COG1044 
UDP-3-O-[3-hydroxymyristoyl] glucosamine N-

acyltransferase 
M 

COG0774 UDP-3-O-acyl-N-acetylglucosamine deacetylase M 

COG0562 UDP-galactopyranose mutase M 

COG1004 UDP-glucose 6-dehydrogenase M 

COG0455 
MinD-like ATPase involved in chromosome partitioning or 

flagellar assembly 
N 

COG0643 Chemotaxis protein histidine kinase CheA N 

COG0835 Chemotaxis signal transduction protein N 

COG1815 Flagellar basal body rod protein FlgB N 

COG1558 Flagellar basal body rod protein FlgC N 

COG2882 Flagellar biosynthesis chaperone FliJ N 

COG1157 Flagellar biosynthesis/type III secretory pathway ATPase N 

COG1766 
Flagellar biosynthesis/type III secretory pathway M-ring 

protein FliF/YscJ 
N 

COG1317 
Flagellar biosynthesis/type III secretory pathway protein 

FliH 
N 

COG1677 Flagellar hook-basal body complex protein FliE N 

COG1291 Flagellar motor component MotA N 

COG1536 Flagellar motor switch protein FliG N 

COG1516 Flagellin-specific chaperone FliS N 

COG0840 Methyl-accepting chemotaxis protein N 

COG1352 Methylase of chemotaxis methyl-accepting proteins N 

COG1989 
Prepilin signal peptidase PulO (type II secretory pathway) 

or related peptidase 
N 

COG4968 Tfp pilus assembly protein PilE N 

COG3166 Tfp pilus assembly protein PilN N 

COG3167 Tfp pilus assembly protein PilO N 

COG2805 Tfp pilus assembly protein PilT, pilus retraction ATPase N 

COG4972 Tfp pilus assembly protein, ATPase PilM N 

COG1333 Cytochrome c biogenesis protein ResB O 

COG1220 ATP-dependent protease HslVU (ClpYQ), ATPase subunit O 

COG5405 
ATP-dependent protease HslVU (ClpYQ), peptidase 

subunit 
O 

COG1899 Deoxyhypusine synthase O 

COG1047 FKBP-type peptidyl-prolyl cis-trans isomerase 2 O 
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COG0298 Hydrogenase maturation factor O 

COG0309 Hydrogenase maturation factor O 

COG0409 Hydrogenase maturation factor O 

COG0068 
Hydrogenase maturation factor HypF 

(carbamoyltransferase) 
O 

COG1433 Predicted Fe-Mo cluster-binding protein, NifX family O 

COG1180 Pyruvate-formate lyase-activating enzyme O 

COG2143 Thioredoxin-related protein O 

COG0003 Anion-transporting ATPase, ArsA/GET3 family P 

COG1230 Co/Zn/Cd efflux system component P 

COG1496 Copper oxidase (laccase) domain P 

COG0735 Fe2+ or Zn2+ uptake regulation protein P 

COG0598 Mg2+ and Co2+ transporter CorA P 

COG0025 NhaP-type Na+/H+ or K+/H+ antiporter P 

COG1971 Putative Mn2+ efflux pump MntP P 

COG1633 Rubrerythrin P 

COG2895 
Sulfate adenylyltransferase subunit 1, EFTu-like GTPase 

family 
P 

COG1775 
Benzoyl-CoA reductase/2-hydroxyglutaryl-CoA 

dehydratase subunit, BcrC/BadD/HgdB 
Q 

COG1647 Esterase/lipase Q 

COG1304 

FMN-dependent dehydrogenase, includes L-lactate 

dehydrogenase and type II isopentenyl diphosphate 

isomerase 

R 

COG0718 Conserved DNA-binding protein YbaB (function unknown) R 

COG3360 Flavin-binding protein dodecin R 

COG4319 Ketosteroid isomerase homolog R 

COG1237 Metal-dependent hydrolase, beta-lactamase superfamily II R 

COG1149 
MinD superfamily P-loop ATPase, contains an inserted 

ferredoxin domain 
R 

COG4299 Predicted acyltransferase R 

COG3044 Predicted ATPase of the ABC class R 

COG1636 
Predicted ATPase, Adenine nucleotide alpha hydrolases 

(AANH) superfamily 
R 

COG3576 
Predicted flavin-nucleotide-binding protein, pyridoxine 5'-

phosphate oxidase superfamily 
R 

COG2819 Predicted hydrolase of the alpha/beta superfamily R 

COG2316 Predicted hydrolase, HD superfamily R 

COG1735 
Predicted metal-dependent hydrolase, phosphotriesterase 

family 
R 

COG1569 
Predicted nucleic acid-binding protein, contains PIN 

domain 
R 

COG3580 
Predicted nucleotide-binding protein, sugar 

kinase/HSP70/actin superfamily 
R 



236 
 

COG3581 
Predicted nucleotide-binding protein, sugar 

kinase/HSP70/actin superfamily 
R 

COG5495 
Predicted oxidoreductase, contains short-chain 

dehydrogenase (SDR) and DUF2520 domains 
R 

COG1724 
Predicted RNA binding protein YcfA, dsRBD-like fold, 

HicA-like mRNA interferase family 
R 

COG1611 Predicted Rossmann fold nucleotide-binding protein R 

COG3542 Predicted sugar epimerase, cupin superfamily R 

COG4784 Putative Zn-dependent protease R 

COG1242 Radical SAM superfamily enzyme R 

COG1334 Uncharacterized conserved protein, FlaG/YvyC family R 

COG1244 
Uncharacterized Fe-S cluster-containing protein. MiaB 

family 
R 

COG1313 
Uncharacterized Fe-S protein PflX, radical SAM 

superfamily 
R 

COG4146 
Uncharacterized membrane permease YidK, sodium:solute 

symporter family 
R 

COG1765 Uncharacterized OsmC-related protein R 

COG4447 
Uncharacterized protein related to plant photosystem II 

stability/assembly factor 
R 

COG4821 
Uncharacterized protein, contains SIS (Sugar ISomerase) 

phosphosugar binding domain 
R 

COG0375 
Zn finger protein HypA/HybF (possibly regulating 

hydrogenase expression) 
R 

COG3394 
Predicted glycoside hydrolase or deacetylase ChbG, 

UPF0249 family 
S 

COG1704 Uncharacterized conserved protein S 

COG2922 Uncharacterized conserved protein Smg, DUF494 family S 

COG0393 Uncharacterized conserved protein YbjQ, UPF0145 family S 

COG5544 Uncharacterized conserved protein YfiM, DUF2279 family S 

COG3395 Uncharacterized conserved protein YgbK, DUF1537 family S 

COG1872 
Uncharacterized conserved protein YggU, 

UPF0235/DUF167 family 
S 

COG0011 
Uncharacterized conserved protein YqgV, 

UPF0045/DUF77 family 
S 

COG2013 Uncharacterized conserved protein, AIM24 family S 

COG1578 
Uncharacterized conserved protein, contains ATP-grasp and 

redox domains 
S 

COG3287 
Uncharacterized conserved protein, contains FIST_N 

domain 
S 

COG5587 Uncharacterized conserved protein, DUF2461 family S 

COG1315 Uncharacterized conserved protein, DUF342 family S 

COG2768 Uncharacterized Fe-S center protein S 

COG4769 Uncharacterized membrane protein S 

COG1504 Uncharacterized protein S 

COG1852 Uncharacterized protein S 
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COG5316 Uncharacterized protein S 

COG4843 Uncharacterized protein YebE, UPF0316 family S 

COG4365 Uncharacterized protein YllA, UPF0747 family S 

COG4273 
Uncharacterized protein, contains metal-binding DGC 

domain 
S 

COG4868 Uncharacterized protein, UPF0371 family S 

COG0464 AAA+-type ATPase, SpoVK/Ycf46/Vps4 family T 

COG0643 Chemotaxis protein histidine kinase CheA T 

COG0835 Chemotaxis signal transduction protein T 

COG0840 Methyl-accepting chemotaxis protein T 

COG1352 Methylase of chemotaxis methyl-accepting proteins T 

COG2114 Adenylate cyclase, class 3 T 

COG3434 
c-di-GMP-related signal transduction protein, contains EAL 

and HDOD domains 
T 

COG1774 
Cell fate regulator YaaT, PSP1 superfamily (controls 

sporulation, competence, biofilm development) 
T 

COG4252 
Extracellular (periplasmic) sensor domain CHASE2 

(specificity unknown) 
T 

COG2199 
GGDEF domain, diguanylate cyclase (c-di-GMP 

synthetase) or its enzymatically inactive variants 
T 

COG2206 
HD-GYP domain, c-di-GMP phosphodiesterase class II (or 

its inactivated variant) 
T 

COG1639 
HD-like signal output (HDOD) domain, no enzymatic 

activity 
T 

COG2703 Hemerythrin T 

COG3086 Positive regulator of sigma E activity T 

COG0467 RecA-superfamily ATPase, KaiC/GvpD/RAD55 family T 

COG3437 
Response regulator c-di-GMP phosphodiesterase, RpfG 

family, contains REC and HD-GYP domains 
T 

COG3852 Signal transduction histidine kinase, nitrogen specific T 

COG4464 Tyrosine-protein phosphatase YwqE T 

COG1157 Flagellar biosynthesis/type III secretory pathway ATPase U 

COG1766 
Flagellar biosynthesis/type III secretory pathway M-ring 

protein FliF/YscJ 
U 

COG1317 
Flagellar biosynthesis/type III secretory pathway protein 

FliH 
U 

COG1516 Flagellin-specific chaperone FliS U 

COG1989 
Prepilin signal peptidase PulO (type II secretory pathway) 

or related peptidase 
U 

COG3267 
Type II secretory pathway, component ExeA (predicted 

ATPase) 
U 

COG3512 
CRISPR/Cas system-associated protein Cas2, 

endoribonuclease 
V 

COG4968 Tfp pilus assembly protein PilE W 

COG3166 Tfp pilus assembly protein PilN W 

COG3167 Tfp pilus assembly protein PilO W 



238 
 

COG2805 Tfp pilus assembly protein PilT, pilus retraction ATPase W 

COG4972 Tfp pilus assembly protein, ATPase PilM W 

COG3747 Phage terminase, small subunit X 

COG3547 Transposase X 

COG3666 Transposase X 

COG3676 Transposase and inactivated derivatives X 

COG2801 Transposase InsO and inactivated derivatives X 
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