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ABSTRACT 

 

Title of Dissertation:   THE BACTERIAL COMMUNITIES ASSOCIATED  

     WITH TWO MARINE SPONGES OF THE GENUS  

     XESTOSPONGIA 

 

      Naomi F. Montalvo, Doctor of Philosophy, 2011 

 

Dissertation Directed by: Russell T. Hill, Ph.D. 
    Professor and Interim Director 
    Institute of marine and Environmental Technology 
 

 

Marine sponges are sessile, filter-feeding, multicellular invertebrates that host 

diverse assemblages of microbial organisms, including bacteria, diatoms, and fungi. 

Marine sponges and their microbial associations are important in the field of drug 

discovery, and are models for studying the complex symbioses that exist between 

eukaryotes and bacteria. The bacterial communities associated with Xestospongia muta 

from the Florida Keys and Xestospongia testudinaria from Indonesia were being 

compared to reveal key symbionts that are important to these sponges. These two sponge 

species have been separated for millions of years and some groups of bacteria will have 

been maintained for this time because they have important roles as symbionts. We 

hypothesize that the bacterial communities associated with giant barrel sponges of the 

genus Xestospongia have a characteristic composition that includes novel species. Based 

on these observations, the experimental focus of this proposal is on in-depth analysis of 



 

 

the bacterial communities associated with Xestospongia spp. sponges. Both molecular 

and culture-based techniques are used to characterize and compare the bacterial 

symbionts of X. muta and X. testudinaria. 
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Chapter 1.  Introduction 

 

 

1.1.  Sponges and their microbial symbionts 

 

 

 1.1.1.  Sponge microbial ecology 

Marine sponges (Phylum Porifera) are ancient metazoans with a fossil record 

dating back over 600 Mya, but the duration of the sponge-bacterium association is less 

well documented.  Sponges actively pump seawater through pores and channels to obtain 

food comprised mainly of microbes filtered from the surrounding seawater.  Sponges 

have no true organs or circulatory, nervous, or digestive systems.  Bacterial symbionts 

may play roles in digestion, waste removal, and chemical defense for the sponge host 

(Taylor et al., 2007a).  We use the terms “symbiont” and “symbiosis” in the same sense 

as Taylor (Taylor et al., 2007a) and consistent with the original definition by de Bary to 

refer to two or more organisms consistently found living together for a long period, 

without any implication that the organisms benefit or harm each other. 

Sponge-microbe associations provide a model for studying ancient, complex 

symbioses (Taylor et al., 2007a; Taylor et al., 2007b), and previous studies have 

examined the stability of sponge-microbe associations in time and space by comparing 

sponges from different oceans (Hentschel et al., 2002; Lafi et al., 2009; Montalvo et al., 

2005; Webster et al., 2010), multiple species from the same location (Margot et al., 2002; 

Kamke et al., 2010), the same sponge species over time (Taylor et al., 2004; Webster, 



 

 

2 

and Hill, 2001), wild vs. captive sponges (Mohamed et al., 2008a; Mohamed et al., 

2008b; Webster et al., 2010), and healthy vs. diseased sponges (Webster et al., 2002; 

Webster, 2007).  Studies have compared sponge-associated bacterial communities to 

bacterial communities in the surrounding seawater (Mohamed et al., 2008a; Taylor et al., 

2005; Webster et al., 2010), examined the modes of transmission of symbionts from adult 

to juvenile sponges (Enticknap et al., 2006; Lee et al., 2009; Schmitt et al., 2008; Sharp 

et al., 2007); and deep sequencing has been used to elucidate the great diversity of 

sponge-associated bacteria (Webster et al., 2010; Lee et al., 2011).  These studies have 

given insights into the diversity of the bacterial communities associated with different 

sponges, the stability of these bacterial communities, and the numerous bacterial groups 

that have so far been found only in marine sponges.  Low-microbial-abundance sponges 

tend to host bacterial communities with lower diversity and lower specificity, sometimes 

quite similar to those in the surrounding seawater.  In contrast, bacteriosponges, or high-

microbial-abundance sponges host diverse, distinct and specific bacterial communities 

(Hentschel et al., 2006; Kamke et al., 2010). 

 Marine sponges are sessile, filter-feeding organisms that capture their prey by 

phagocytosis.  Their filtering efficiency gives them access to an abundance of bacteria in 

the surrounding seawater.  A 1-kg sponge is capable of filtering 24,000 liters of seawater 

each day, providing access to 2.4 x 1013 bacteria per day, assuming a typical bacterial cell 

density of 106 cells per ml in a tropical coral reef environment (reviewed in Hill, 2004).  

The microbes associated with marine sponges include prey, parasites, transient microbes 

present in the water passing through the sponge, and symbionts.  The microbial 

symbionts can be intracellular or intercellular within the sponge matrix (Hill, 2004).  The 
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microbes within the sponge matrix can comprise up to 40% of the sponge tissue volume 

(Vacelet and Donadey, 1977; Wilkinson, 1978). 

 Molecular methods have been used to examine the phylogenetic diversity of the 

microbial communities associated with marine sponges (Fieseler et al., 2004; Webster et 

al., 2001; Webster et al., 2004; Hentschel et al., 2002).  Several studies have used 

molecular techniques to analyze bacterial communities associated with multiple sponge 

species from different locations (Hentschel et al., 2002; Fieseler et al., 2004; Montalvo et 

al., 2005).  In each of these studies, several different sponge-specific monophyletic 

clusters were found to be present in sponges of different species from different locations. 

Providing more evidence for the microbial diversity associated with sponges, Webster et 

al. (2004) found that even Antarctic sponges are hosts to diverse microbial communities 

by using denaturing gradient gel electrophoresis (DGGE) and restriction fragment length 

polymorphism (RFLP) analyses. 

 Culture-independent methods such as these are frequently used to describe marine 

sponge-associated microbial communities because of the difficulty in culturing bacterial 

symbionts.  Friedrich et al. (1999) used fluorescence in situ hybridization (FISH) to 

analyze the microbial diversity of an Aplysina sp. sponge.  Using transmission electron 

microcopy (TEM) and scanning electron microscopy (SEM) to corroborate their findings, 

this study focused purely on microscopy and FISH to analyze the microbial community. 

Schmidt et al. (2000) used DGGE to identify a symbiont of a Theonella sp. sponge as a 

novel Deltaproteobacterium that may be the source of an antifungal compound.  Their 

attempts to culture the organism were unsuccessful, making it difficult to determine 

whether the symbiont is the true source of the antifungal compound, or if it is 
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sequestering the compound from the sponge.  The above studies show that the use of 

universal eubacterial primers, as well as group-specific primers, reveals novel groups of 

bacteria consistently found in marine sponges. 

 Molecular techniques involving PCR analysis of microbial communities have 

shown that the vast majority of bacteria are as yet uncultured, and that many bacteria 

belong to groups that do not contain a single cultured representative (Rappé and 

Giovannoni, 2003).  Hentschel et al. (2002) analyzed the bacterial communities 

associated with three taxonomically distant sponge species that populated non-

overlapping geographic locations by using universal bacterial primers.  They found 14 

different sponge-specific monophyletic sequence clusters, only one of which was deep 

branching within the domain Bacteria.  The remaining sequences were not deeply 

branching, which suggests that these sequences belong to bacteria that are present 

throughout the world’s oceans in very small numbers, and that the bacteria may be 

sequestered by marine sponges.  Two other studies, however, found deep branching 

sponge-specific monophyletic bacterial clusters. Fieseler et al. (2004) used primers 

specific to the Planctomycetes and discovered the novel candidate phylum “Poribacteria”.  

These bacterial sequences were originally detected in a clone library from the sponge 

Aplysina aerophoba.  Using nested PCR with “Poribacteria”-specific primers, the 

“Poribacteria” were detected in several other sponge species as well.  Montalvo et al. 

(2005) (Chapter 2) used universal bacterial primers to construct clone libraries for two 

species of Xestospongia from different oceans.  These two sponges are taxonomically 

similar, but geographically distant.  Over 60% of the clones analyzed from the sponges 

were most closely related to “uncultured sponge symbionts” based on BLAST analysis 



 

 

5 

(Chapter 4) (Montalvo et al., 2004).  One previously undescribed deeply branching group 

was also discovered.  Primers specific for this group, which could be used to probe other 

sponge species, can now be developed.  However, because this group was detected in 

large quantities within the Xestospongia spp. sponges using universal bacterial primers 

and has not been detected in such high numbers before, it is not likely that these bacteria 

will be as dominant in other sponge-associated microbial communities.  In order to 

determine whether any sponge is associated with a characteristic microbial community, 

the microbial community must be thoroughly analyzed and the findings must be 

compared to the microbial communities of other sponges.  Determining which microbes 

are sponge-specific and which are species-specific may aid investigators in elucidating 

the exact relationships between sponges and their associated microbial communities.  

This may help guide attempts to culture key microbial symbionts. 

 

1.1.2.  Diversity of microbes associated with marine sponges 

 At this time, 31 recognized bacterial phyla have been reported to be associated 

with marine sponges based on cultivation and 16S rRNA gene-based molecular 

techniques including clone libraries, pyrosequencing, and DGGE bands.  These bacterial 

phyla are the Actinobacteria, Acidobacteria, Aquifaciae, Bacteroidetes, Chlamydiae, 

Chlorobi, Chloroflexi, Chrysiogenetes, Cyanobacteria, Deferribacteres, Deinococcus-

Thermus, Dictyoglomi, Fibrobacteres, Firmicutes, Fusobacteria, Gemmatimonadetes, 

Lentisphaerae, Nitrospira, OD1, Planctomycetes, Poribacteria, Proteobacteria (Alpha, 

Beta, Delta, Gamma, and Epsilon), Spirochaetes, Stramenopiles, Tenericutes, 

Thermodesulfobacteria, Thermomicrobia, TM6, TM7, Verrucomicrobia, Viridiplantae 
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(Montalvo et al., 2005; Montalvo, and Hill, 2011; Webster et al., 2001; Kamke et al., 

2010; Enticknap et al., 2006; Webster et al., 2010; Sipkema et al., 2011; Zhang et al., 

2008; Burja, and Hill, 2001; Abdelmohsen et al., 2010; Jiang et al., 2007b; Muscholl-

Silberhorn et al., 2008; Isaacs et al., 2009; Sun et al., 2010; Menezes et al., 2010; 

Sipkema et al., 2009; Lee et al., 2011; Taylor et al., 2005).  In addition to the bacteria, 

archaea (Euryarchaea and Crenarchaeota) and eukaryotic microbes (diatoms, 

dinoflagellates, and filamentous fungi) have been found in association with marine 

sponges (Webster et al., 2004; Lee et al., 2011; Sipkema et al., 2009; Menezes et al., 

2010; Burja and Hill, 2001).  Several of these groups have been reported frequently in 

culture-based studies, namely the Actinobacteria, Bacteroidetes, Firmicutes, and Alpha- 

and Gammaproteobacteria (Burja and Hill, 2001; Montalvo et al., 2005; Sipkema et al., 

2011; Enticknap et al., 2006; Webster and Hill, 2001; Abdelmohsen et al., 2010; Zhang 

et al., 2008; Sun et al., 2010; Muscholl-Silberhorn et al., 2008; Jiang et al., 2007b), but 

the majority have only been reported in molecular-based studies.  The Poribacteria are a 

new phylum originally found to be exclusively associated with sponges (Fieseler et al., 

2004; Lafi et al., 2009), however some Poribacteria sequences have been found in the 

surrounding seawater in deep-sequencing studies (Webster et al., 2010). 

 

1.1.3.  Dominant sponge-associated bacterial groups 

 Sponge-associated bacteria are dominated by four groups: the Actinobacteria, 

Acidobacteria, Chloroflexi, and Proteobacteria (Taylor et al., 2007a; Webster and 

Taylor, 2011).  The Actinobacteria are almost completely dominated by the subclass 

Acidobacteria in molecular based studies, but in culture-based studies, a great diversity of 
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Actinomycetes has been reported.  The Acidobacteria and Chloroflexi dominate nearly all 

16S rRNA gene based clone libraries and pyrosequencing studies from marine sponges, 

yet they remain almost entirely uncultured.  The representatives of these groups that are 

found in marine sponges are only distantly related to their cultured representatives, and 

attempts to cultivate these organisms from sponges are rarely successful, and even more 

rarely reproducible.  The Proteobacteria most frequently associated with marine sponges 

are Alpha-, Delta-, and Gammaproteobacteria.   Alphaproteobacteria (mainly 

Pseudovibrio spp.) and Gammaproteobacteria (Vibrio spp. and Pseudoalteromonas spp.) 

are frequently found in the culturable communities associated with marine sponges.  The 

Deltaproteobacteria are often a major component in molecular-based studies, and are 

frequently found in sponge-associated clusters.  The Deltaproteobacteria found to be 

associated with marine sponges are very diverse and several of the genera reported (e.g. 

Bdellovibrio spp. and Nitrospina spp.) require specialized cultivation techniques, so 

while they may be culturable, they remain uncultured from sponges (Spieck and Bock, 

2005; Liu et al., 2011). 

 

1.1.4.  Roles of sponge-associated bacteria 

 Very little is known about the roles played by bacteria in the sponge-microbe 

association, in particular due to the fact that the majority of the key sponge-associated 

bacterial groups lack cultured representatives.  A primary source of nutrition for many 

marine sponges is through the uptake of microbes, obtained through filtration of water, 

followed by phagocytosis (Reiswig, 1971).  Marine sponges have been shown to remove 

more than 96% of the bacteria from the surrounding seawater (Reiswig, 1971).  However, 
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they have also been shown to discriminate between sponge-associated bacterial 

symbionts and bacteria associated with the surrounding seawater (Wilkinson et al., 1984).  

Indeed, several sponge-associated bacterial strains have been shown to contain common 

antigens that are not present in seawater bacteria (Wilkinson, 1984), suggesting that the 

bacterial symbionts of marine sponges are distinct from the seawater bacteria that act as 

food for the sponges.  Several studies have shown evidence of vertical transmission of 

symbiotic bacteria from parent sponges through their larvae (Enticknap et al., 2006; 

Webster et al., 2010; Lee et al., 2009), providing further evidence that bacterial sponge 

symbionts are distinct from the non-symbiotic bacteria found in the surrounding 

seawater.  Many sponges contain photosynthetic cyanobacteria that provide carbon 

(Thacker, 2005; Erwin and Thacker, 2008; Freeman and Thacker, 2011) and may fix 

nitrogen for their sponge hosts (Wilkinson and Fay, 1979).  However cyanobacteria are 

only a fraction of the bacterial symbionts that are associated with marine sponges (Taylor 

et al., 2007; Webster and Taylor, 2011).   

Sponge-associated bacteria have been demonstrated to play important roles in 

both causing and preventing sponge disease.  Sponge orange band (SOB) disease, which 

affects the giant barrel sponge Xestospongia muta, has been associated with the loss of 

symbiotic cyanobacteria, but no microbial agent has been found to be the cause of this 

disease (Cowart et al., 2006; Angermeier et al., 2011).  Conversely, a cancerous-like 

disease in which intercellular cyanobacterial symbionts multiply too quickly and 

overcome the sponge host, can affect the sponge Geodia papyracea (Rützler, 1988).  

Webster et al. (2002) isolated a single Alphaproteobacteria strain from diseased tissue of 

the sponge Rhopaloeides odorabile, that successfully caused disease in healthy sponges 
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exposed to this bacterium.  The sponge Aplysina aerophoba can be affected by a necrotic 

disease that has been linked to the absence of certain symbiotic bacteria and the presence 

of a Deltaproteobacteria strain that bears a close resemblance to a bacterium associated 

with black band disease (BBD) in corals.   

Due to the lack of cultured representatives for most sponge-associated bacterial 

groups, metagenomic approaches are being used to address questions about the 

functionality, physiology, and metabolic capabilities of these organisms (Fieseler et al., 

2006; Grozdanov and Hentschel, 2007; Thomas et al., 2010).  Liu et al. (2011) used a 

metagenomic approach to examine an uncultured Bdellovibrio sp. that lives in association 

with another sponge symbiont, which is most likely a Cyanobacterium.  As this 

association is further studied, it may be found that many of the uncultured sponge 

symbionts are Bdellovibrio-like organisms and that a possible multi-way “sponge-

microbe/microbe-microbe/microbe-sponge” relationship is occurring.  This may be a 

relationship in which: (one) marine sponges provide a cozy habitat for bacteria, which in 

turn provide the sponges with carbon and other nutrients as well as chemical defenses; 

(two) Bdellovibrio-like organisms prey on these nutrient and defense providing 

symbionts, which (three) prevents these beneficial organisms from growing too quickly 

and overwhelming the sponge hosts, such as in the case of G. papyracea and its 

Cyanobacteria sp. symbiont. 

 

1.1.5.  The Genus Xestospongia 

Xestospongia spp. (Haptosclerida, Petrosiidae) are members of the class 

Demospongiae, which includes over 8,000 extant species.  Sponges in the genus 
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Xestospongia exist in many morphotypes and include the two giant barrel sponges, X. 

muta, ubiquitous throughout coral reefs in the Caribbean, and Xestospongia testudinaria, 

which can be found throughout Indo-Pacific reef environments.  X. muta are prolific and 

long-lived members of Caribbean reef communities and, with population densities as 

high as 0.28 sponges/m2, they are very important members of the reef environment 

(McMurray et al., 2010).  Growth studies of individuals of X. muta have given age 

estimates of over 100 years, including some larger individuals that range from ~250 to 

over 2000 years old, giving these sponges the nickname “redwoods of the reef” 

(McMurray et al., 2008).  X. muta  and X. testudinaria exist in male and female sexes.  

They can either produce eggs or sperm, but not both, and studies show no evidence of 

switching between production of eggs or sperm between spawning events.  Eggs released 

are negatively buoyant and shroud the females, while positively buoyant sperm are 

broadcast from the males (Fromont and Bergquist, 1994; Ritson-Williams et al., 2005).  

Synchronous spawning events limit the distance over which fertilization may occur, 

while larval dispersal appears to be determined by ocean currents (López-Legentil and 

Pawlik, 2009).  X. muta and X. testudinaria live in similar climates, have very similar 

morphologies  (Figure 1.1) and are both high-microbial-abundance sponges (Figure 1.2).  

Arguably, the most significant difference between the two sponges is that X. muta lives in 

the Atlantic, and X. testudinaria lives in the Pacific and the two species have been 

geographically separated for at least three million years, since the closing of the Isthmus 

of Panama (Keigwin, 1978).   
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A 

B 

Figure 1.1.  X. muta (A) and X. testudinaria (B). 

Photo credit: Naomi Montalvo and Russell Hill. 
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Figure 1.2.  X. muta has distinct inner and outer layers.  Clockwise from top left: (1) 

A slice of X. muta showing the reddish-brown exterior and white interior. (2) A thin-

section of X. muta visualized with a confocal microscope showing auto-fluorescent 

bacteria in the outer (upper left) and inner (lower right) layers. The bacterial cells 

fluoresce orange and yellow.  Sponge tissue and spicules fluoresce green. (3) Close-up 

of the inner layer. (4) Close-up of the outer layer.  Photo credit: Naomi Montalvo. 
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Determining the natural function of important bioactive compounds and the 

reasons for their production by microbes within the sponge tissue (if they are truly of 

microbial origin) would be greatly facilitated if the relationships between marine sponges 

and the microbial communities associated with them were better understood.  Several 

novel bioactive compounds have been discovered in sponges of the genus Xestospongia, 

and some are believed to be of microbial origin (Patil et al., 1992; Faulkner, 2002).  The 

microbial communities associated with sponges of the genus Xestospongia have been 

shown to be highly complex, and have yet to be fully characterized (Montalvo et al., 

2004).  The research proposed here will help to establish methods for characterizing the 

microbial communities associated with marine sponges. 

Giant barrel sponges of the genus Xestospongia live ubiquitously throughout the 

worldʼs oceans.  Based on molecular screening techniques they have been shown to 

contain bacterial communities that are highly complex in comparison to the communities 

associated with other marine sponges (Figure 1.3).  The main goal of this research is to 

elucidate the relationships between giant barrel sponges of the genus Xestospongia and 

their microbial communities.  This goal is important because understanding sponge-

microbe interactions can aid in the successful isolation of important bioactive compounds 

by the discovery of symbiotic microbes that produce these compounds and also 

contribute to the successful aquaculture of marine sponges.  The symbiosis between 

microbes and sponges also provides a model system for advancing understanding of 

complex symbioses that are important for most eukaryotic organisms, including humans. 
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Figure 1.3.  DGGE banding patterns of Key Largo sponges.  

1. Ircinia strobilina.  2. Niphates digitalis  3. Unidentified orange sponge   

4. Unidentified pink vase sponge  5. X. muta (indicated by arrow) 6-8. Surrounding 

seawater  (Julie Enticknap and Russell T. Hill, unpublished).   

        1         2       3      4         5         6         7         8 
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1.2.  Sponges, symbionts and marine natural products discovery 

 

 

 In the past 40 years there has been an increasing focus on utilizing the marine 

environment as a source of novel bioactive compounds to be used in the pharmaceutical 

industry.  Natural products from marine invertebrates represent 75% of the approximately 

7,000 marine natural products that have been discovered between 1992 and 2002 (Kijjoa 

and Sawangwong, 2004; Blunt et al., 2004).  For the past several years, marine sponges 

have been the most lucrative source of marine natural products and account for more than 

300 of the 961 new compounds discussed in the most recent marine natural products 

report covering literature published in 2007 (Blunt et al., 2009).  Several compounds 

from marine sponges are currently in clinical or preclinical studies, and the following 

examples were included in a review by Newman and Cragg (2004).  Discodermolide, 

originally isolated from the Caribbean sponge Discodermia dissoluta is an anticancer 

compound, functioning similarly to Taxol.  Discodermolide is currently in Phase I 

clinical trials as a potential treatment against solid tumors.  Laulimalide, variolins, and 

dictyodendrins are anticancer compounds, all functioning by different mechanisms, 

which are currently in preclinical trials.  IPL-575,092 is an anti-asthmatic compound that 

is currently in Phase II clinical trials.  Manoalide is an anti-inflammatory compound that 

advanced to Phase II clinical trials for the treatment of psoriasis (Newman and Cragg, 

2004).  Ara-A, an antiviral drug that is commercially available, is an analog of a 

compound originally isolated from a marine sponge (Pomponi, 1999).  More recently, 

eribulin, a synthetic analog of halichondrin B, has been approved by the U.S. Food and 
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Drug Administration for treatment of advanced breast cancer, and is being marketed as 

Havalan 

(http://www.fda.gov/NewsEvents/Newsroom/ PressAnnouncements/ucm233863.htm).  

Interestingly, the compound halichondrin B was originally found in a sponge from Japan, 

Halichondria okadai, and was subsequently isolated from an unrelated sponge, Axinella 

sp., collected in Palau.  The primary isolation of halichondrin B for clinical testing was 

from a rare deepwater New Zealand sponge in the genus Lissodendoryx (Hart et al., 

2000).  The isolation of this important compound from several unrelated sponges may 

indicate that the true source of the compound is a symbiotic bacterium in common 

between the sponges. 

 There has been an increasing focus on natural products from microbial sources 

including both free-living organisms and microbes believed to be symbionts of marine 

invertebrates (Faulkner, 2002; Piel, 2004; Waters et al., 2010).  Reasons for the recent 

focus on marine microbes include the difficulty in obtaining collection permits and the 

rarity of some marine organisms.  Even when the source organism is relatively abundant, 

there is often still the problem of compounds being present only in trace amounts, 

sometimes representing less than 10-6% of the wet weight of the organism (Proksch et 

al., 2002).  The abundance of microorganisms within marine invertebrates as well as the 

structural similarity of many bioactive compounds isolated from marine invertebrates to 

compounds isolated from bacteria and fungi are other incentives for looking towards 

microbial symbionts as the possible true sources of bioactive compounds (Donia and 

Hamann, 2003).  Bryostatin 1 is an anticancer compound that was originally isolated 

from the bryozoan, Bugula neritina.  Bryostatin 1 has been in over 80 human clinical 
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trials with a wide range of results, and is now involved in several Phase I and Phase II 

combination studies with other anticancer compounds.  Bryostatin 1 is supplied for 

chemical trials by harvesting of the bryozoan source.  Not all B. neritina colonies produce 

detectable levels of the compound and those that do are geographically spread.  It has 

recently been shown, however, that the bryozoans that produce bryostatin 1 are hosts to a 

symbiotic microorganism that may be the actual source of the compound (Newman and 

Cragg, 2004).  Kahalalide F was isolated from the marine mollusk Elysia rufescens and is 

an anticancer compound that is currently in Phase II clinical trials for the treatment of 

prostate cancer.  Kahalalide F has been found in the mollusk, E. rufescens, but not in 

sufficient quantity for clinical trials.  The compound was successfully produced 

synthetically, but it was recently discovered that a bacterium found in the mollusk 

produces the compound (Enticknap et al., 2003).  If microorganisms are discovered to be 

the actual producers of these compounds, the need for the mass harvesting of marine 

invertebrates, which can detrimentally affect the natural population, is eliminated. 

 Marine sponges are of interest in drug discovery due to the many bioactive 

compounds that have been extracted from sponge tissue (Hill, 2004).  Marine sponges 

harbor complex bacterial communities and investigations have shown that some of these 

compounds are produced not by the sponges, but by microbes living within the sponge 

tissue (Hentschel et al., 2001; Lin et al., 2003).  While it is believed that the bacteria 

within the sponge tissue that produce bioactive compounds are symbionts of the sponges, 

the exact roles served by the sponges and bacteria in these symbiotic relationships have 

yet to be discovered. 
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 Microorganisms are present throughout the sponge tissue and several sponge-

derived bioactive compounds are similar to compounds that have been discovered in 

bacteria.  For this reason, it is hypothesized that many of these compounds are produced 

not by the sponges, but by symbiotic microorganisms living within the sponge tissue. 

Several recent investigations have supported this hypothesis (Hentschel et al., 2001; Lin 

et al., 2003; Piel, 2004).  Manzamine A, an anti-malarial compound, was originally 

isolated from a sponge from the Indian Ocean and was later found to be present in several 

different sponge species.  Microbial community analysis of one sponge containing high 

concentrations of the compound resulted in the isolation of a Micromonospora sp. that 

produced manzamine A (Hill et al., 2003). 

 While it is believed that the bacteria within the sponge tissue that produce 

bioactive compounds are symbionts of the sponges, the exact relationships between the 

sponges and these microbes have yet to be elucidated.  One of the main difficulties in 

determining whether or not certain compounds are of microbial origin is the inability to 

isolate the microbial symbionts in pure culture. 

 

 

1.3.  Molecular approaches for microbial community analysis 

 

 

1.3.1.  16S rRNA gene-based denaturing gradient gel electrophoresis (DGGE) 

 DGGE analysis based on PCR-amplified 16S rRNA genes can provide a broad 

overview of the structure and diversity of sponge-associated bacterial communities and is 
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frequently used in their examination.  DGGE analysis has been used to compare the 

bacterial communities of wild sponges vs. sponges in aquaculture (Mohamed et al., 

2008b; Mohamed et al., 2008a; Isaacs et al., 2009), to examine the stability of 

communities over time (Friedrich et al., 2001) and space  (Webster et al., 2004), healthy 

vs. diseased sponges (Webster et al., 2008), and to visualize differences in the structure 

sponge-associated communities vs. bacteria in the water column (Hardoim et al., 2009).  

The benefits of DGGE as a screening tool or a comparison tool are significant.  After 

DNA extraction, DGGE can be done in a single day, or overnight, largely unattended, 

and is quite low cost.  It is ideal for getting an overview of bacterial diversity and for 

determining the level of complexity of a bacterial.  It is an excellent tool for monitoring 

stability over time or space, and 20 different samples can be visualized on a single gel, 

making it an ideal tool for examining replicate samples.  The nature of the gel shows the 

spread of GC content of organisms in the bacterial community, and different denaturing 

gradients can be used to refine the images.  While DGGE analysis is a valuable tool for 

certain applications, its limitations are significant.  DGGE can be used to compare 

community structure; but the identification of strains of interest is very difficult using this 

method.  Individual bands can be excised for sequencing; but this can be very difficult, 

especially as larger bands often contain more than one sequence, and the number of 

bands that can be excised is limited.  Comparison of communities is also limited in that 

only banding patterns on the same gel can be accurately compared, and then only for the 

presence or absence of bands.  
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1.3.2.  16S rRNA gene-based clone library community analysis 

 Clone libraries based on PCR-amplified 16S rRNA genes can provide the detailed 

analysis that is lacking in DGGE analysis.  Nearly full-length sequence of bacterial 16S 

rRNA genes can be sequenced allowing for robust phylogenetic analysis.  16S rRNA 

clone libraries have been extremely important in identifying the uncultured majority of 

the bacteria associated with marine sponges.  Many of the bacteria associated with marine 

sponges appear to be sponge-specific, having not been found in any other environments, 

yet consistently found within sponge-associated bacterial communities, with the nearest 

relatives coming from other marine sponges (Hentschel et al., 2002).  There also appear 

to be many clusters of sponge-coral specific sequences; but these clusters tend to be only 

distantly related to their closest cultured relatives (Webster et al., 2010).  As these 

sponge-specific and sponge-coral-specific clusters consist primarily of uncultured 

bacteria, the only information available for determining the probable phylogenetic 

lineages of these organisms is the 16S rRNA gene sequences obtained in molecular 

studies.  The nearly full-length sequences that can be obtained through clone library 

analysis allow for the most detailed phylogenetic analysis.  When the aim is to see the 

fine detail of the phylogenetic relationships between sponges and their bacterial 

associates, clone libraries are far superior to DGGE analysis or pyrosequencing.  

Problems with clone libraries are that they are very time- and cost-intensive.  Each clone 

library takes several days to prepare, followed by plasmid preparation, sequencing, and 

the most time-intensive period corresponds to the analysis of sequenced clones.  The cost 

of sequencing 100 full-length clones can easily exceed $1000.  Replication in triplicate is 

strongly encouraged, tripling the cost.  If the aim is to compare two or more communities, 
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the costs multiply again.  Moreover, rarefaction curves show that in communities of high 

microbial abundance and diversity, a clone library consisting of 200 clones may represent 

close to two thirds of the phyla present, but will sample only a fraction of the diversity at 

the genus level.  While clone libraries are likely the best tool for detailed analysis of 

bacterial communities, they are not suitable alone.  

 

1.3.3.  16S rRNA gene pyrosequencing approach for “deep” bacterial community 

analysis 

 Pyrosequencing is increasingly becoming the technique of choice in studying 

microbial communities, especially as the cost has been reduced, while the length of 

individual sequence reads has increased.  Hundreds of thousands of reads can be obtained 

in a full run, and because tags can be used to identify different samples, there is great 

flexibility in the way a run is processed.  A full run can process 10 samples in triplicate 

and still give over 20,000 reads for each replicate.  This makes 454 pyrosequencing, or 

“deep” sequencing much more cost effective than clone libraries in examining the true 

diversity of bacterial communities, and far more informative than DGGE analysis.  The 

problems with pyrosequencing are not to be ignored, however.  The reads obtained are 

not full-length and generally span only one or two variable regions of the bacterial 16S 

rRNA gene.  These extremely large libraries are generally made available to the public 

when published, but they are not maintained in GenBank or any searchable database; thus 

they are unlikely to be referenced in studies performed by others.  Even if two different 

454 studies are to be compared, there is no consensus on which variable regions should 

be sequenced, further limiting this option.  In addition, the error rate in 454 sequencing is 



 

 

22 

relatively high, such that, while deep sequencing is more likely to give a more accurate 

representation of true microbial diversity, this diversity is likely to be overestimated if 

one attempts to categorize sequences beyond the genus level.  With pyrosequencing, 

bacterial communities are not described in terms of the strains or species or genera 

represented, but in terms of phyla and classes.  With pyrosequencing, bacterial diversity 

is not described by the number of species, but with operational taxonomic units (OTUS). 

 

 

1.4.  Culture-based approaches for accessing bacterial diversity 

 

 

1.4.1.  General approaches 

 In describing the culturable communities of sponge-associated bacteria, a general 

first approach is the plating of serial dilutions of sponge homogenate onto Marine Agar 

(ZoBell, 1941) and various media that are designed for the isolation of specific groups of 

bacteria, such as marine actinomycetes.  The actinomycete media are typically 

supplemented with antifungals and antibiotics aimed at inhibiting the growth of fungi and 

fast growing non-actinomycete bacteria, respectively.  The dominant heterotrophic 

bacteria are identified from the Marine Agar plates, and the actinomycetes are screened 

for bioactive compounds.  This approach primarily reflects the aim of investigating 

marine sponges as a source for novel pharmaceutical leads, as opposed to the aim of 

using culture based approaches as a tool for characterizing the microbial communities 

associated with these sponges.  
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1.4.2.  Isolation of bacteria associated with sponges 

 Using standard techniques, the number of culturable bacteria species from marine 

sponges has been reported to represent less than 1% of the total community in most 

studies and up to 3 to 11% in one study (Hill, 2004).  Molecular methods involving PCR 

analysis have shown that the culturable bacterial species are not the most abundant and 

often their numbers are too small to be readily detected using molecular techniques 

(Webster et al., 2001).  Obtaining symbiotic microbes in pure culture is one of the 

primary breakthroughs needed for advancing our understanding of sponge-microbe 

associations.  Cultivation is needed in order to determine the metabolic capabilities and 

taxonomic characteristics of sponge-associated bacteria.  Also, when determining 

whether a bioactive compound is indeed produced by a symbiotic microbe, it is extremely 

helpful if the microbe can be cultured.  One great benefit of culturing microbial 

symbionts is that, if a microbe is found to produce a bioactive compound, it may be 

possible to use large scale culture of the organism, or cloning of the compound’s 

biosynthetic pathway, to obtain the compound, rather than relying on extracting the 

compound from the sponge (Donia and Hamann, 2003).  This would help to solve the 

supply problem that is associated with most marine natural products, as well as alleviate 

the burden of harvesting large quantities of sponges from fragile marine ecosystems.  

Also, by understanding the metabolic processes of the symbionts, we may learn more 

about the sponge-microbe relationships. This knowledge may help to improve sponge 

aquaculture success.  As interest grows over the “unculturable microbial majority” new 

high throughput/low detection threshold culturing techniques are being developed in 

order to cultivate elusive environmental bacteria (Rappé et al., 2002).  These studies can 
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be very complicated, requiring expensive, specialized machinery; however, recent studies 

of soil microbes have shown that previously uncultured bacteria can be cultivated using 

standard techniques (Sait et al., 2002; Joseph et al., 2003).  Using standard culture media 

targeting Actinobacteria and other media containing sponge extracts, Webster et al. 

(2001) were able to obtain pure isolates of over 40 bacterial species that had not been 

previously cultured from Rhopaloeides odorabile, a sponge which they had previously 

analyzed in culture-based studies.  By maximizing the culturable community of the 

sponges, both the production of marine bioactive compounds and the understanding of 

the relationship between the sponges and their bacterial communities may be improved.  

Several novel approaches have been recently used with success to enhance cultivation of 

sponge-associated bacteria, as well as bacteria from other ecosystems.  In the case of 

sponge-associated bacteria, Sipkema et al. (2011) used liquid media and floating filters, 

in addition to agar plates, in order to increase the cultivability of bacteria associated with 

a Haliclona sp. marine sponge.  While the majority of the cultured organisms were 

Alphaproteobacteria, they also succeeded in culturing Deltaprotobacteria, 

Planctomycetes, and Verrucomicrobia.  Inoculation of plates with highly diluted samples 

followed by very long incubation times, and detection of mini-colonies was very 

successful in obtaining many novel bacteria in culture from soil samples (Davis et al., 

2005; Davis et al., 2011).  Environmental incubation chambers have been used with great 

success in obtaining isolates from soil and sediment samples (Bollmann et al., 2007; 

Kaeberlein et al., 2002).  These latter approaches could be useful in obtaining additional 

isolates from marine sponges.   
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1.5.  Current questions in sponge microbiology 

 

 

1.5.1.  Biogeography of sponge symbionts 

 Studies of the bacterial species associated with marine sponges have revealed 

novel bacterial groups such as the candidate phylum ‘Poribacteria’ (Fieseler et al., 2004; 

Lafi et al., 2009), as well as ubiquitous symbionts found in many different sponges 

including the NW001-like Alphaproteobacteria (Webster and Hill, 2001; Enticknap et 

al., 2006).  As more sponge-specific bacterial clusters are discovered, and then 

rediscovered in multiple sponge-species across the globe, the question of biogeography 

arises.  Baas Becking’s theory that ‘everything is everywhere, but the environment 

selects’ (De Wit and Bouvier, 2006), suggests that bacteria, which can be freely dispersed 

throughout the world’s oceans, should be equally available to all sponge species and 

individuals.  A great controversy in the discussion of sponge-associated bacteria is 

whether the bacteria found living in association with marine sponges are actually “true 

symbionts” or merely organisms that have found a nice place to live in certain sponges.  

The study of the biogeography of sponge-associated bacteria has revealed that many 

sponge-specific bacterial clusters can be found in different sponges throughout the 

world’s oceans.  Looking at the spatial variations of these bacterial species in detail may 

help us answer questions about the acquisition and maintenance of sponge-associated 

bacteria, and help us begin to answer the question of “true symbiosis”. 
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1.5.2.  Sponge model systems 

 The study of sponge-associated bacteria is becoming increasingly popular and 

more sponges are being studied every day.  One problem that has arisen concerns the 

duplication of experimental results obained by different groups, as researchers tens to ask 

the same questions about different sponges.  While it is important for these experiments 

to be conducted on a wide range of sponges and environments, in order to gain a more 

general understanding of sponge-microbe associations, it might be beneficial for the field 

to have a few key species as model sponge systems in which the sponge-microbe 

interactions can be more thoroughly investigated, understood, and available to all. 

 

1.5.3.  Isolation of representatives of key sponge-associated bacterial groups  

 The uncultured majority of sponge-associated bacterial species are a major issue 

in the study of these microbial communities.  The Chloroflexi, Acidobacteria, and the 

Acidimicrobidae appear to be present in consistently large proportions in a wide variety 

of sponges, yet we have very little understanding of these groups.  The novel candidate 

phylum ‘Poribacteria’ has been found in numerous sponges throughout the world’s 

oceans.  Recently, shotgun sequencing of a single amplified genome yielded two-thirds of 

the poribacterial genome (Siegl et al., 2010).  This work has provided insights into the 

lifestyle and functions of the organism.  If we are ever to gain a true understanding of 

marine sponges and their microbial associates, we must have representatives of these key 

groups in hand in order to investigate their physiology and metabolic capabilities. 
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1.5.4.  Functional aspects of sponge-bacteria associations 

 The only way to finally resolve the debate about whether sponge-associated 

bacteria are “true” sponge symbionts, will be to discover the functional aspects of 

sponge-bacteria associations.  Once we understand the intricacies of these relationships, it 

will also be immensely useful in the field of sponge aquaculture. 

 

 

1.6.  Hypotheses 

 

 

 The hypotheses of this proposal are based on the following observations from 

preliminary research.  First, molecular analysis of three marine sponges, X. muta and 

Mycale laxissima from Key Largo, Florida, and X. testudinaria from Manado, Indonesia, 

showed that the bacterial communities associated with the two Xestospongia spp. from 

different oceans were more similar to each other than the bacterial communities 

associated with the X. muta and the M. laxissima from the same sampling location 

(Montalvo et al., 2004).  Second, clone library analysis revealed a large family of novel 

Acidimicrobidae present in both Xestospongia spp. (Montalvo et al., 2005).  

 The specific hypotheses proposed here are as follows:  (1) The bacterial 

communities associated with giant barrel sponges of the genus Xestospongia have a 

characteristic composition that includes novel species, and (2) Comparison of the 

bacterial communities associated with X. muta and X. testudinaria, two sponges that live 
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on opposite sides of the world and have been separated for millions of years, will reveal a 

few shared bacterial species that are key symbionts.   

 The experimental focus of this study is in-depth analysis of the bacterial 

communities associated with Xestospongia spp. sponges.  In order to provide a detailed 

molecular and culture-based analysis of the bacteria associated with the Xestospongia 

spp. sponges, the specific aims are as follows:  (1) Molecular analysis of the bacterial 

communities associated with Xestospongia spp. giant barrel sponges, (2) Analysis of the 

culturable bacterial communities associated with Xestospongia spp. giant barrel sponges, 

and (3) Comparison of the culturable communities and molecular communities, utilizing 

“deep sequencing”.  
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Chapter 2.  Novel Actinobacteria from Marine Sponges 

 

 

2.1.  Abstract  

 

 

Actinobacteria exclusively within the sub-class Acidimicrobidae were shown by 

16S rRNA gene community analysis to be major components of the bacterial community 

associated with two sponge species in the genus Xestospongia.  Four groups of 

Actinobacteria were identified in Xestospongia spp., with three of these four groups 

being found in both Xestospongia muta, from Key Largo, Florida and Xestospongia 

testudinaria, from Manado, Indonesia.  This suggests that these groups are true 

symbionts in these sponges and may play a common role in both the Pacific and Atlantic 

sponge species.  The fourth group was found only in X. testudinaria and was a novel 

assemblage distantly related to any previously sequenced actinobacterial clones.  The 

closest cultured actinobacteria to all the Acidimicrobidae clones from Xestospongia spp. 

are ‘Microthrix parvicella’ and Acidimicrobium spp. Xestospongia spp. can now be 

targeted as source material from which to culture novel Acidimicrobidae to investigate 

their potential as producers of bioactive compounds.  Isolation of sponge associated 

Acidimicrobidae will also make it possible to elucidate their role as sponge symbionts. 



 

 

30 

2.2.  Introduction 

 

 

The class Actinobacteria consists of a diverse range of Gram-positive bacteria 

with high G + C DNA content.  Actinobacteria were originally isolated from soils and are 

of great interest as sources of lead compounds for the pharmaceutical industry, since over 

two-thirds of naturally occurring antibiotics are produced by the order Actinomycetales in 

the Actinobacteria (Okami and Hotta, 1988; Berdy, 1989).  Natural products are the 

major source of new drugs.  This is demonstrated by the fact that approximately 60% of 

those compounds commercially available or in the late stages of clinical trials for the 

treatment of infectious diseases or cancer are being derived from natural products (Cragg 

et al., 1997).  Because of the excellent track record of actinomycetes in this regard, much 

effort is focused on the isolation of novel actinomycetes for drug screening programs. 

The marine environment is emerging as a promising new source of 

Actinobacteria.  For decades, actinomycetes were considered primarily as soil microbes 

and, when isolated from marine samples, were considered to be present as resistant 

spores derived from terrestrial sources.  However, Jensen et al. (1991) provided 

convincing evidence for an indigenous assemblage of actinomycetes in tropical marine 

sediments and novel actinomycetes were also found in near-shore estuaries (Takizawa et 

al., 1993).  Streptomycetes in marine sediments were shown to be present as mycelia 

rather than as dormant spores (Moran et al., 1995).  Molecular approaches based on 16S 

rRNA gene community analyses have established that actinomycetes are widely 

distributed even in the water column.  There is a very tightly clustered group of 
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Actinobacteria, only distantly related to their nearest cultivated relatives, that is fairly 

ubiquitous in the oceans (Rappé et al., 1999; Giovannoni and Rappé, 2000).  Strong 

evidence for the existence of indigenous marine actinomycete assemblages was provided 

by the discovery that actinomycetes are major components of the symbiotic bacteria 

present within marine sponges (Webster et al., 2001; Hill, 2004).  Recently many 

representatives of a major new marine actinomycete taxon within the family 

Micromonosporaceae were isolated from marine sediments (Mincer et al., 2002).  The 

evidence is now overwhelming for the presence of indigenous marine actinomycetes in 

marine waters, sediments and invertebrates and this assemblage includes many novel 

strains that have not yet been cultivated.  Cultivation of these novel Actinobacteria will 

facilitate the investigation of their ecological roles.  In addition, these isolates would 

provide an important resource for natural products discovery. 

Marine sponges have been shown by 16S rRNA gene community analysis to 

contain remarkably diverse microbial communities that include many novel bacteria that 

have been found only within sponges (Lopez et al., 1999; Webster et al., 2001; Hentschel 

et al., 2002).  Bacteria that are intracellular within sponge cells and extracellular within 

the sponge matrix can occupy up to 60% of the volume of sponges (Wilkinson, 1978).  

As part of an on-going project to characterize the microbial community associated with 

marine sponges from a reef system in the Atlantic Ocean at Key Largo, Florida, the 

actinobacterial community associated with the marine sponge Xestospongia muta 

Schmidt 1870 was studied.  X. muta is a common volcano-shaped sponge found in the 

reef environment of the Florida Keys (Kerr and Kelly-Borges, 1994).  Actinobacteria 

associated with another sponge in this genus, Xestospongia testudinaria Lamarck, 1815 
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found in the Pacific Ocean in Indonesian waters were examined in order to compare these 

assemblages in related sponges from different oceans.  Xestospongia spp. are 

Demospongiae in the order Haplosclerida.  They are large sponges (up to 2 m in height) 

commonly known as barrel sponges. 

 

 

2.3.  Materials and methods 

 

 

2.3.1.  Sponge collection 

X. muta was collected by scuba diving at Conch Reef, Key Largo, Florida 

(latitude 24° 56.82’ N, longitude 80° 27.40’ W) in a water depth of 20 m in July 2001 and 

June 2004.  X. testudinaria was collected by scuba diving in Manado, Indonesia (latitude 

01° 32’ N, longitude 124° 55’ E) at 20 m in October 2003.  Sponge samples were cut 

from the sponge with a dive knife while wearing latex gloves and individual pieces were 

put into separate plastic sample collection bags, brought to the surface, maintained at 

ambient seawater temperature and transported to a land-based laboratory for processing 

within 2 hours of the time of collection. 

 

2.3.2.  Sponge processing 

Immediately after collection, each sponge sample was rinsed with sterile artificial 

seawater (ASW) (Instant Ocean, Aquarium Systems Inc., Mentor, OH, USA) to remove 
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transient and loosely attached bacteria.  A section of sponge was immediately frozen on 

dry ice and stored at -80°C for later DNA extraction.  

 

2.3.3.  Isolation of DNA from sponges and 16S rRNA gene clone library 

construction 

Total genomic DNA was extracted from 1 cm3 freeze-dried sponge tissue using a 

modified version of the method described by Pitcher et al. (1989), as described by 

Enticknap et al. (2006).  Briefly, the sponge tissue was placed in a bead beater (Model 

1107900 Biospec Products, Bartlesville, OK); TE buffer (10 mM Tris and 1 mM EDTA, 

pH 8.0) and sterile 0.1 and 1.0 mm zirconia/silica beads (equal volumes) were added to 

fill half of the bead beater chamber.  The chamber was cooled with crushed ice and run 

six times for 30 seconds with a 1-minute pause between each beating.  An equal volume 

of guanidium thiocyanate was used to lyse the cells, and ammonium acetate was added to 

a final concentration of 2.5 M. A phenol-chloroform/isoamyl alcohol extraction was used 

to isolate nucleic acids.  DNA was precipitated overnight with isopropanol at -20 °C and 

pelleted.  The pellets were washed with 70% ethanol, dried, resuspended in TE buffer and 

stored at -80 °C.  Bacterial 16S rRNA genes were PCR-amplified using the eubacterial 

27F and 1492R primers and Amplitaq DNA polymerase LD (Applied Biosystems). 

Cycling conditions were as described above for amplification of 16S rDNA from 

actinomycete isolates for 15, 20, 25, and 30 cycles with a 30 cycle negative control.  

Amplification products were visualized by agarose gel electrophoresis.  Bands of the 

appropriate size were present in the 25- and 30-cycle reactions and were cut from the 25-

cycle reaction and from the corresponding position in the negative control lane and gel-
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purified using the QiaQuick gel extraction kit.  Gel-purified PCR product was ligated into 

pCR-XL-TOPO vector and transformed into One Shot TOP 10 chemically competent 

Escherichia coli cells using the TOPO XL PCR Cloning Kit (Invitrogen).  Clones were 

sequenced by Lark Technologies Inc. (Houston, TX) using the M13 forward and reverse 

primers.  Clones from which >550 bp of sequence from the 5’ end of the 16S rRNA gene 

was obtained were included in the phylogenetic analysis. 

 

2.3.4.  Phylogenetic analysis 

16S rRNA gene sequences from clones were analyzed by comparison to 16S 

rRNA genes in the Genbank database (http://www.ncbi.nlm.nih.gov/).  16S rRNA gene 

sequences of the clones were deposited in GenBank.  The nearest relatives of each 

organism were obtained by BLAST searches (Altschul et al., 1990).  Sequence data were 

edited using PreGap4 and Gap4 from the Staden Package (http://staden.sourceforge.net).  

Chimeric sequences were identified using the program CHECK_CHIMERA 

(http://35.8.164.52/html/in- dex.html) of the Ribosomal Database Project 

(http://rdp.cme.msu.edu/index.jsp) (Maidak et al., 1999).  Phylogenetic analyses were 

performed with the ARB software package (www.arb-home.de) (Ludwig et al., 2004).  

Trees were generated using the neighbor-joining (Saitou and Nei, 1987), Fitch-

Margoliash (Fitch and Margoliash, 1967) and maximum parsimony (Kluge and Farris, 

1969) algorithms.  Bootstrap values were generated using Phylip (Felsenstein, 2004) 

from 1000 replicate datasets with the neighbor-joining algorithm. 
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2.4.  Results 

  

 

In total, 209 clones were analyzed from the X. testudinaria clone library and 178 

clones were analyzed from the X. muta clone library.  Actinobacteria made up over 12% 

(26 clones) of the X. testudinaria clones, and over 20% (37 clones) of the X. muta clones. 

The clones all grouped within the sub-class Acidimicrobidae, with Acidimicrobium spp. 

Y0018 as the closest cultured relative, and could be divided into four main groups 

(Figure 2.1). 

Group I was comprised of six clones that could be further divided into two 

subgroups.  Three of these clones, from X. testudinaria, had 99% identity to each other 

and 98% identity to sponge symbiont JAWS11 from the sponge Theonella swinhoei 

(Hentschel et al., 2002).  The other three clones, two from X. testudinaria and one from 

X. muta, had 93-98% identity to each other and 93-94% identity to their nearest relative, 

uncultured aquatic actinobacterium wb1P06 from the flooded passage of an Australian 

cave system (Holmes et al., 2001).  

Group II comprised nine clones, two from X. testudinaria, and seven from X. 

muta, which had 99% identity to each other.  The top BLAST hit was to clone TK99 

from the sponge Aplysina aerophoba (Hentschel et al., 2002), with 97% identity.  The 

single clone XA4D08, closely affiliated with Group II, was most closely related to 

several clones from marine environments other than sponges.  Group III formed its own 

clade and consisted of seven X. testudinaria clones with 99% identity with each other.  

The top BLAST hit was to clone Kazan-1B-35 from the Kazan mud volcano in the 
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eastern Mediterranean, with only 90% identity.  The 40 clones in Group IV were the most 

deeply branching and grouped with only two other uncultured marine isolates.  One of 

these relatives, clone RSWS10, was derived from the sponge T. swinhoei (Hentschel et 

al., 2002) and the second clone was from a coral. 

 

 

 

 

 

 

Figure 2.1.  Phylogenetic tree of the Actinobacteria clones from Xestospongia spp. 

sponges and related sequences. 16S rRNA gene sequences from this study are shown in 

boldface type. Sequences from the X. testudinaria clone library begin with ‘XA’ while 

sequences from the X. muta clone library begin with ‘XB’.  Related 16S rRNA gene 

sequences were obtained from GenBank and have been derived from cultivated 

organisms unless specified as uncultured.  GenBank accession numbers are shown in 

parentheses.  The tree was calculated with the neighbor-joining algorithm using E. coli 

16S rDNA sequence positions 10–575 and branch points were confirmed with Fitch (f) 

and Parsimony (p) algorithms.  The tree was bootstrapped using 1000 replicates with the 

neighbor-joining algorithm and bootstrap values over 50% are displayed.  Partial 

sequences were added by parsimony and are denoted by an asterisk. The four dominant 

groups of Actinobacteria from the Xestospongia spp. sponges are boxed.
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2.5.  Discussion 

 

 

Acidimicrobidae were major components of the clone libraries from both X. muta 

and X. testudinaria.  These actinobacteria were assigned to four groups, designated 

Group I–IV.  It is remarkable that in these two Xestospongia spp. sponges, found at 

locations many thousands of miles apart, three of these four groups (I, II and IV) 

contained clones from both sponges.  Clones from X. muta from Florida were in many 

cases more closely related to clones from the Indonesian X. testudinaria than to any other 

clones in GenBank. One explanation is that these bacteria may be ancient symbionts of 

Xestospongia spp. that were present in the common ancestor of both X. muta and X. 

testudinaria.  It is reasonable to speculate that these Actinobacteria are specific 

symbionts of Xestospongia spp. and perform a common physiological role in both these 

Xestospongia spp. sponges. 

Hentschel et al. (2002) described the Actinobacteria present in the sponges T. 

swinhoei and A. aerophoba and included clones from Rhopaloeides odorabile (Webster 

et al., 2001) in their analysis.  Xestospongia-derived actinobacterial clones assigned to 

Group I and Group II are closely affiliated with the Actino-I and Actino-III groups, 

respectively, described by Hentschel et al. (2002).  This supports the possibility that these 

groups are ubiquitous in marine sponges.  Group III contained clones that were all 

derived from X. testudinaria and were only 90% similar with their nearest relative.  

Group III therefore represents a novel lineage that may be specifically associated with X. 
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testudinaria.  Group IV is of particular interest since this group contains the highest 

number of actinobacterial clones from both X. muta and X. testudinaria. 

The closest cultured relative to the Actinobacteria clones from Xestospongia spp. 

was Acidimicrobium spp. Y0018, to which the clones had 88–93% identity. 

Acidimicrobium spp. Y0018 is an iron-oxidizing bacterium isolated from moderately 

thermophilic, acidophilic geothermal sites in Yellowstone National Park and is closely 

related to Acidimicrobium ferrooxidans (Johnson et al., 2003).  Very few additional 

Acidimicrobiaceae have been obtained in culture.  In a study of the family 19 chitinases 

in Actinobacteria, for example, every sub-class within the Actinobacteria was repre- 

sented, except the Acidimicrobidae, which were excluded because of the difficulty of 

establishing a culture of Acidimicrobium ferrooxidans DSM 10331, the only strain in this 

sub-class that is readily available (Kawase et al., 2004).  One other member of the 

Acidimicrobiaceae that has been cultured is the invalidly named bacterium ‘Microthrix 

parvicella’ that is found in activated sludge sewage treatment plants. This bacterium is 

extremely difficult to isolate and grow, with one group reporting only limited success in 

12 years of extensive efforts to culture ‘Microthrix parvicella’ (Blackall et al., 1996).   

It is of great interest to attempt to culture some representatives of the Acidimicrobiaceae, 

the presence of which has now been revealed in Xestospongia spp. by 16S rRNA gene 

community analysis.  The small number of cultured representatives of this sub-class and 

the fact that several of these are iron-oxidizers found in thermophilic and acidic 

environments is discouraging in this regard. Culture conditions that yielded these isolates 

are highly unlikely to work for isolating Acidimicrobiaceae from marine sponges. On the 

other hand, three Acidimicrobiaceae were successfully cultured from soil samples by 
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using simple solid media in Petri dishes  (Joseph et al., 2003). It is also possible that the 

Acidimicrobiaceae present in Xestospongia spp. are more amenable to culture than 

Acidimicrobiaceae such as ‘Microthrix parvicella’. 

The 16S rRNA gene based community analysis described here has identified the 

presence of novel Acidimicrobiaceae within Xestospongia spp. and laid the groundwork 

for attempts to culture these intriguing bacteria.  Very few Acidimicrobiaceae have been 

cultured previously.  If isolates can be obtained from Xestospongia spp., it will be of 

great interest to screen these isolates for production of bioactive compounds to 

investigate whether the Acidimicrobiaceae are as prolific producers of natural products as 

other Actinobacteria.  Extensive efforts to culture these Acidimicrobiaceae are also 

warranted, as this will greatly facilitate the study of the relationship of these bacteria with 

the sponge. 
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Chapter 3.  Sponge-Associated Bacteria are Strictly Maintained in Two 

Closely Related but Geographically Distant Sponge Hosts  

 

 

3.1.  Abstract 

 

 

 The giant barrel sponges Xestospongia muta and Xestospongia testudinaria are 

ubiquitous in tropical reefs of the Atlantic and Pacific Oceans, respectively.  They are key 

species in their respective environments and are hosts to diverse assemblages of bacteria. 

These two closely related sponges from different oceans provide a unique opportunity to 

examine the evolution of sponge-associated bacterial communities.  Mitochondrial 

cytochrome oxidase subunit I gene sequences from X. muta and X. testudinaria showed 

little divergence between the two species.  A detailed analysis of the bacterial 

communities associated with these sponges, comprising over 900 full-length 16S rRNA 

gene sequences, revealed remarkable similarity in the bacterial communities of the two 

species.  Both sponge-associated communities include sequences found only in the two 

Xestospongia species, as well as sequences found also in other sponge species and are 

dominated by three bacterial groups, Chloroflexi, Acidobacteria, and Actinobacteria.  

While these groups consistently dominate the bacterial communities revealed by 16S 

rRNA gene-based analysis of sponge-associated bacteria, the depth of sequencing 

undertaken in this study revealed clades of bacteria specifically associated with each of 
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the two Xestospongia species, and also with the genus Xestospongia, that have not been 

found associated with other sponge species or other ecosystems.  This study, comparing 

the bacterial communities associated with closely related but geographically distant 

sponge hosts, gives new insight into the intimate relationships between marine sponges 

and some of their bacterial symbionts. 

 

 

3.2.  Introduction 

 

 

  Montalvo et al. (2005) (Chapter 2) compared the deep branching 

Acidimicrobidae, a subclass of the Actinobacteria, by 16S rRNA gene-based community 

analysis of one X. muta individual and one X. testudinaria individual.  There was 

remarkable similarity in the Acidimicrobidae communities between the two sponges, 

suggesting that these bacteria were specific symbionts of these sponges.  Since that study, 

many more sponges communities have been analyzed, and additional Acidimicrobidae 

sequences have been found in other sponge species (Taylor et al., 2007; Kamke et al., 

2010; Thiel et al., 2007), and other Xestospongia individuals, as well as in X. muta larvae 

(Schmitt et al., 2008).  The Acidimicrobidae appear to be a part of the uniform sponge-

associated microbial community found in many sponges.  Studies of sponge-associated 

communities based on universal bacterial primers are consistently dominated by deep-

branching members of the Chloroflexi and Acidobacteria groups, suggesting a uniform 

community within sponges (Hentschel et al., 2006; Kamke et al., 2010; Lee et al., 2011; 
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Webster et al., 2010), but with little evidence of the specificity of these organisms to 

particular sponge species.  

 In this study, extensive clone libraries of nearly full-length bacterial 16S rRNA 

gene sequences were examined from three individuals of each of the two giant barrel 

sponges, X. muta and X. testudinaria.  The mitochondrial cytochrome oxidase subunit I 

(COI) genes of the sponges were sequenced to investigate the relationship between the 

two species.  This is the first study to compare the bacterial communities in two closely 

related sponges from different oceans.  By examining the communities of these recently 

speciated sponges in great detail, we can gain more insight into the specificity of the 

relationship between the sponges and their bacterial associates.  Bacterial groups that 

have been retained by both sponges during the speciation that followed their geographic 

separation are likely to be key symbionts, the roles of which will warrant further 

investigation.  In addition, accurate inventories of bacterial communities associated with 

healthy sponges can provide important baseline datasets against which to assess 

subsequent changes brought about by environmental stress, climate change, or disease, 

such as the orange band disease recently reported in X. muta (Angermeier et al., 2011). 

 

 

 

 

 

 

 



 

 

44 

3.3.  Materials and methods 

 

 

3.3.1.  Sponge collection 

X. muta was collected at Conch Reef, Key Largo, Florida, USA (24° 56.82’ N, 

80° 27.40’ W).  One sample (XB) was processed from July 2001, a second (XE) from 

June 2004, and a third (XF) from August 2005.  X. testudinaria was collected from 

Manado Bay, Indonesia (01° 32’ N, 124° 55’ E).  One sample (XA) was processed from 

September 2003 and two samples (XC and XD) from December 2005.  All sponges were 

collected by SCUBA at a water depth of ca. 20 m.  Sponge samples were brought to the 

surface in separate plastic collection bags, maintained at ambient seawater temperature 

and transported to a laboratory for processing within two hours of collection. Samples 

were rinsed with sterile artificial seawater to remove transient and loosely attached 

bacteria.  Sections of rinsed sponge tissue were immediately stored at -80°C for later 

DNA extraction.  Mycale laxissima, Ircinia strobilina, and water samples were collected 

at Conch Reef, Key Largo, Florida in July 2001 and June 2004 and processed as 

described by Mohamed et al. (2008a and b). 

 

3.3.2.  DNA extraction and bacterial 16S rRNA gene clone library construction 

Bacterial 16S rRNA gene clone libraries were constructed from six different 

sponge individuals, three X. muta and three X. testudinaria.  DNA extraction and clone 

library construction was performed as described in Chapter 2 and by Montalvo et al. 

(2005).  Briefly, total genomic DNA was extracted from lyophilized sponge tissue.  
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Bacterial 16S rRNA gene fragments were amplified from the total genomic DNA using 

the eubacterial primers 27F and 1492R, and cloned using the TOPO XL PCR Cloning Kit 

(Invitrogen Life Technologies, Carlsbad, CA).  Clones were sequenced on an ABI 3130 

XL Genetic Analyzer (Applied Biosystems, Foster City, CA) using the M13 forward and 

reverse primers, and the internal primer 1106R.  Sequences were assembled and edited 

using Pregap4 and Gap4 from the Staden Package (http://staden.sourceforge.net/).  

Clones with > 1350 bp of sequences from the 5’ end of the 16S rRNA gene were 

included in the phylogenetic analysis.  Clones with > 99% identity in initial reads of ca. 

700-800 bp were not sequenced to full length. 

 

3.3.3.  Cytochrome oxidase subunit I (COI) gene sequencing 

The COI genes from all six sponges (three X. muta and three X. testudinaria) were 

PCR amplified from total genomic DNA.  The forward and reverse primers used were 

LCO1490 (Folmer et al., 1994), and COX1-R1 (Rot et al., 2006), in order to obtain the 

standard barcoding fragment, plus the suggested downstream extension recommended for 

sponges (Duran and Rützler, 2006; Erpenbeck et al., 2006; Wörheide, 2006).  

Thermocycling with Platinum Taq DNA Polymerase High Fidelity (Invitrogen) was 

initiated with denaturation at 94°C for two min, followed by 30 cycles of 94°C for 30 s, 

annealing at 50°C for 30 s, and extension at 72°C for 1.5 min, and then a final extension 

at 72°C for 10 min.  The ~1,200 bp fragments were sequenced with LCO1490 and 

COX1-R1, and the internal primers COX1-D2 (Rot et al., 2006) and HCO2189 (Folmer 

et al., 1994) for double stranded coverage on an ABI 3130 XL Genetic Analyzer and the 

sequences were assembled and edited using Pregap4 and Gap4.  Nearest relatives were 
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obtained from the GenBank database using the blastx tool (http://blast.ncbi.nlm.nih.gov/) 

in April 2011. 

 

3.3.4.  Phylogenetic analysis of bacterial 16S rRNA gene clone libraries 

16S rRNA gene sequences were classified using the SILVA rRNA database 

project (Pruesse et al., 2007).  The nearest relatives for each sequence were obtained 

from the GenBank database using the blastn tool (http://blast.ncbi.nlm.nih.gov/) in March 

2011.  Phylogenetic analyses were performed with the ARB software package 

(http://www.arb-home.de/) (Ludwig et al., 2004).  Phylogenetic trees were generated 

using the neighbor-joining algorithm (Saitou and Nei, 1987) and bootstrap values were 

generated using PHYLIP (J. Felsenstein.  Version 3.6 

http://evolution.genetics.washington.edu/phylip.html) with 100 replicate datasets. 

 

3.3.5.  Estimation of microbial diversity and community structure analysis 

Mothur (http://www.mothur.org/) (Schloss et al., 2009) was used to assign 

sequences to operational taxonomic units (OTUs) and to generate rarefaction curves for 

observed OTUs, Chao1 and ACE richness estimators, Shannon and Simpson diversity 

indices, and Sørensen similarity coefficients.  Sequences were clustered using the furthest 

neighbor algorithm and the distance matrix was generated in ARB.  The sponge-

associated bacterial community structures were compared using the UniFrac Online Tool 

(Lozupone et al., 2006) (http://bmf2.colorado.edu/unifrac/). 
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3.3.6.  Nucleotide Accession Numbers 

The bacterial 16S rRNA gene sequences obtained in this Chapter were deposited 

in GenBank under the following accession numbers: FJ229908-FJ229966, FJ269244-

FJ269351, FJ481218-FJ481376, HQ270191-HQ270424, JN596593-JN596788.  The 

Xestospongia COI sequences were deposited in GenBank under the accession numbers 

HQ452957-HQ452962. 

 

 

3.4.  Results 

 

 

3.4.1.  COI gene sequencing 

All six Xestospongia sponges were 99-100% identical to each other at the 

nucleotide sequence level, with a total of nine variable positions (Table 3.1). For all six 

sponges, the closest hit from BLAST analysis was X. muta cytochrome c oxidase subunit 

I with 99-100% identity. The next closest hit was from Xestospongia proxima (Fig. 3.1). 

No other X. testudinaria COI gene sequences were publicly available at the time of this 

study. 
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COI Position 288 371* 766* 777* 783* 845 888* 948 1102* 1218 

X. muta 080205-5 C C A T C A A T G C 

X. muta 062904-7 C C A T T A A T G C 

X. muta 071801-5 C C A T T A A T G C 

X. testudinaria 093003-M C C A T C A A C G T 

X. testudinaria 121205-16 C C A T C A A T G T 

X. testudinaria 121205-17 T T G A C G G G G C 

*Variable nucleotide positions previously described in X. muta (López-Legentil and 

Pawlik, 2009). 

 

Table 3.1.  Nucleotide differences in the COI sequences from the sponges sampled in this 

study.  The nucleotide positions were based on the complete mitochondrial sequence of 

Xestospongia muta (Kayal and Lavrov, 2008). 
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Figure 3.1.  Neighbor-joining tree of COI amino acid sequences from the six 

Xestospongia sponges from this study (in bold) and their closest relatives, based on 402 

amino acids. Bootstrap values (neighbor-joining algorithm with 100 replicates) are 

represented with closed circles (values > 90%) and open circles (values > 75%). The 

scale bar represents 10% sequence divergence. 
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3.4.2.  Phylogenetic analysis of clone libraries 

 Libraries from the three X. muta sponges contained 265 (XB), 178 (XF), and 172 

(XE) sequenced clones for a total of 615 sequences, 383 of which were unique. These 

sequences were assigned to 108 OTUs at the species level (distance=0.02) and were 

classified as Chloroflexi, Acidobacteria, Actinobacteria, Cyanobacteria, 

Deltaproteobacteria, Bacteroidetes, Defferibacteres, Nitrospirae, Gammaproteobacteria, 

Gemmatimonadetes, Unclassified Proteobacteria, Betaproteobacteria, 

Alphaproteobacteria, TM7, Deinococcus-Thermus, Planctomycetes, and TM6 (Figs. 3.2 

and 3.3).  Clone libraries from three X. testudinaria sponges contained 253 (XA), 173 

(XD), and 136 (XC) sequenced clones, for a total of 562 sequences, 445 of which were 

unique.  These sequences were assigned to 134 OTUs at the species level and were 

classified as Chloroflexi, Acidobacteria, Deltaproteobacteria, Defferibacteres, 

Actinobacteria, Gammaproteobacteria, Nitrospirae, Bacteroidetes, Alphaproteobacteria, 

Gemmatimonadetes, unclassified Proteobacteria, Cyanobacteria, TM7, Spirochaetales, 

Firmicutes, Verrucomicrobia, and Planctomycetes (Figs. 3.2 and 3.3). 
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3.4.3.  Dominant bacterial groups  

Clones containing 16S rRNA gene sequences affiliated with the Chloroflexi 

dominated both the X. testudinaria and X. muta bacterial communities (27% and 42% of 

the sequences, respectively) and these OTUs were also the most abundant with 49 OTUs 

in X. testudinaria and 31 OTUs in X. muta (Figs. 3.2 and 3.3).  The clone libraries of the 

individual sponge samples varied greatly with respect to the numbers of clones affiliated 

with different bacterial phyla (Fig. 3.2), but were more similar with respect to the 

distribution of OTUs (Fig. 3.3).  In all six individual samples, the Chloroflexi were the 

dominant group with respect to OTU abundance (Fig. 3.3). Acidobacteria (18% and 

12%), Actinobacteria (8% and 12%), and Deltaproteobacteria (12% and 8%) sequences 

were abundant in both X. testudinaria and X. muta.  The Defferibacteres were abundant 

in X. testudinaria (11%), but rare in X. muta (3%).  Cyanobacteria sequences were rare in 

X. testudinaria (1%), but abundant in X. muta (9%); however 40 of the 56 Cyanobacteria 

clones from X. muta represent a single species from one individual. 

 

3.4.4.  Rarefaction analysis and richness estimates 

Rarefaction curves began to reach asymptote at the class level (distance = 0.20), 

for both X. muta and X. testudinaria, but indicated that at the species level (distance = 

0.02) additional diversity remains to be revealed (Fig. 3.4).  X. testudinaria appears to 

have a more diverse bacterial community, with more rare species than X. muta. The 

Chao1 and ACE richness estimators predicted 218 and 318 OTUs at the species level for 

X. muta and 173 and 229 OTUs for X. testudinaria.  The Shannon and Simpson diversity 

indices at the species level were 3.65 and 0.05 for X. muta and 4.28 and 0.22 for X. 

testudinaria. 
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Figure 3.4.  Rarefaction curves for the 16S rRNA gene sequences from X. muta and X. 

testudinaria at the species level (D=0.02) and phylum level (D=0.20). 



 

 

55 

3.4.5.  Closest relatives 

Over 80% of the Xestospongia-derived sequences have closest relatives (CRs) 

that were derived from another Xestospongia individual (Fig. 3.5).  For sequences from 

the three X. muta sponges, 52% of CRs were derived from a different X. muta individual 

and 33% came from X. testudinaria.  For clones from X. testudinaira, 37% of CRs came 

from a different X. testudinaria individual and 44% came from X. muta. When all 

sequences obtained from Xestospongia sp. sponges were excluded, including those from 

other studies and those from Xestospongia larvae, the CRs were primarily derived from 

other marine invertebrates. For X. muta, 61% of CRs were sponge-associated, 27% were 

coral-associated, 9% were seawater-associated and 3% came from other sources. For X. 

testudinaria, 67% were sponge-associated, 25% were coral-associated, 4% were 

seawater-assocoated and 4% were from other environments. Phylogenetic trees show the 

relationship between these sequences and their closest relatives (Figs. 3.6-3.13).  
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Figure 3.5.  Sources of closest relatives to Xestospongia-derived sequences, as indicated 

by BLAST analysis. Sequences from the same sponge individual were excluded from the 

searches. When the closest relative was derived from another individual of the same 

species, the second relative is shown. (A) Sources of closest relatives to X. muta-derived 

sequences. (B) Sources of closest relatives to X. testudinaria-derived sequences. (C) 

Sources of closest relatives when all Xestospongia-derived sequences are excluded. 
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Figure 3.6.  Neighbor-joining tree of the Acidobacteria 16S rRNA gene sequences from 

X. muta and X. testudinaria and their closest relatives. Sequences from this study are in 

bold red (X. muta) and bold blue (X. testudinaria). The closest cultured representatives 

are in bold black. Short sequences added by parsimony are indicated with an asterisk (*). 

Bootstrap values (neighbor-joining method, 100 replicates) are indicated by closed circles 

(>90%) and open circles (>75%). The arrow goes to an outgroup of bacterial 16S rRNA 

gene sequences representing the other phyla observed in this study. The scale bar 

represents 10% sequence divergence. 

Figure 3.7.  Neighbor-joining tree of the Anaerolineae (I-V) and Caldilineae (IV). 

Details are as provided for Figure 3.6. 

Figure 3.8.  Neighbor-joining tree of the Actinobacteria. Details are as provided for 

Figure 3.6.  

Figure 3.9.  Neighbor-joining tree of the Alpha-, Beta-, Gamma- and Unclassified 

Proteobacteria. Details are as provided for Figure 3.6. 

Figure 3.10.  Neighbor-joining tree of the Nitrospira,Gemmatimonadetes, and 

Deferribacteres. Details are as provided for Figure 3.6. 

Figure 3.11.  Neighbor-joining tree of the Deltaproteobacteria. Details are as provided 

for Figure 3.6. 

Figure 3.12.  Neighbor-joining trees of the Planctomycetes, TM6, Bacteroidetes, 

Verrucomicrobia, Spirochaetes, Frimicutes, TM7, Deinococcus-Thermus, and 

Cyanobacteria. Details are as provided for Figure 3.6. 

Figure 3.13.  Neighbor-joining tree of the unclassified Chloroflexi. Details are as 

provided for Figure 3.6. 
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Figure 3.6.
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Figure 3.7. 
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Figure 3.8. 
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Figure 3.9.
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Figure 3.10.
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Figure 3.11.
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Figure 3.12.
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Figure 3.13. 
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3.4.6.  Shared OTUs 

Nine OTUs, representing 26% of the X. testudinaria clones (145 sequences), were 

found in all three individual samples.  Three shared Acidobacteria OTUs in groups II, III, 

and VI, all fell into sponge-specific clusters that also contained sequences from X. muta 

(Fig. 3.6).  The four shared OTUs within the Chloroflexi (group VI), Actinobacteria 

(group II), Unclassified Proteobacteria, and Defferibacteres, also fell into sponge-specific 

clusters that contained X. muta sequences (Figs. 3.7, 3.8, 3.9, and 3.10).  The 

Deltaproteobacteria sequences within the Mycococcales formed a Xestospongia-specific 

cluster that also contained sequences from X. muta (Fig. 3.11).  The shared OTU within 

the Nitrospira contained a coral-derived sequence, in addition to other sponge-derived 

sequences and sequences from X muta.  This was the only OTU that was shared by all six 

individual sponge samples (Fig. 3.10).  An additional 39 OTUs representing 40% of the 

X. testudinaria clones were found in two of the three clone libraries.   

In addition to the Nitrospira, six OTUs, representing 27% of the X. muta clones 

(168 sequences), were found in all three individual samples. The Chloroflexi in group IV 

fell into a X. muta-specific cluster that also contained a sequence from a X. muta embryo 

(Schmitt et al., 2008), and shared only 91% identity with the closest relatives that were 

not derived from X. muta (Fig. 3.7).  Within the Actinobacteria, the shared OTU in group 

IV fell within a sponge-specific cluster that also contained sequences from X. 

testudinaria, while the shared OTU in group V also contained a coral-derived sequence 

(Fig. 3.8).  The shared OTU within the Gemmatimonadetes fell into a cluster that only 

contained sequences from X. muta and the coral Montastrea faveolata (Sunagawa et al., 

2010) (Fig. 3.10).  The shared OTU within the Bacteroidetes formed another X. muta-
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specific cluster that included a sequence from a X. muta embryo (Fig. 3.12).  An 

additional 24 OTUs, representing 38% of the X. muta clones, were found in two of the 

three clone libraries.  A total of 44 OTUs, representing 52% of the clones from this study 

(621 sequences), contained sequences from at least one X. muta individual and one X. 

testudinaria individual. 

 

3.4.7.  Bacterial community structure 

The bacterial community structures of X. muta and X. testudinaria were compared 

using the UniFrac algorithim (weighted and unweighted), as well as the Parsimony test. 

When comparing the entire community, no significant difference was seen between any 

of the six individual sponges, indicating that the sponges all have similar community 

structures.  However, when the three individuals from each species are pooled, there is a 

significant difference (P < 0.01) between the X. muta and X. testudinaria total 

communities.  Using the Sørensen index to describe community similarity based on the 

percentage of shared OTUs, X. muta and X. testudinaria bacterial communities were 

more similar to each other at the species and class levels than to the bacterial 

communities from surrounding seawater, and two other Key Largo sponges, M. laxissima 

and I. strobilina (Fig. 3.14).  
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Figure 3.14.  Heatmaps showing the Sørensen index similarity between sponge-

associated bacterial communities at the species level (A) and the class level (B). 
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3.5.  Discussion 

 

 

16S rRNA gene sequences from bacteria associated with the two Xestospongia 

sponges generally fall within larger sponge-specific groups, but, notably, in most cases, 

the Xestospongia-derived 16S rRNA gene sequences are more closely related to each 

other than they are to 16S rRNA gene sequences derived from other sponges (Fig. 3.5).   

Within clusters of 16S rRNA gene sequences that have been found only in sponges, 

sequences from the two Xestospongia species sponges often cluster separately from 

sequences derived from other sponge species, and, strikingly, in many instances, 

sequences from each of the two Xestospongia species cluster tightly according to whether 

they were derived from X. muta or X. testudinaria.  The two giant barrel sponges 

presumably provide very similar environments for their resident bacterial communities; 

however, while these results indicate that the two sponge species are hosts to many of the 

same species of bacteria, it is clear that the bacteria they host are not identical.  The 

bacterial community profiles may have been maintained from the time of a common 

Xestospongia ancestor, prior to the physical geographic separation that resulted in the 

speciation of X. muta and X. testudinaria.  The small, but distinct differences that can be 

seen between 16S rRNA gene sequences from the two sponges are consistent with 

speciation of the bacteria that are tightly associated with the two barrel sponges from the 

time when the sponges were geographically separated. 

Rarefaction analysis shows that we have not sampled the full diversity at the 

species level of the Xestospongia-associated bacterial communities (Fig. 3.4).  This is 



 

 

70 

expected due to the remarkable diversity of bacterial strains associated with sponges and 

is consistent with recent studies involving deep-sequencing of sponge-associated 

bacterial communities (Webster et al., 2010).  X. testudinaria appears to have a more 

diverse bacterial community than X. muta, with more rare groups present (Fig. 3.2A). 

Overall, the bacterial communities of the two Xestospongia sponges appear to be 

typical of sponge-associated bacterial groups.  The dominant OTUs from both X. 

testudinaria and X. muta were classified as Chloroflexi, Acidobacteria and 

Actinobacteria.  These groups contain few cultured representatives, but have been found 

in a wide range of environments.  They are commonly abundant in sponge-associated 

bacterial communities (Hentschel et al., 2006; Taylor et al., 2007a; Webster and Taylor, 

2011) and cDNA libraries have shown that they are active in sponges (Kamke et al., 

2010).  A similar high diversity was found in a recent pyrosequencing-based analysis of 

X. testudinaria from the Red Sea where Chloroflexi were also dominant, but were 

followed by Proteobacteria and Firmicutes (Lee et al., 2011).  Currently, cultured 

representatives of the bacterial groups that dominate sponge-associated microbial 

communities are scarce, making it difficult to determine the functions they may serve in 

the sponge-microbe relationship. Davis et al. (2011) have succeeded in growing 

Acidobacteria, Chloroflexi and Actinobacteria from soil using methods that include long 

incubation times combined with the detection of mini-colonies.  These techniques may 

prove useful in the cultivation of these same groups from marine sponges, subsequently 

allowing for greater insight into the roles these bacterial groups play in sponge-microbe 

interactions.  
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The majority of the Chloroflexi were classified as Caldilineae and Anaerolineae, 

and their closest relatives are other uncultured sponge- and coral-associated sequences 

(Fig. 3.7).  Within the Anaerolineae, clusters in which sequences from X. muta and X. 

testudinaria group separately from other sequences can be found in groups II, III, and V.   

Clusters in which clones from X. muta and X. testudinaria fall into distinct, separate 

groups can be found in groups I, II, and IV.  The remaining Chloroflexi were unclassified 

at the class level and were less abundant than the Anaerolineae and Caldilineae, but 

exhibited the same clustering patterns (Fig. 3.13).  

  The Acidobacteria from X. muta and X. testudinaria fell into six subdivisions, 

five of which contained sequences from both species (Fig. 3.6).  The Acidobacteria 

clones were most closely related to other uncultured sequences from sponges and coral.  

Distinct Xestospongia clusters appear in groups I, II, and, V.  The majority of the 

Acidobacteria were classified as Holophagae (group VI), in which a clear distinction can 

be seen between the sequences from X. muta and X. testudinaria.  This group has one 

cultured representative, strain 1M83 (DQ994722), isolated from the marine sponge 

Haliclona sp. on streptomycete medium by Jiang et al. (2007).  This bacterium is the first 

known sponge isolate from the Acidobacteria and examination of this organism may give 

insight into the cultivation of other Acidobacteria from sponges. 

 The Actinobacteria sequences fell into two main groups that most closely aligned 

with the subclass Acidimicrobidae and several unclassified Actinobacteria (Fig. 3.8).  

These sequences formed several Xestospongia-specific clusters with closest relatives 

from sponges, coral, soil, and seafloor lavas.  This confirms and extends our previous 

finding of novel Acidimicrobidae in Xestospongia sponges (Chapter 2) (Montalvo et al., 
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2005).  The clones are distantly related to several cultured isolates from activated sludge, 

soil, various marine environments, and one newly described species, Iamibacter 

majanohamensis, isolated from a sea cucumber (Kurahashi et al., 2009).  

 Xestospongia-specific clusters of Deltaproteobacteria can be seen within the 

Nitrospina, Mycococcales, and the unclassified Deltaproteobacteria (Fig. 3.11).   

Xestospongia-specific clusters can also be seen within the Gammaproteobacteria (Fig. 

3.9).  The Deferribacteres, which were abundant in X. testudinaria, clustered with other 

sponge- and coral associated sequences, as did the Gemmatimonadetes and Nitrospira 

sequences (Fig. 3.10).  Cyanobacteria fell into two main groups, the first comprised of 

sequences primarily from one X. muta individual (XE), and were all closely related to 

Synechoccus sp. from seawater.  The second group formed a sponge-specific cluster, 

within which a tight X. muta-specific cluster can be seen (Fig. 3.12). 

 While the 16S rRNA gene sequences from the dominant bacterial groups 

generally clustered with sequences derived from other sponges, they often formed tighter 

Xestospongia-clusters, as well as X. muta- and X. testudinaria-specific clusters.  The 

clone libraries suggest that these two Xestospongia species sponges have bacterial 

communities that are primarily comprised of bacteria that are specific to each of the two 

Xestospongia species.  

 Hentschel et al. (2002) defined sponge-specific monophyletic clusters as three or 

more sequences from different sponge species or different geographic locations, which 

are more closely related to each other than any other species from a non-sponge source.  

We can adapt this definition to define clusters that are specific to particular sponge 

genera: three or more bacterial 16S rRNA gene sequences from two or more different 
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sponges of the same genus that are more closely related to each other than to sequences 

derived from any other source; or clusters that are specific to particular sponge species: 

three or more sequences from two or more individuals (adult or juvenile), of the same 

species that are more closely related to each other than sequences from any other source.  

Based on these definitions, there are clades of bacteria that are specific to each of the two 

Xestospongia spp., as can be seen within the Chloroflexi groups I and IV and the 

Acidobacteria group VI, and clades that are specific to the genus Xestospongia, within 

many bacterial clades that are sponge-specific, as within the Chloroflexi groups III and V 

and the Acidobacteria groups I and II (Figs. 3.6 and 3.7).  

Methods for determining the phylogeny of sponges are not completely resolved, 

but there are many current efforts, including the sponge barcoding project 

(http://www.sponge-barcoding.org), to use mitochondrial DNA to clarify the process 

(Kuo, 2010; Lavrov et al., 2008).  Using the traditional methods of identification, X. muta 

and X. testudinaria are nearly indistinguishable without knowledge of where the sample 

was collected.  The COI sequences from the six sponges sampled in this study confirm 

that lack of resolution while at the same time providing us with a remarkable opportunity. 

Whether X. muta and X. testudinaria are truly two species or one, their recent 

geographical separation allows us to look at evolution on a much smaller scale.  It is 

possible that X. muta and X. testudinaria had a shared ancestor as recently as 3-4 Mya. 

This is the most comprehensive study to examine in detail the bacterial 

communities associated with two closely related sponges from two different oceans, and 

to our knowledge, the most detailed phylogenetic analysis of any sponge genus to date, 

with over 900 nearly full-length 16S rRNA genes sequences.  While recent 454 data have 
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provided much insight into the diversity of sponge associated bacterial communities, the 

use of nearly full-length sequences gives a more detailed picture of the microbial 

communities, and provides a sound basis for future high-throughput sequecning studies.  

X. muta and X. testudinaria are two sponges with high microbial abundance and 

considerable microbial diversity.  The results of this study show that the bacterial 

communities associated with these two sponges are also highly specific.  Previous studies 

have suggested that sponge-associated bacterial communities include members that are 

found in many different sponge species and found only in sponges (Hentschel et al., 

2002; Taylor et al., 2007a).  More recent studies indicate that these communities are 

specific to particular sponge species (Webster et al., 2010).  The results of this study 

indicate that when examined in detail, whether the bacterial groups are dominant, 

abundant or rarely present, the bacterial communities associated with X. muta and X. 

testudinaria are specific to each of the sponge species, and to the genus Xestospongia.  

The debate over the origin and maintenance of the bacterial symbionts of marine sponges, 

and whether they are vertically transmitted, enriched from the water column, or a 

combination of the two, cites the relatively small divergence between 16S rRNA gene 

sequences as an argument for horizontal transmission (Hentschel et al., 2002; Taylor et 

al., 2007a).  In some studies, sponge-associated bacteria were not detected in the 

surrounding seawater (Enticknap et al., 2006; Lee et al., 2009); but it is very difficult to 

rule out the possibility of horizontal acquisition of bacteria present in very low densities 

in the surrounding seawater that would still be readily accessible to sponges because of 

the enormous volumes of water that are pumped through the sponges (Hill, 2004).  

Indeed, Webster et al. (2010) recently detected bacteria previously described as sponge 
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symbionts at very low concentrations in surrounding seawater.  It is also possible that 

there are reservoirs of some of the bacteria that we found in the Xestospongia spp. 

sponges in the underlying sediments that are periodically resuspended and taken up by 

the sponges through filtration. 

The results of this study are consistent with bacterial speciation within sponge 

hosts.  The two sponges, X. muta and X. testudinaria, likely shared a common ancestor as 

recently as 3 Mya. If we assume that 1-2% 16S rRNA sequence divergence occurs over 

50 million years (Ochman et al., 1999; Taylor et al., 2007a), then 16S rRNA gene 

sequence divergence of less than 0.1% between clades of bacteria from the two recently 

speciated Xestospongia sponges, such as occurs in groups II, V, and VI of the 

Acidobacteria, may be explained by vertical transmission.  The results of this study, 

which show that 16S rRNA gene sequences from the two sponges are very similar, but 

form distinct X. testudinaria and X. muta clusters, suggests vertical transmission and 

bacterial speciation within sponge hosts.  However, the possibility of horizontal 

transmission with specific recognition mechanisms for each sponge species cannot be 

totally excluded.  Whether the bacterial symbionts are acquired by vertical or horizontal 

transmission, the species-specific and genus-specific clusters from the two Xestospongia 

sponges suggest that many of these organisms originated from a common ancestor.  
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Chapter 4.  Integration of Culture-Based and Molecular Analysis of a 

Complex Sponge-Associated Bacterial Community 

 

 

4.1.  Abstract 

 

 

The bacterial communities of sponges have been studied using molecular 

techniques as well as culture-based techniques, but the communities described by these 

two methods are remarkably distinct. Culture-based methods describe communities 

dominated by Proteobacteria and Actinomycetes while molecular methods describe 

communities dominated by predominately uncultivated groups such as the Chloroflexi, 

Acidobacteria, and Acidimicrobidae.  In this study, we used a wide range of culture 

media to increase the diversity of cultivable bacteria.  Molecular techniques were used to 

analyze the efficacy of media used for cultivation.  Over 400 pure cultures were isolated 

and identified from Xestospongia muta and Xestospongia testudinaria and over 90 

bacterial species were represented.  In order to look for a pattern of overlap between the 

culturable and molecular communities, pyrosequencing was used to detect more rare 

sequences in the molecular community.  Over 16,000 sequences were analyzed and 

assigned to 976 OTUs.  Only one OTU was found in both the molecular and culturable 

communities, revealing limitations inherent in both approaches. 
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4.2.  Introduction 

  

 

Marine sponges (Phylum Porifera) and their microbial symbionts have garnered 

great interest in recent decades.  Two reasons for this interest are 1) the study of sponge-

microbe interactions as a model of complex symbioses, and 2) pharmaceutical leads from 

natural products derived from sponges.  Some of these natural products may be produced, 

not by the sponge hosts, but by microbial symbionts of the sponges.  There are many 

unanswered questions surrounding the methods by which sponges acquire and maintain 

their symbionts, the effects of microbes on sponge health, and the specificity of the 

microbial symbionts to their sponge hosts.  A logical first step in understanding sponge-

microbe interactions is the characterization of the microbial communities associated with 

sponges.  This began with culture-based methods and has been greatly advanced by the 

application of molecular techniques. It is now apparent that many of the major groups of 

bacteria that are associated with sponges are not being grown in the laboratory.  This 

finding is at once interesting and challenging.  

Giant barrel sponges of the genus Xestospongia are prolific members of tropical 

reef environments.  Bacterial 16S rRNA gene libraries from these sponges show that the 

sponges are hosts to remarkably diverse bacterial communities (Chapter 3) (Montalvo, 

and Hill, 2011). In this study, we have employed a wide range of culture media to 

increase the diversity of culturable bacteria from X. muta and X. testudinaria. Also, 

pyrosequencing was used to obtain deep insights into these bacterial communities to 

determine weather many of the cultured isolates from these sponges that are not detected 
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by 16S rRNA gene clone library analysis are present at low numbers in the complex 

bacterial communities associated with these sponges.  

 

 

4.3.  Materials and methods 

 

 

4.3.1.  Sponge collection 

Sponges were collected generally as described in Chapter 3.  Specifically, X. muta 

was collected at Conch Reef, Key Largo, Florida, USA (24° 56.82’ N, 80° 27.40’ W).  

Sponge samples were collected in June 2004 (Xm45, Xm49, and XmE), August 2005 

(Xm51-Xm54, Xm56, and XmF), and October 2008 (Xm81-Xm83, Xm85 and Xm86).  

X. testudinaria was collected from Manado Bay, Indonesia (01° 32’ N, 124° 55’ E) in 

December 2005 (Xt01-Xt03, XtC and XtD).  A 1-cm3 section of sponge tissue was 

reserved for bacterial cultivation and the remaining sponge tissue was immediately stored 

at -80°C for later DNA extraction for pyrosequencing. 

 

4.3.2.  Bacterial cultivation 

 A 1-cm3 section of sponge tissue was pulverized in 9 ml of sterile ASW.  The 

homogenate was used to create a 10-fold dilution series of which 100 µl aliquots were 

added to solid or liquid media.  Dilutions were plated on Marine Agar 2216 (MA2216) 

(Becton Dickinson) and incubated for 1-2 weeks for plate counts and dominant 

morphotypes.  Dilutions were plated on the following additional media to increase the 
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diversity of cultivable bacteria: 1/10 strength MA2216 with and without antimicrobials, 

Actinomycete Isolation Agar (Becton Dickenson) with antimicrobials, FSWFA medium 

(filter-sterilized seawater supplemented with a methanol extraction of lipids from 

lyophilized X. muta tissue, solidified with agarose), modified Glycerol-Asparagine Agar 

(peptone, 2 g/L; L-Asparagine x H2O, 0.5 g/L; Na propionate, 4 g/L; K2HPO4, 0.5 g/L; 

MgSO4 x 7H2O, 0.1 g/L; FeSO4, 0.001 g/L; Glycerol, 5 g/L; Agar, 18 g/L) with 

antimicrobials, ISP medium 2 (Becton Dickenson) with and without antimicrobials, NTM 

(Kocianova et al., 1994; Slijkhuis, 1983) with vitamins, with and without antimicrobials, 

R2A medium (Reasoner and Geldreich, 1985) with antimicrobials, R2A with vitamins 

(R2AV) with and without antimicrobials, SN medium, Starch Casein Agar (Webster et 

al., 2001) with antimicrobials, VL55 medium (Sait et al., 2002) with and without 

antimicrobials, and whole seawater medium (WSWA) (filter-sterilized seawater with 

vitamins, solidified with agarose).  All media without salt in the original formulations 

were supplemented with NaCl at 20 g/L. All media containing vitamins were 

supplemented with 1 ml/L Vitamin Solution 1 (Janssen et al., 1997) and 3 ml/L Vitamin 

Solution 2 (Janssen et al., 1997).  All media containing antimicrobials were 

supplemented with 10 µg/ml cycloheximide, 10 µg/ml nalidixic acid, and 25 µg/ml 

nystatin.  These plates were incubated for six to nine weeks and all distinct colony 

morphotypes were subcultured for further identification.   

 

4.3.3.  Identification and classification of bacterial isolates 

 DNA was extracted from pure cultures using the Mo Bio UltraClean Microbial 

DNA Isolation Kit (Mo Bio Laboratories Inc, Carlsbad, CA) according to the 
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manufacturer’s instructions. 16S rRNA gene fragments were PCR-amplified with the 

universal primers 27F and 1492R and sequenced on an ABI 3130 XL Genetic Analyzer 

(Applied Biosystems, Foster City, CA). Sequences were assembled and edited using 

Pregap4 and Gap4 from the Staden Package (http://staden.sourceforge.net/). Sequences 

were classified with the RDP classifier. The nearest relatives for each sequence were 

obtained from the GenBank database using the blastn tool (http://blast.ncbi.nlm.nih.gov/) 

in May 2011. 

 

4.3.4.  Molecular analysis of cultivation media  

 After incubation, agar plates were washed with 10 ml of 2% NaCl.  For each 

medium analyzed, replicates plates were combined pooled, and 4 ml of plate-wash was 

pelleted for DNA extraction.  The remaining plate-wash was supplemented with 30% 

glycerol and stored at -80° C.  DNA was extracted using the Mo Bio UltraClean 

Microbial DNA Isolation Kit.  Bacterial 16S rRNA gene fragments of ~200 bp were 

amplified using the P2 and P3 primers (Muyzer et al., 1993).  PCR and DGGE were 

performed as described by Enticknap et al. (2006).  

 

4.3.5.  Pyrosequencing of barcoded 16S rRNA gene amplicons 

 Total DNA was extracted from lyophilized sponge tissue as described by 

Montalvo et al. (2005).  Universal primers 27F and 338R were used for PCR 

amplification of the V1-V2 hypervariable regions of 16S rRNA genes as described by 

Ravel et al. (2010).  Briefly, the 338R primer included a unique sequence tag to barcode 

each sample.  The V1-V2 regions of 16S rRNA genes were amplified using AmpliTaq 
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Gold DNA polymerase (Applied Biosystems) and 50 ng of template DNA in a total 

reaction volume of 50 µL.  Reactions were run in a PTC-100 thermal controller (MJ 

Research).  Negative controls without a template were included for each bar-coded 

primer pair.  The presence of amplicons was confirmed by gel electrophoresis on a 2% 

agarose gel and staining with SYBRGreen.  PCR products were quantified using a 

GelDoc quantification system (BioRad) and the Quant-iT PicoGreen dsDNA assay.  

Equimolar amounts (100 ng) of the PCR amplicons were mixed in a single tube. 

Amplification primers and reaction buffer were removed from each sample using the 

AMPure Kit (Agencourt).  The purified amplicon mixtures were sequenced by 454 FLX 

pyrosequencing using 454 Life Sciences primer A by the Genomics Resource Center at 

the Institute for Genome Sciences, University of Maryland School of Medicine, using 

protocols recommended by the manufacturer as amended by the Center.  Sequences were 

binned by sample as previously described (Ravel et al., 2010).  The following criteria 

were used to asses the quality of the reads: sequence reads must include a perfect match 

to the unique sequence tag, be at least 200 bp in length, have no undetermined bases, and 

be at least a 60% match to a previously described 16S rRNA sequence. 

 

4.3.6.  Estimation of microbial diversity and analysis of 454 sequences  

Mothur (http://www.mothur.org/) (Schloss et al., 2009) was used to assign 

sequences to operational taxonomic units (OTUs) and to generate rarefaction and rank 

abundance curves for observed OTUs.  Sequences were clustered using the average 

neighbor algorithm at a distance of 0.03. The distance matrix was generated in ARB. 

Sequences were classified using the SILVA rRNA database project (Pruesse et al., 2007).  



 

 

82 

4.4.  Results 

 

 

4.4.1.  Efficacy of culture media 

Plate washes from WSW, R2AV, NTM and VL55, with and without 

antimicrobials, all yielded unique and complex banding patterns.  Most noticeable, in the 

cases of NTM, R2A and VL55, was that the addition of antimicrobials decreased the 

number of cultured species, and increased the number of species with high GC content 

(Figure 4.1).  DGGE analysis also showed that after cryopreservation of platewashes, a 

large number of bacteria were recovered, and even provided increased diversity (Figure 

4.2) 

 

4.4.2.  Diversity of cultured isolates  

A total of 434 cultured bacterial isolates were identified from X. muta and X. 

testudinaria. A total of 50 genera were represented; 18 genera from the Actinobacteria, 7 

genera from the Firmicutes, 12 genera of Gammaproteobacteria, 11 genera of 

Alphaproteobacteria, and 2 genera of Bacteriodetes (Table 4.1 and Appendices 1 and 2).  

The Gammaproteobacteria were dominated by Vibrio spp. and Pseudoalteromonas spp.  

The Alphaproteobacteria were dominated by a single Pseudovibrio sp. The Firmicutes 

were dominated by Bacillus spp.  The Actinobacteria were dominated by 

Micromonospora. spp. and a Micrococcus sp. 
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Figure 4.1.  DGGE of 16S rRNA gene fragments PCR amplified from plate-washes. 

All plates were inoculated with sponge homogenate from X. muta Xm54.  Lanes are as 

follows: 1-WSW.  2-WSW+Antimicrobials. 3-NTM. 4-NTM+Antimicrobials. 5-VL55. 

6-VL55+Antimicrobials. 7-R2AV. 8-R2AV+Antimicrobials. 

           1         2         3        4          5          6         7         8           
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Figure 4.2.  DGGE of 16S rRNA gene fragments amplified from isolates recovered from 

cryo-preserved plate-washes.  Lanes 1 and 5 are initial R2AV+ plate-washes from X. 

muta sponges XM54 and XMF, respectively.  Lanes 2-4 and 6-8 are triplicate plate-

washes of isolates recovered after cryo-preservation.   

       1           2          3           4          5          6          7          8  
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 4.4.3.  Diversity of 454 16S rRNA gene sequences 

 A total of 16,689 16S rRNA gene sequences spanning the V1-V2 variable regions 

were analyzed from four different sponge individuals, two X. muta (XmE and XmF), and 

two X. testudinaria (XtC and XtD).  Of the 16,689 sequences, 5,406 were unique and 

were assigned to 976 OTUs (Figure 4.3).  These sequences were classified as 

Acidobacteria, Actinobacteria, Bacteroidetes, Candidate division OD1, Candidate 

division TM7, Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Firmicutes, 

Gemmatimonadetes, Nitrospirae, Planctomycetes, Alphaproteobacteria, 

Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, JTB23 Proteobacteria, 

Spirochaetes, TM6, Verrucomicrobia and unclassified bacteria (Figure 4.4).  Over 68% 

of the sequences fell into 70 OTUs that contained sequences from all four sponge 

individuals (Figure 4.5).  The majority of these OTUs were related to sequences that are 

sponge-associated, or sponge-coral associated. 

 

4.4.4.  Overlap of 454 16S rRNA gene sequences and cultured isolates 

 Only one group of cultured isolates was represented in the 454 sequences.  Four 

Gammaproteobacteria species of the class Oceanospirillales were isolated from two X. 

muta sponges and two X. testudinaria sponges on MA2216.  These isolates were 91-93% 

identical to their closest relatives in GenBank, Spongiobacter nickelotolerans and strain 

MOLA 531, and 97-99% identical to each other.  These sequences were also found in the 

454 data for X. muta XmF and X. testudinaria XtC (Figure 4.6). 
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Figure 4.3.  Diversity of Xestospongia-associated bacterial 16S rRNA gene fragments. 

Rarefaction curves (top) and rank-abundance curves (bottom) showing the diversity of 

sequences from the four Xestospongia sponges. 
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Figure 4.5.  Phylogenetic classification of shared OTUs found in all four Xestospongia 

sponges.  Neighbor-joining tree showing the classification of these 70 OTUs.  Triangles 

indicate OTUs that were Xestospongia-specific.  Squares indicate OTUs that were 

sponge-specific.  Open circles indicate OTUs that were sponge/coral-specific.  Closed 

circles indicate OTUs that were not specific.  The numbers in parentheses indicated the 

total number of sequences in each OTU. Asterisks indicate OTUs that were found 

previously in Xestospongia sponges (Chapter 3) (Montalvo, and Hill, 2011).  
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Figure 4.5
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4.5.  Discussion 

 

 

4.5.1.  Diversity of cultured isolates 

 The cultured Alphaproteobacteria were dominated by isolates that are 99% 

identical to the NW001-like Alphaproteobacteria first discovered by Webster and Hill 

(2001), and shown to dominate the culturable community of the marine sponge 

Rhopaloeides odorabile.  These bacteria were further characterized by Enticknap et al. 

(2006) and were found to be present in sponges from several oceans, as well as in the 

larvae of Mycale laxissima.  The presence of these NW001-like Alphaproteobacteria in 

both X. muta and X. testudinaria sponges further strengthens indications that these 

bacteria are true sponge symbionts.   

Two novel Flavobacteria species were isolated from X. muta.  Isolates SN8107F 

and SN8106F were 95% identical to their closest relatives Coccinimonas marina, and 

Muricauda sp. BB-My12, respectively.   

Novel Gammaproteobacteria that are related to Spongiobacter nickelotolerans 

were isolated from X. muta and X. testudinaria and also seen in the 454 sequences of XtC 

and XmF formed a single OTU and may represent a novel group of culturable sponge 

symbionts (Figure 4.6).  These novel bacteria were isolated from multiple X. muta and X. 

testudiaria individuals and shared only 93% identity with their closest relative, 

warranting further study of these bacteria, as well as looking for these organisms in other 

marine sponges. 
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Seventeen genera of Actinobacteria were isolated from X. muta.  To our 

knowledge, this is the most genera of Actinobacteria reported from a single sponge 

species, as well as the first report of Nesterenkonia sp. isolated from a marine sponge. 

Actinobacteria were isolated on 15 of the 18 media used in this study, with the most 

diversity coming from R2A supplemented with vitamins and antimicrobials (Appendix 

1).  The cultured Actinobacteria were dominated by Micromonospora sp., which are 

commonly found in sponges and have been shown to produce natural products. 

Micrococcus, Brevibacterium, Kocuria, and Streptomyces followed in abundance in the 

assemblage of cultured actinomycetes, all of which are commonly found in sponges.  

Microbacterium spp., which have been found previously in sponges, were the dominant 

Actinobacteria cultured from X. testudinaria, but they were not isolated from X. muta.  

 

4.5.2.  Frequently cultured isolates 

 The most consistently cultured bacterial species was a Micrococcus sp. that was 

isolated from nine different X. muta sponges and two X. testudinaria sponges.  Other 

commonly cultured species include the NW001-like Pseudovibrio sp., a Bacillus sp., and 

a Staphylococcus sp., that were cultured from five X. muta sponges and two X. 

testudinaria.  A Vibrio sp. and a Staphylococcus sp. were isolated from five X. muta 

individuals and one X. testudinaria individual. 

 

4.5.3.  Analysis of 454 16S rRNA gene sequence data 

 Of the 20 classified bacterial groups represented in the 454 sequence data, 14 

were represented by OTUs shared by all four Xestospongia sponges (Figure 4.5).  The six 
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groups that did not include OTUs shared by all four sponges (Bacteroidetes, Firmicutes, 

Planctomycetes, Betaproteobacteria, TM6, and Verrucomicrobia) were only present in 

very low numbers, with each group representing less than 1% of the total sequence data 

(Figure 4.4). The majority of the 70 OTUs shared by all four sponges were sponge-

specific (47 OTUs) or sponge-coral specific (21 OTUs) (Figure 4.5). 

 

 

4.6.  Conclusion 

 

 

 It is not surprising that the deep pyrosequencing analysis of the sponges X. muta 

and X. testudinaria revealed many major groups of bacteria that do not yet have any 

cultured representatives.  Our previous work in molecular analysis of bacteria associated 

with Xestospongia sponges (Chapters 2 and 3) (Montalvo et al., 2005; Montalvo and Hill, 

2011) already partially revealed the remarkable bacterial diversity associated with these 

sponges.  The pyrosequencing reported here extends this work with 27 OTUs that were 

present in all four sponge individuals, but were not previously detected in the 16S rRNA 

clone library analyses, including sequences classified as candidate division OD1, a group 

which was not present at all in the clone libraries (Figure 4.5).  It is more surprising that 

the extensive culture-based work undertaken here resulted in the isolation of many groups 

of bacteria that are not detected by even the deep pyrosequencing community analysis.  

There are two possible explanations for this.  First, the cultured bacteria may be present 

as only very minor constituents of the sponge-associated bacterial community.  This 
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seems unlikely since many of these bacterial groups were isolated repeatedly from 

different individuals of the same sponge species, and often from both Xestospongia spp. 

sponges.  This suggests that they are consistently associated with the sponges and may 

play an important role in the bacterial community, even if they are present at very low 

numbers.  The second possibility is that the 16S rRNA community analysis (Chapter 3) 

(Montalvo and Hill, 2011) and the pyrosequencing analysis may have significant biases 

resulting in the lack of detection of entire bacterial groups.  This concern has been 

previously discussed (Polz and Cavanaugh, 1998; Suzuki and Giovannoni, 1996; Sipos et 

al., 2007; von Wintzingerode et al., 1997).  Approaches to investigate this possibility 

include FISH targeting of bacteria found in culture based work (e.g. the Vibrio, 

Pseudovibrio, Micrococcus, and Micromonospora spp., that were often cultured from X. 

muta and X. testudinaria), and PCR detection with specific primers designed to target 

these groups, followed by RT-PCR or FISH to assess their numbers. 

 This work and that of others (Taylor et al., 2011; Sipkema et al., 2011) emphasize 

the importance of extensive culture-based studies for isolation of representatives of the 

novel bacterial groups found in marine sponges.  In this study, a very diverse group of 

bacteria was cultured from Xestospongia sponges, but very little overlap was found 

between the culturable community and the community revealed by molecular approaches.  

Several novel isolates were cultured, however, the majority of the bacteria that were 

cultured are closely related to organisms that have been found in other environments, 

while the majority of the sequences in the molecular analysis have been found only in 

sponges, or sponges and corals.  Clearly, there is a dearth of cultured representatives of 

many of the key groups of bacteria found in sponges and one of the challenges for the 
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field of sponge microbiology, as highlighted by Taylor et al. (2011), is to successfully 

culture representatives of these groups. 
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Chapter 5.  Conclusion and Future Directions 

 

 

The work described here is the most in-depth study to date of the bacterial 

communities associated with a single sponge genus, with several important findings.  The 

“great plate count anomaly” (Staley and Konopka, 1985) implies that we are not 

succeeding to grow, on solid media, the majority of sponge-associated bacteria.  In this 

work, multiple media types were used in order to increase the diversity of cultured 

isolates, and we succeeded in obtaining over 100 species from 50 genera in pure culture.  

These isolates include 18 genera of Actinomycetes – the most, to date, from a single 

sponge genus.  Yet these cultured organisms still fall far short from representing the true 

diversity of bacteria associated with Xestospongia spp. sponges.  The cultured isolates we 

have obtained represent only four phyla – Proteobacteria (Alpha and Gamma), 

Bacteroidetes, Firmicutes, and Actinobacteria, while an additional 15 bacterial groups 

were identified using molecular methods.  Molecular techniques, such as clone libraries 

and pyrosequencing, have enabled us to identify many of these uncultured organisms, 

giving us a greater understanding of the bacterial diversity of marine sponges. However, 

a comparison of the 16S rRNA gene sequences from cultured bacteria and from 

molecular analysis raises an important question: Where are the culturable organisms in 

the clone libraries?  Analysis of clone libraries from X. muta revealed over 100 OTUs, 

and pyrosequencing data increased this to over 600 OTUs, yet only a single OTU 

overlapped with the 16S rRNA gene sequences from the cultured isolates.  It is has been 

stated that standard cultivation methods are generally unsuccessful in isolating the 
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majority of sponge associated bacteria, but it also appears that standard molecular 

methods are not successful in uncovering the true diversity, as only 1% of the identified 

cultured isolates from X. muta were represented in the diversity revealed by the clone 

libraries and pyrosequencing data.  This is not to say that no other culturable organisms 

were detected using molecular techniques.  Several Synechococcus spp. sequences were 

detected in the clone libraries, as well as a few culturable Proteobacteria sequences, but 

even with these added, only very small fraction of the culturable community is 

represented.  It is quite clear from the data presented here, that there is very little overlap 

between the molecular and culturable communities.  It is important to bear in mind the 

limitations of molecular approaches and to use multiple approaches whenever possible.  

For example, additional primer sets specific for groups of interest may help in “deep” 

explorations of specific bacterial groups.  FISH could be used to supplement PCR-based 

community analyses, especially when quantification of specific groups is need.  Until 

molecular or cultivation methods are improved, both techniques must be used in order to 

best examine the true microbial diversity associated with marine sponges. 

In consideration of the molecular tools that are currently available for studying 

microbial communities, a clear and directed experimental approach can now be used in 

examining the diversity of sponge-associated microbial communities, but first we must be 

clear about the questions that we are asking.  We now know that sponges can be 

categorized in several different ways based on the composition of their microbial 

communities.  There are high-microbial-abundance (HMA) sponges and low-microbial-

abundance (LMA) sponges.  The microbial communities associated with marine sponges 

range from highly diverse to quite simple.  There are bacterial communities, which are 
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dominated by sponge-specific clusters, while others are comprised primarily of 

generalists, or bacteria that are commonly found in other environments.  There are 

communities that are stable over time, and others that fluctuate with the seasons.  There 

are communities that are distinct from the surrounding seawater, while others are very 

similar.  We also know that many of these categories often overlap.  Sponges with highly 

diverse bacterial communities are often HMA sponges with stable, distinct, sponge-

specific bacterial communities.  Sponges with less complex communities tend to be LMA 

sponges with bacterial communities that vary over time, and their bacterial communities 

bear similarity to those present in the water column, and are not primarily sponge-

specific.  Some sponges contain photosynthetic bacteria, while others do not.  Chloroflexi 

and Acidobacteria dominate some sponge-associated bacterial communities, while 

Proteobacteria and Poribacteria dominate others.  With this information we can begin to 

classify sponges based on their microbial communities, and then utilize these 

classifications in order to choose certain species as model sponges and begin focusing on 

more specific questions about sponge-microbe interactions.  Prospective model sponges 

should be easy to collect, easy to monitor, and well studied.  X. muta is ubiquitous 

throughout tropical reefs in environments in the Atlantic, easy to find, recognize, monitor 

and collect.  X. muta individuals are currently affected by SOB disease, and these cases 

are being studied and monitored (Angermeier et al., 2011; Cowart et al., 2006; López-

Legentil et al., 2010).  X. muta larvae have been collected and evidence has been found 

for vertical transmission of symbionts through larvae (Schmitt et al., 2008).  

Xestospongia spp. barrel sponges that are very closely related to X. muta can be found 

throughout the world’s reefs and are also being studied.  Most importantly, the bacterial 
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community associated with X. muta has been extensively characterized, and all sequence 

data are publicly available.  All of these factors make X. muta an ideal model sponge. 

The results of this study suggest a general model for using molecular methods to 

explore the diversity of bacteria associated with a marine sponge species.  First, multiple 

samples from multiple locations should be collected, and the bacterial communities in 

these samples should be analyzed using DGGE.  DGGE is an appropriate technique to 

reveal the stability and richness of the sponge-associated bacterial community, allowing 

for a decision of how many replicate samples should be used in further analysis.  It is also 

advisable to look at multiple sections of a single sponge, in order to determine whether 

the bacterial community is homogenous throughout the sponge.  Second, if the bacterial 

community appears to be highly diverse, it is more economical to proceed with 

pyrosequencing analysis in order to observe the true diversity.  Based on the initial 

DGGE analysis, the number of samples to be analyzed should be determined – such as 

whether to obtain 300,000 reads from three samples, or 100,000 reads from nine samples.  

Based on pyrosequencing analysis, the diversity of the phyla and classes of bacteria 

present can begin to be understood, and groups of interest can be selected.  Third, group 

specific primers should be used to investigate the bacterial groups of interest by clone 

library analysis.  

 Due to the difficulty in culturing the majority of bacterial species, it is difficult to 

directly elucidate the reason for particular sponge-bacterial associations. What we can do 

is examine many different bacterial communities and look for similarities and differences 

to determine which groups are sponge-specific.  Chloroflexi, Acidobacteria and 

Actinobacteria from the two giant barrel sponges X. testudinaria and X. muta all fall 
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within larger sponge-specific groups, and in every case these Xestospongia-derived 16S 

rRNA gene sequences are more closely related to each other than they are to sequences 

from other sponges that are geographically closer to X. testudinaria and X. muta than the 

two sponges are to each other. The common bacterial community profiles have been 

maintained from the time of a common Xestospongia ancestor, prior to the physical 

geographic separation that resulted in the speciation into X. muta and X. testudinaria. 

Therefore, the bacteria from which these sequences are derived have a specific symbiotic 

relationship with each of the Xestospongia sponges. Also, the small, but distinct 

differences that can be seen between 16S rRNA genes sequences within each of these 

three bacterial groups from the two sponges have presumably occurred since the sponges 

were separated.  This is consistent with evolution within each bacterial group driven by 

the geographic separation of their hosts and the hologenome theory of evolution which 

suggests that changes in the environment stimulate changes in the microbial symbiont 

community, which in turn plays a role in host evolution (Zilber-Rosenberg and 

Rosenberg, 2008). 

 There has been much discussion on the question of bacterial biogeography in 

general, and the validity of Baas Becking’s statement that “everything is everywhere, but 

the environment selects”, in particular.  This statement was made based on the idea that 

because of their microscopic size, bacteria would be transported throughout the globe 

with unlimited dispersal.  This theory is consistent with oceanic current circulation, and 

the immense capacity for bacterial transport and distribution.  However, when we 

examine the composition of the three dominant bacterial groups present in these 

Xestospongia sponges, a different picture emerges than the one that would be expected.  
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The two giant barrel sponges provide very similar environments for their resident 

bacterial communities.  The similarity of the bacterial communities associated with the 

Xestospongia giant barrel sponges implies that the entire bacterial community structure is 

important to these sponge species.  However, while it is clear that they are both hosts to 

the same types of bacteria, it is also quite clear that the bacteria they host are not 

identical.  This can be explained in several different ways.  If the sponges are recruiting 

the bacteria from the water column, it is possible either that the two environments 

provided by the sponges are different enough such that the bacteria associated with X. 

muta are not provided with a suitable environment in X. testudinaria, and vice versa, or 

that the bacteria available for recruitment in the Pacific Ocean are not the same as those 

that are available in the Atlantic Ocean.  Another possibility is that the bacteria are not 

recruited from the water column, but instead are vertically transmitted from parent to 

offspring.  As X. muta and X. testudinaria diverged over a long period of geographical 

separation, it is likely that their bacterial symbionts diverged as well.  While the giant 

barrel sponge, once one species, is now two, what was once a common bacterial 

symbiont is now two distinct species.   If everything is everywhere, then the bacteria 

available for recruitment in the Pacific Ocean should also be available in the Atlantic 

Ocean.  That leaves two possibilities: either the two sponges provide sufficiently distinct 

environments and recruit distinct bacterial symbionts, or the bacteria are transmitted 

vertically and have diverged with their hosts.  The two giant barrel sponges are so 

similar, with such closely related bacterial symbionts, that the first possibility is not 

likely.  Vertical transmission of bacterial symbionts has been demonstrated before in 

sponges.  The fine differences at the bacterial strain level are perhaps best explained by a 



 

 

103 

divergence of the Xestospongia-associated bacterial community that has arisen due to 

strict vertical transmission of symbionts, followed by speciation through geographic 

separation, rather than uptake of symbionts from the surrounding seawater. 

 The dominant presence of the Chloroflexi, Acidobacteria and Actinobacteria 

within the Xestospongia barrel sponges, the distinctness of the Xestospongia symbionts 

from those of other sponges, as well as the clear separation of groups within X. muta and 

X. testudinaria, make it clear that these are important symbionts that have remained with 

the sponges over a geologic time scale.  The difficulty in obtaining these bacteria in 

culture may be yet another indication of the close relationship between the sponges and 

these bacteria. It is important to focus on obtaining these bacterial symbionts in culture, 

in order to learn about their metabolic capabilities and begin to gain an understanding of 

why these bacteria are of such great significance to the sponges. 

Sponge sex, age, and haplotype were not taken into consideration in this study.  

These three characteristics have all been studied by different groups, but not on the same 

sponges, and there is little published data on the microbiology of the sponges.  Age of the 

sponges is determined in the field by extrapolating from size measurements obtained in 

long term monitoring studies, and sex is determined by examining gravid sponges 

containing eggs or sperm.  Haplotype based on the CO-I gene can be determined from 

frozen sponge samples.  If frozen samples are available from sponges used in any of these 

studies, simple DGGE analysis could be used to determine whether further investigation 

of the microbiology could be enlightening.  If differences are noted in the microbiology 

based on haplotype, sex, age, or from the same sponge during different periods of gamete 

production, this would give more insight into the methods of recruitment of bacteria 
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within Xestospongia as well as the possible functions of these bacteria within the 

sponges.   

 There is still much to learn about these bacterial symbionts of the giant barrel 

sponges, and much will be elucidated when the bacteria are obtained in culture. However, 

the striking similarities between these long-maintained bacterial communities associated 

with X. muta and X. testudinaria clearly imply that these bacteria are key symbionts. The 

data obtained in this study also show that bacterial evolution can be driven by the 

symbiotic relationship with the host.  This implies that in some cases, microbial 

biogeography is linked with the biogeography of the hosts in which the bacteria are 

found, rather than “everything being everywhere”. 

 Given the abundance of Chloroflexi and Acidobacteria in Xestospongia sponges, 

and recent successes in the cultivation of representatives of these groups from soil 

samples (Davis et al., 2011; Davis et al., 2005), it is quite likely that these methods will 

be successful in the cultivation of mini-colonies of these organisms from Xestospongia 

sponges.  The use of metagenomic approaches such as single genome amplification and 

metagenomic libraries may also provide more understanding of the relationships between 

marine sponges and their bacterial symbionts.  Both methods could be used more 

efficiently in conjunction with FISH.  Localization of target bacteria within the sponge 

tissue would allow for enrichment of specific groups, increasing chances for success in 

both cultivation and metagenomic approaches.   

 This research was conducted in order to test two hypotheses:  1. The bacterial 

communities associated with giant barrel sponges of the genus Xestospongia have a 

characteristic composition that includes novel species, and 2. Comparison of the bacterial 
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communities associated with X. muta and X. testudinaria, two sponges that live on 

opposite sides of the world and have been separated for millions of years, will reveal a 

few shared bacteria that are key symbionts.  The results of this research have clearly 

demonstrated that the bacterial communities associated with giant barrel sponges X. muta 

and X. testudinaria are characteristic and include novel species.  Comparison of the two 

communities, however, did not lead to the identification of a few key symbionts.  The 

striking similarity of the bacterial communities associated with the two sponges suggests 

that the majority of the bacteria associated with the giant barrel sponges have been 

maintained over millions of years, and they may all play important roles within 

Xestospongia spp. sponges. 
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APPENDIX 1 

List of bacterial isolates obtained in pure cultured from Xestospongia muta.  

 

Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

Actinomycetes 

XM4189C2 Arthrobacter luteolus DQ486130 99 Xm54 R2AV+abx 

XM5069A Arthrobacter luteolus DQ486130 99 XmF R2AV+abx 

XM85132B Brachybacterium sp. CJ-6 HQ455045 99 Xm85 FSWFA 

XM4261 Brachybacterium sp. RS110 EU912470 100 Xm54 NTM+abx 

M108201 Brevibacterium sp. SC9 EU099382 99 Xm82 1/10MA 

XM4083 
Brevibacterium sp. 

N78(2010) 
HQ188605 99 Xm54 1/10MA+abx 

XM1008 Brevibacterium casei GQ284451 99 Xm51 ISP2+abx 

XM5004 Brevibacterium sp. MJ24 GQ250446 99 XmF ISP2+abx 

XM6004 Brevibacterium sp. MN-6-a AB609748 98 Xm56 ISP2+abx 

R8603A2-F Brevibacterium sp. M1-12 AM981204 99 XM86 R2AV 

R8603B1-F Brevibacterium sp. M1-12 AM981204 99 XM86 R2AV 

R8603B2 Brevibacterium sp. M1-12 AM981204 99 XM86 R2AV 

R8614 Corynebacterium accolens AJ439346 99 XM86 R2AV+abx 

M108304 Curtobacterium citreum FJ544324 100 XM83 1/10MA 

M108302 Curtobacterium sp. AeL09 EU741014 99 XM83 1/10MA 

R8306BF Curtobacterium sp. Fek20 EU741030 99 XM83 R2AV 

XM1011-F Dermacoccus sp. Ellin185 AF409027 99 Xm51 ISP2+abx 

XM1017 Dermacoccus sp. Ellin185 AF409027 99 Xm51 ISP2+abx 

XM4007-1 Gordonia lacunae GU727686 99 Xm54 ISP2+abx 

XM4153 Gordonia sp. HPCPW46 HM072350 98 Xm54 ISP2+abx 

XM04c93 Gordonia terrae FJ536292 99 Xm49 ISP2+abx 

XM4006 Gordonia terrae EU333873 100 Xm54 ISP2+abx 

XM5112B Gordonia terrae EU333873 99 XmF R2AV+abx 

XM5122 Gordonia sp. G1 FJ939311 100 XmF StarchCasein 

XM6007 Kocuria palustris HQ256825 99 Xm56 ISP2+abx 

XM6008 Kocuria palustris FR691399 99 Xm56 ISP2+abx 

XM6009 Kocuria palustris FR691399 99 Xm56 ISP2+abx 

XM6011 Kocuria palustris FR691399 100 Xm56 ISP2+abx 
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Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

XM5008 Kocuria rhizophila AY030315 99 XmF ISP2+abx 

R8201B-F Kocuria palustris EU333884 99 Xm82 R2AV 

R8202A2-F Kocuria palustris EU333884 99 Xm82 R2AV 

R8202A3-F Kocuria palustris EU333884 99 Xm82 R2AV 

R8203B Kocuria palustris HM355687 99 Xm82 R2AV 

XM5075B Kocuria sp. 104 GQ352404 98 XmF R2AV+abx 

XM5075A Kocuria sp. MH134 FJ626626 99 XmF R2AV+abx 

XM5003 Leucobacter tardus HQ154561 98 XmF ISP2+abx 

XM-21-10 Micrococcus luteus HM640421 98 Xm49 AIA 

XM4016 Micrococcus luteus AB617561 100 Xm54 ISP2+abx 

XM1001 
Micrococcus sp.  

MG-2010-D12 
FR750272 100 Xm51 ISP2+abx 

XM5007 
Micrococcus sp.  

MG-2010-D12 
FR750272 99 XmF ISP2+abx 

XM6010 Micrococcus sp. WB18-01 GU595336 100 Xm56 ISP2+abx 

XM-20-06-F Micrococcus sp. Y14C EF175876 99 Xm49 ISP2+abx 

XM6013-F Micrococcus yunnanensis FJ214355 99 Xm56 ISP2+abx 

XM85A Micrococcus luteus AB617561 99 Xm85 MA2216 

XM83A Micrococcus sp. Bg-6 HQ916746 100 XM81 MA2216 

XM81B 
Micrococcus sp.  

MG-2010-D12 
FR750272 100 XM81 MA2216 

XM86B Micrococcus sp. WB20-02 GU595337 100 XM86 MA2216 

R8602A Micrococcus luteus EU071591 99 XM86 R2AV 

R8601A 
Micrococcus sp.  

BBN3T-03d 
FJ357613 99 XM86 R2AV 

R8601B 
Micrococcus sp.  

MG-2010-D12 
FR750272 100 XM86 R2AV 

R8202B1-F Micrococcus sp. PA-E028 FJ233852 100 Xm82 R2AV 

R8202B2-F Micrococcus sp. PA-E028 FJ233852 99 Xm82 R2AV 

R8502A Micrococcus sp. WB20-02 GU595337 100 Xm85 R2AV 

R8602BF Micrococcus sp. WT108 GQ152137 99 XM86 R2AV 

XM4230A Micrococcus sp. WB20-02 GU595337 99 Xm54 VL55+abx 

XM4230B Micrococcus sp. WB20-02 GU595337 99 Xm54 VL55+abx 

XM-07-01 Micromonospora sp. M42 EF513641 97 XmE MA2216 

XM-20-01 Micromonospora sp. M42 EF513641 97 Xm49 MA2216 
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Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

XM-21-01 Micromonospora sp. M42 EF513641 99 Xm49 MA2216 

XM04c77 Micromonospora sp. 16 FJ205721 99 XmE R2A 

XM04c92 Micromonospora sp. 16 FJ205721 99 Xm49 R2A 

XM04c205 Micromonospora sp. M42 EF513641 99 Xm49 R2A 

R8504-F 
Micromonospora sp.  

CNS-682_SD06 
EU214969 99 Xm85 R2AV 

R42004 Micromonospora sp. 10511 FJ216457 97 Xm49 R2AV+abx 

R42010 Micromonospora sp. 10511 FJ216457 100 Xm49 R2AV+abx 

R42101B Micromonospora sp. 10511 FJ216457 99 Xm49 R2AV+abx 

R45602 Micromonospora sp. 10511 FJ216457 99 Xm45 R2AV+abx 

R42002 Micromonospora sp. 206203 EU437824 99 Xm49 R2AV+abx 

R42003 Micromonospora sp. 206203 EU437824 99 Xm49 R2AV+abx 

R42012 Micromonospora sp. 206203 EU437824 100 Xm49 R2AV+abx 

R42013 Micromonospora sp. 206203 EU437824 99 Xm49 R2AV+abx 

R42106 Micromonospora sp. 206203 EU437824 100 Xm49 R2AV+abx 

R45604 Micromonospora sp. 206203 EU437824 99 Xm45 R2AV+abx 

R45613 Micromonospora sp. 206801 EU437830 99 Xm45 R2AV+abx 

R45606 
Micromonospora sp. 

FXJ6.144 
GU002092 99 Xm45 R2AV+abx 

R45612 
Micromonospora sp. 

FXJ6.144 
GU002092 98 Xm45 R2AV+abx 

XM3080A 
Micromonospora sp. 

FXJ6.350 
JF346470 98 Xm53 R2AV+abx 

R42014A Micromonospora sp. M42 EF513641 99 Xm49 R2AV+abx 

R42102 Micromonospora sp. M42 EF513641 99 Xm49 R2AV+abx 

R42105 Micromonospora sp. M42 EF513641 100 Xm49 R2AV+abx 

R45601 Micromonospora sp. M42 EF513641 99 Xm45 R2AV+abx 

R45610 Micromonospora sp. NN271 GU723672 99 Xm45 R2AV+abx 

XM3072 Mycobacterium sp. Site1-3A JF304592 99 Xm53 R2AV+abx 

XM5085 
Nesterenkonia 

lacusekhoensis 
HQ202846 99 XmF VL55+abx 

XM6039 Nocardiopsis umidischolae EU849610 99 Xm56 1/10MA+abx 

R8101-F 
Rhodococcus sp.  

SCSIO 00026 
GQ871747 100 XM81 R2AV 

R8102B-F Rhodococcus sp. SCSIO GQ871747 99 XM81 R2AV 
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Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

00026 

R8302A-F 
Rhodococcus sp. SCSIO 

00026 
GQ871747 99 XM83 R2AV 

R8302BF 
Rhodococcus sp. SCSIO 

00026 
GQ871747 99 XM83 R2AV 

R8303-F 
Rhodococcus sp. SCSIO 

00026 
GQ871747 100 XM83 R2AV 

R8613 Rothia aeria EU293888 99 XM86 R2AV 

XM6014 
Streptomyces sp. HBUM 

79010 
EU119189 99 Xm56 1/10MA+abx 

XM4025 Streptomyces sp. DRL40 FJ853198 99 Xm54 ISP2 

XM4011 Streptomyces sp. FXJ6.329 JF346460 99 Xm54 ISP2+abx 

XM3011 Streptomyces sp. HP11 GQ867031 100 Xm53 ISP2+abx 

XM4009-F Streptomyces sp. SFKS-14 HQ386729 99 Xm54 ISP2+abx 

XM5125 Streptomyces sp. 11025 FJ262960 99 XmF MA2216 

XM05c5B Streptomyces tendae EU741192 99 XmF MA2216 

XM83C 
Streptomyces 

thermocoprophilus 
AB249938 99 XM81 MA2216 

XM3086 
Streptomyces sp. HBUM 

79010 
EU119189 99 Xm53 VL55 

XM4193 Streptomyces sp. TFS 73 EF209051 99 Xm54 VL55 

Alphaproteobacteria 

XM6032 Bacterium daSW.34 EU935309 99 Xm56 1/10MA+abx 

SN8108 Erythrobacter longus AM691106 99 XM81 SN 

SN8109 Erythrobacter longus AM691106 100 XM81 SN 

SN8111 Erythrobacter longus AM691106 99 XM81 SN 

XM860F Mesorhizobium sp. GC15 AY690680 96 XM86 MA2216 

R8308-F Mesorhizobium sp. GC15 AY690680 97 XM83 R2AV 

XM3105 Marine bacterium 'Isolate 5' AY082665 98 Xm53 NTM 

SN8103 Mucus bacterium 71 AY654812 99 XM81 SN 

SN8113-F Stappia sp. M4 AY307928 98 XM81 SN 

SN8112B-F Bacterium DG1026 AY258098 98 XM81 SN 

XM6035 Phenylobacterium falsum AJ717391 98 Xm56 1/10MA+abx 

XM4244 
Alphaproteobacterium 

JE041 
DQ097262 99 Xm54 1/10MA 
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Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

XM4242A 
Alphaproteobacterium 

JE066 
DQ097263 99 Xm54 1/10MA 

XM4242B 
Alphaproteobacterium 

JE066 
DQ097263 99 Xm54 1/10MA 

XM4246 
Alphaproteobacterium 

JE066 
DQ097263 100 Xm54 1/10MA 

XM4063 Bacterium 1H203 JF411464 99 Xm54 1/10MA 

XM4065 Bacterium 1H203 JF411464 99 Xm54 1/10MA 

XM4069 Bacterium 1H203 JF411464 99 Xm54 1/10MA 

XM4071 Bacterium 1H203 JF411464 99 Xm54 1/10MA 

XM4064 Bacterium 1H215 JF411476 100 Xm54 1/10MA 

XM4243 Bacterium 1H215 JF411476 99 Xm54 1/10MA 

XM4247C Bacterium 2D803 JF411488 100 Xm54 1/10MA 

XM4248-F Bacterium 2D803 JF411488 100 Xm54 1/10MA 

FF8670 Alphaproteobacterium F04 DQ227656 99 XM86 FSW+FA 

FW8621A 
Alphaproteobacterium 

JE041 
DQ097262 99 XM86 FSW+FA 

FF8101 Bacterium 2D803 JF411488 100 XM81 FSW+FA 

FF8107 Bacterium 2D803 JF411488 100 XM81 FSW+FA 

FF8112 Bacterium 2D803 JF411488 100 XM81 FSW+FA 

FF8113 Bacterium 2D803 JF411488 100 XM81 FSW+FA 

FF8117 Bacterium 2D803 JF411488 100 XM81 FSW+FA 

FF8666 Bacterium 2D803 JF411488 100 XM86 FSW+FA 

FW8625 Bacterium 2D803 JF411488 99 XM86 FSW+FA 

XM81107Z Alphaproteobacterium F04 DQ227656 99 XM81 FSWFA 

XM81114B Bacterium 2D803 JF411488 99 XM81 FSWFA 

XM05c4B 
Alphaproteobacterium 

JE065 
DQ097241 99 Xm54 MA2216 

XM05c4D Bacterium 2D803 JF411488 99 Xm54 MA2216 

R8305 Bacterium 1H216 JF411477 99 XM83 R2AV 

SN8102 Bacterium 2D803 JF411488 100 XM81 SN 

XM4225A 
Alphaproteobacterium 

JE066 
DQ097263 99 Xm54 VL55+abx 

W5502A Alphaproteobacterium F04 DQ227656 99 XmF WSWA 

W5506 Alphaproteobacterium F20 DQ227657 99 XmF WSWA 
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Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

W5503 Bacterium 1H206 JF411467 99 XmF WSWA 

W5501F Bacterium 1H215 JF411476 100 XmF WSWA 

W5502B Bacterium 1H215 JF411476 100 XmF WSWA 

W5504 Bacterium 1H215 JF411476 99 XmF WSWA 

W5502C Bacterium 2D803 JF411488 100 XmF WSWA 

XM5115 Roseomonas cervicalis AF533353 99 XmF 1/10MA+abx 

XM05c6A2 Alphaproteobacterium C49 AB330821 98 Xm56 MA2216 

FF8669 
Rhodobacteraceae bacterium 

N04ML2 
EF629848 100 XM86 FSW+FA 

XM05c6C Ruegeria sp. 7PC-10 EF657806 98 Xm56 MA2216 

M108303 Sphingomonas yunnanensis EU730917 99 XM83 1/10MA 

XM81120B Sphingomonas sp. PA225 AM900788 100 XM81 FSWFA 

XM3002 
Sphingomonadaceae 

bacterium NR203 
DQ520831 100 Xm53 ISP2+abx 

XM4291 Sphingopyxis sp. SM105 EF424407 99 Xm54 NTM 

Bacilli 

XM6022-F Aneurinibacillus migulanus AB112723 99 Xm56 1/10MA+abx 

XM6026 Aneurinibacillus migulanus AB112723 99 Xm56 1/10MA+abx 

XM3009 Aneurinibacillus migulanus AB112723 99 Xm53 ISP2+abx 

XM4012 Aneurinibacillus migulanus AB112723 99 Xm54 ISP2+abx 

XM5014 Aneurinibacillus migulanus AB112723 99 XmF ISP2+abx 

XM3010 Bacterium C-TJ29 EU637636 98 Xm53 ISP2+abx 

XM3114 Aneurinibacillus migulanus AB112723 99 Xm53 NTM+abx 

XM04c91 Aneurinibacillus migulanus AB112723 99 Xm49 R2A 

XM04c96 Aneurinibacillus migulanus AB112723 99 Xm49 R2A 

R42101A Aneurinibacillus migulanus AB112723 99 Xm49 R2AV+abx 

XM3072F Aneurinibacillus migulanus AB112723 99 Xm53 R2AV+abx 

XM3074B Aneurinibacillus migulanus AB112723 99 Xm53 R2AV+abx 

XM3076A Aneurinibacillus migulanus AB112723 99 Xm53 R2AV+abx 

XM4184B Aneurinibacillus migulanus AB112723 99 Xm54 R2AV+abx 

XM4185A Aneurinibacillus migulanus AB112723 99 Xm54 R2AV+abx 

XM4185D Aneurinibacillus migulanus AB112723 99 Xm54 R2AV+abx 

XM4189B Aneurinibacillus migulanus AB112723 99 Xm54 R2AV+abx 

XM4195A Aneurinibacillus migulanus AB112723 99 Xm54 VL55 

XM4223 Aneurinibacillus migulanus AB112723 99 Xm54 VL55+abx 



 

 

112 

Isolate Closest Relative Acc. No. 
% 

Identity 

Sponge 

ID 

Isolation 

Medium 

XM4059-2 Bacillus aryabhattai HQ242772 99 Xm54 1/10MA 

M108302A Bacillus sp. 2BSG-MG-22 AB533800 99 XM83 1/10MA 

M108302B Bacillus sp. 2BSG-MG-22 AB533800 99 XM83 1/10MA 

M108304A Bacillus sp. 2BSG-MG-22 AB533800 99 XM83 1/10MA 

XM1022 Bacillus licheniformis EU847237 99 Xm51 1/10MA+abx 

XM4087 Bacillus licheniformis HM753634 99 Xm54 1/10MA+abx 

XM6018 Bacillus licheniformis HQ917117 100 Xm56 1/10MA+abx 

XM6020 Bacillus licheniformis HQ143565 100 Xm56 1/10MA+abx 

XM6021 Bacillus licheniformis FJ493053 99 Xm56 1/10MA+abx 

XM1023 Bacillus sp. CNJ826 PL04 DQ448748 99 Xm51 1/10MA+abx 

XM4085 Bacillus sp. DB49(2010) HM566930 99 Xm54 1/10MA+abx 

XM6017 Bacillus sp. NQ18 EU919210 99 Xm56 1/10MA+abx 

XM6016-2 Bacillus sp. SC83(2010) HM566615 99 Xm56 1/10MA+abx 

XM4082 
Geobacillus 

stearothermophilus 
HQ143640 99 Xm54 1/10MA+abx 

XM6033 
Geobacillus 

stearothermophilus 
HQ143640 99 Xm56 1/10MA+abx 

A42002 Bacillus sp. SGE47(2010) HM566745 99 Xm49 AIA 

FF8509 Bacillus sp. 2BSG-MG-22 AB533800 99 Xm85 FSW+FA 

FF8519 Bacillus sp. 2BSG-MG-22 AB533800 99 Xm85 FSW+FA 

FF8650 Bacillus sp. 2BSG-MG-22 AB533800 100 XM86 FSW+FA 

FF8510 Bacillus sp. IBP-V002 HM021765 99 Xm85 FSW+FA 

XM85109B Bacillus sp. BFLP-1 FM162181 100 Xm85 FSWFA 

XM4024 Bacillus sp. DB49(2010) HM566930 98 Xm54 ISP2 

XM4004 Bacillus clausii AB251922 100 Xm54 ISP2+abx 

XM3001 Bacillus horneckiae HQ238937 99 Xm53 ISP2+abx 

XM4002 Bacillus licheniformis HM753634 99 Xm54 ISP2+abx 

XM4015 Bacillus licheniformis FJ493045 99 Xm54 ISP2+abx 

XM4023 Bacillus licheniformis HQ336641 99 Xm54 ISP2+abx 

XM5010 Bacillus licheniformis HQ683895 98 XmF ISP2+abx 

XM5059 Bacillus sp. 'Bacillus M11' EF409318 98 XmF ISP2+abx 

XM4010 Bacillus sp. 1P10SA EU977833 100 Xm54 ISP2+abx 

XM1016 Bacillus sp. DB184(2010) HM566896 99 Xm51 ISP2+abx 

XM2001 Bacillus sp. DB49(2010) HM566930 98 Xm52 ISP2+abx 

XM4008 Bacillus sp. DB49(2010) HM566930 98 Xm54 ISP2+abx 
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XM4154 Bacillus sp. DB49(2010) HM566930 99 Xm54 ISP2+abx 

XM4021 Bacillus sp. ITCr40 FR823409 100 Xm54 ISP2+abx 

XM6003 Bacillus sp. ITCr40 FR823409 100 Xm56 ISP2+abx 

XM6005 Bacillus sp. ITCr40 FR823409 100 Xm56 ISP2+abx 

XM4022 Bacillus sp. MAR898 FR744809 99 Xm54 ISP2+abx 

XM3005 Bacillus sp. RS(2010) GU566359 99 Xm53 ISP2+abx 

XM6040 Bacillus sp. SGE68(2010) HM566768 99 Xm56 ISP2+abx 

XM3006 Kurthia zopfii DQ350826 97 Xm53 ISP2+abx 

XM3006b Kurthia zopfii DQ350826 98 Xm53 ISP2+abx 

XM-21-04-F Bacillus aryabhattai HQ242772 100 Xm49 MA2216 

XM-21-06-F Bacillus aryabhattai HQ242772 100 Xm49 MA2216 

XM-21-05-F Bacillus sp. 210_11 GQ199713 99 Xm49 MA2216 

XM4278 Bacillus sp. SV13 GU143795 99 Xm54 NTM 

XM4250 Bacillus sp. DB49(2010) HM566930 99 Xm54 NTM+abx 

R8203A Bacillus safensis HQ284921 99 Xm82 R2AV 

R8502B Bacillus sp. 2BSG-MG-22 AB533800 99 Xm85 R2AV 

R8306A 
Geobacillus 

stearothermophilus 
HQ143640 100 XM83 R2AV 

R8603AF 
Geobacillus 

stearothermophilus 
HQ143640 100 XM86 R2AV 

XM4188-F Bacillus flexus GQ279347 99 Xm54 R2AV+abx 

R42104A Bacillus licheniformis HQ336648 100 Xm49 R2AV+abx 

XM4189D Bacillus licheniformis JF303047 99 Xm54 R2AV+abx 

XM3073D-F Bacillus massiliensis AY677116 99 Xm53 R2AV+abx 

XM5112C Bacillus sp. DB49(2010) HM566930 98 XmF R2AV+abx 

XM4187A Bacillus sp. RS(2010) GU566359 99 Xm54 R2AV+abx 

XM3087 Bacillus flexus HM451429 99 Xm53 VL55 

XM4234 Bacillus sp. SGE47(2010) HM566745 100 Xm54 VL55+abx 

XM4235 Bacillus sp. SGE47(2010) HM566745 100 Xm54 VL55+abx 

XM4226 Bacillus sp. SH-B27 FJ549017 99 Xm54 VL55+abx 

XM6006 Actinobacterium MH6 HQ696527 100 Xm56 ISP2+abx 

XM6002 
Brevibacillus sp. Z0-

YC6800 
GQ369068 100 Xm56 ISP2+abx 

XM3072E Actinobacterium MH6 HQ696527 100 Xm53 R2AV+abx 

XM4189C Brevibacillus sp. AK-P2 HM359119 99 Xm54 R2AV+abx 
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XM3081B Brevibacillus sp. B2(2008) FJ268957 99 Xm53 R2AV+abx 

XM3081C Brevibacillus sp. B2(2008) FJ268957 99 Xm53 R2AV+abx 

XM3073A Bacillus massiliensis FN666619 99 Xm53 R2AV+abx 

XM3073B Bacillus massiliensis FN666619 99 Xm53 R2AV+abx 

XM4187B Bacillus sp. SK-12 FN666440 97 Xm54 R2AV+abx 

XM3003 Paenibacillus lautus GQ284372 99 Xm53 ISP2+abx 

XM4259 Paenibacillus sp. X6 EU236729 99 Xm54 NTM+abx 

XM4184A Paenibacillus lautus HM462433 99 Xm54 R2AV+abx 

XM04c78 Staphylococcus auricularis NR_036897 100 XmE ISP2+abx 

XM4005 Staphylococcus epidermidis FJ380964 100 Xm54 ISP2+abx 

XM5013 Staphylococcus epidermidis FJ605382 100 XmF ISP2+abx 

XM5060 Staphylococcus epidermidis AB617573 100 XmF ISP2+abx 

XM6001 Staphylococcus pasteuri HQ219847 99 Xm56 ISP2+abx 

XM6012 Staphylococcus pasteuri FJ217194 99 Xm56 ISP2+abx 

XM4018 Staphylococcus sp. 6A18S5 HQ246244 99 Xm54 ISP2+abx 

XM-05-01 Staphylococcus hominis FJ768458 100 Xm45 MA2216 

XM04c76 Staphylococcus auricularis NR_036897 99 XmE R2A 

XM04c95 Staphylococcus epidermidis HM218511 99 Xm49 R2A 

R8501A-F Staphylococcus sp. HJB003 HQ331102 100 Xm85 R2AV 

R8501B Staphylococcus warneri HQ694734 99 Xm85 R2AV 

XM5071A Staphylococcus epidermidis AB617572 99 XmF R2AV+abx 

XM5071B Staphylococcus epidermidis AB617573 100 XmF R2AV+abx 

XM5071C Staphylococcus epidermidis FJ613575 99 XmF R2AV+abx 

SN8101B-F 
Staphylococcus sp. BQN2P-

01d 
FJ380979 99 XM81 SN 

XM3083 Staphylococcus hominis AJ717375 99 Xm53 VL55 

XM3007 Virgibacillus sp. ITCr61 FR823416 99 Xm53 ISP2+abx 

Flavobacteria 

SN8106F Muricauda sp. BB-My12 HM355805 95 XM81 SN 

SN8104F Mucus bacterium 28 AY654764 98 XM81 SN 

SN8107F 
Coccinimonas marina 

strain IMCC1846 
EF108213 95 XM81 SN 

Gammaproteobacteria 

XM05c4G Aestuariibacter sp. PaD1.06 GQ391977 95 Xm54 MA2216 
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XM05C3C1- 

 

Pseudoalteromonas sp. 

PC22a 

HQ439550 97 Xm53 MA2216 

XM4072 
Alteromonas sp. 

UST061013-063 
EF587997 100 Xm54 1/10MA 

XM4073 
Alteromonas sp. 

UST061013-064 
EF587997 100 Xm54 1/10MA 

XM4080 Bacterium L188S.610 EU935270 99 Xm54 1/10MA 

XM05c6B Alteromonas macleodii HM584029 100 Xm56 MA2216 

XM05c6B0 
Alteromonas sp. 

UST061013-065 
EF587997 100 Xm56 MA2216 

XM05c6D 
Alteromonas sp. 

UST061013-066 
EF587997 100 Xm56 MA2216 

XM05c3A Bacterium 3D709 JF411515 98 Xm53 MA2216 

XM05c6A1 Bacterium L188S.610 EU935270 99 Xm56 MA2216 

XM3056-2 
Alteromonas sp. 

UST061013-067 
EF587997 100 Xm53 R2AV 

XM4212 
Alteromonas sp. 

UST061013-068 
EF587997 100 Xm54 VL55 

XM4215 
Alteromonas sp. 

UST061013-069 
EF587997 99 Xm54 VL55 

XM4225B Alteromonas sp. 46Xb1 EU440052 99 Xm54 VL55+abx 

XM4225C 
Alteromonas sp. 

UST061013-070 
EF587997 100 Xm54 VL55+abx 

XM-07-04 
Endozoicimonas sp. 

R214111 
FJ357696 98 XmE MA2216 

XM-20-02 
Endozoicimonas sp. 

R214111 
FJ357696 98 Xm49 MA2216 

XM05c4E 
Endozoicimonas sp. 

R214111 
FJ357696 99 Xm54 MA2216 

XM-07-03 
Spongiobacter 

nickelotolerans 
AB205011 98 XmE MA2216 

XM-07-05 
Spongiobacter 

nickelotolerans 
AB205011 97 XmE MA2216 

XM-20-03 
Spongiobacter 

nickelotolerans 
AB205011 93 Xm49 MA2216 
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XM05c4A 
Spongiobacter 

nickelotolerans 
AB205011 92 Xm54 MA2216 

XM82A 
Spongiobacter 

nickelotolerans 
AB205011 97 XM81 MA2216 

XM85102A Ferrimonas futtsuensis AB245515 98 Xm85 FSWFA 

FF8116 
Gammaproteobacterium 

M09 
DQ399733 99 XM81 FSW+FA 

FF8104 Microbulbifer variabilis AB167354 99 XM81 FSW+FA 

FF8104A Microbulbifer variabilis AB167354 100 XM81 FSW+FA 

FF8114A Microbulbifer variabilis AB167354 100 XM81 FSW+FA 

FF8665 Microbulbifer variabilis AB266055 99 XM86 FSW+FA 

XM2004-F Microbulbifer variabilis AB266055 100 Xm52 ISP2+abx 

XM05C5E-F Microbulbifer variabilis AB167354 99 XmF MA2216 

XM85145A Bacterium 4D713 JF411563 99 Xm85 FSWFA 

XM85104B Photobacterium sp. PaD2.14 GQ392002 99 Xm85 FSWFA 

XM4017 Bacterium 4D713 JF411563 99 Xm54 ISP2+abx 

XM4214A Photobacterium sp. PaD2.14 GQ392002 99 Xm54 VL55 

XM4214B Photobacterium sp. PaD2.14 GQ392002 99 Xm54 VL55 

XM4247A-F 
Pseudoalteromonas sp. c42-

1 
EU727145 99 Xm54 1/10MA 

XM4070 
Pseudoalteromonas sp. 

CF14-5 
FJ170035 99 Xm54 1/10MA 

XM4247B 
Pseudoalteromonas sp. OC-

5 
AY669166 100 Xm54 1/10MA 

FF8507 
Pseudoalteromonadaceae 

bacterium S3 
HQ164448 100 Xm85 FSW+FA 

FF8609 
Pseudoalteromonadaceae 

bacterium S3 
HQ164448 100 XM86 FSW+FA 

FF8631B 
Pseudoalteromonas 

piscicida 
HM584027 99 XM86 FSW+FA 

FF8516 Pseudoalteromonas sp. mp7 AJ551121 99 Xm85 FSW+FA 

FF8603 
Pseudoalteromonas sp. VS-

4 
FJ497705 100 XM86 FSW+FA 

FF8615 
Pseudoalteromonas sp. VS-

4 
FJ497705 99 XM86 FSW+FA 
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XM81117B Bacterium 2D702 JF411484 99 XM81 FSWFA 

XM81110Z 
Pseudoalteromonas 

prydzensis 
HM584031 99 XM81 FSWFA 

XM81107X 
Pseudoalteromonas sp. 

J021(2011) 
JF314511 99 XM81 FSWFA 

XM81107W Pseudoalteromonas viridis HQ439520 99 XM81 FSWFA 

XM81107Y Pseudoalteromonas viridis HQ439520 99 XM81 FSWFA 

XM05c5L 
Pseudoalteromonas 

piscicida 
HM584027 100 XmF MA2216 

XM05c5I 
Pseudoalteromonas 

luteoviolacea 
HQ439502 98 XmF MA2216 

XM05c5C1 
Pseudoalteromonas 

phenolica 
AB607331 99 XmF MA2216 

XM05c5J 
Pseudoalteromonas 

phenolica 
AB607331 99 XmF MA2216 

XM05c5D 
Pseudoalteromonas sp. 

CF14-5 
FJ170035 99 XmF MA2216 

XM05c5C2 
Pseudoalteromonas sp. 

D5047 
FJ161290 99 XmF MA2216 

XM05c5H1 
Pseudoalteromonas sp. 

D6023 
FJ161303 99 XmF MA2216 

XM05c5H2 
Pseudoalteromonas sp. 

D6023 
FJ161303 99 XmF MA2216 

SN8105 
Pseudoalteromonas sp. VS-

39 
FJ497667 100 XM81 SN 

R8304-F Pseudomonas sp. 122 EU003535 99 XM83 R2AV 

R8636-F Pseudomonas sp. 122 EU003535 99 XM86 R2AV 

R8647-F Pseudomonas sp. 122 EU003535 99 XM86 R2AV 

R8651 Pseudomonas sp. 122 EU003535 99 XM86 R2AV 

XM3106 Rheinheimera aquimaris EF076758 99 Xm53 NTM 

XM05c3C Marine bacterium Tw-3 AY028198 93 Xm53 MA2216 

XM05c4H 
Shewanella sp. 

MEBiC05444T 
GU289647 98 Xm54 MA2216 

XM4077-2 Vibrio sp. N104(2010) HQ188643 99 Xm54 1/10MA 

XM4241 Vibrio sp. PaD1.27 GQ391983 99 Xm54 1/10MA 
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XM4078 Vibrio sp. PaD3.15 GQ406648 99 Xm54 1/10MA 

XM6024 Vibrio sp. R-14968 AJ316168 99 Xm56 1/10MA+abx 

XM6027 Vibrio sp. R-14968 AJ316168 99 Xm56 1/10MA+abx 

XM6028 Vibrio sp. R-14968 AJ316168 99 Xm56 1/10MA+abx 

XM6031 Vibrio sp. R-14968 AJ316168 99 Xm56 1/10MA+abx 

XM5127 Vibrio tubiashii HQ890464 99 XmF AIA 

XM85114A Bacterium 4D706 JF411556 100 Xm85 FSWFA 

XM85135B Bacterium 4D706 JF411556 99 Xm85 FSWFA 

XM81104B Bacterium 4H202 JF411587 98 XM81 FSWFA 

XM81113Y Bacterium 4H202 JF411587 99 XM81 FSWFA 

XM85137 Bacterium 4H202 JF411587 99 Xm85 FSWFA 

XM85138A Bacterium 4H202 JF411587 99 Xm85 FSWFA 

XM85125 Listonella pelagia HM584058 99 Xm85 FSWFA 

XM81113Z Vibrio harveyi HM771342 99 XM81 FSWFA 

XM85103A Vibrio harveyi HM584047 99 Xm85 FSWFA 

XM85117A Vibrio harveyi HM236045 99 Xm85 FSWFA 

XM85117B Vibrio harveyi HM236045 100 Xm85 FSWFA 

XM85120A Vibrio harveyi HM355956 100 Xm85 FSWFA 

XM85105 Vibrio owensii HQ908717 99 Xm85 FSWFA 

XM85123 Vibrio sp. PaH1.05 GQ406686 99 Xm85 FSWFA 

XM85123B Vibrio sp. PaH1.29 GQ406714 99 Xm85 FSWFA 

XM85134 Vibrio sp. PaH2.19b GQ391958 99 Xm85 FSWFA 

XM85126 Vibrio sp. PaH3.36c3 GQ406799 99 Xm85 FSWFA 

XM1034 Listonella pelagia HM584058 100 Xm51 ISP2+abx 

XM3012 Vibrio sp. PaD3.12b GQ406645 99 Xm53 ISP2+abx 

XM85B Bacterium 4D704 JF411554 99 Xm85 MA2216 

XM-21-03 
Vibrio coralliilyticus ATCC 

BAA-450 
HM771346 98 Xm49 MA2216 

XM05c5G2 Vibrio harveyi HM236045 99 XmF MA2216 

XM5124 Vibrio harveyi FJ161345 99 XmF MA2216 

XM83B Vibrio harveyi HM355956 100 XM81 MA2216 

XM05c4C Vibrio sp. S2675 FJ457461 99 Xm54 MA2216 

XM4270-F Bacterium 4D703 JF411553 99 Xm54 NTM 

XM4274 Bacterium 4D801 JF411569 99 Xm54 NTM 

XM4283 Listonella pelagia HM584058 99 Xm54 NTM 
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XM3103 Vibrio harveyi HM236045 99 Xm53 NTM 

XM3104 Vibrio harveyi HM236045 99 Xm53 NTM 

XM4279 Vibrio harveyi FJ161348 100 Xm54 NTM 

XM4292-F Vibrio harveyi GU262992 99 Xm54 NTM 

XM4271 Vibrio mediterranei HM031981 100 Xm54 NTM 

XM4284 
Vibrio sinaloensis DSM 

21326 
HM771341 99 Xm54 NTM 

XM4273 Vibrio sp. N104(2010) HQ188643 100 Xm54 NTM 

XM4275 Vibrio sp. N104(2010) HQ188643 99 Xm54 NTM 

XM4276 Vibrio sp. N104(2010) HQ188643 99 Xm54 NTM 

XM4281 Vibrio sp. S838 FJ457340 99 Xm54 NTM 

XM4282 Vibrio sp. S838 FJ457340 99 Xm54 NTM 

XM4211 Vibrio sp. N104(2010) HQ188643 100 Xm54 VL55 

XM4216 Vibrio sp. N104(2010) HQ188643 99 Xm54 VL55 

XM4224 Vibrio harveyi FJ161345 99 Xm54 VL55+abx 
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List of bacterial isolates obtained in pure culture from Xestospongia testudinaria. 

 

Isolate Closest Relative Acc. No. 

% 

Identity 

Sponge 

ID 

Isolation 

Medium 

Actinomycetes 

XT125-F Arthrobacter sp. M1 5-4 AY762057 100 Xt01 GA+abx 

XT129 

Arthrobacter 

crystallopoietes HM163531 99 Xt01 GA+abx 

XT130 Arthrobacter sp. MH-129 AM423148 98 Xt01 GA+abx 

XT223 Arthrobacter sp. 8A18S61 HQ246230 100 Xt02 GA+abx 

XT111 Arthrobacter sp. 8A18S61 HQ246230 100 Xt01 R2AV+abx 

XT127 Brevibacterium sp. SC9 EU099382 99 Xt01 GA+abx 

XT132-F Brevibacterium iodinum FJ652620 99 Xt01 GA+abx 

XT212 Brevibacterium iodinum FJ652620 99 Xt02 GA+abx 

XT218 Brevibacterium iodinum FJ652620 99 Xt02 GA+abx 

XT126 

Microbacterium 

esteraromaticum FJ527721 99 Xt01 GA+abx 

XT128-F 

Microbacterium sp. 

JL1103 DQ985063 99 Xt01 GA+abx 

XT342 Microbacterium sp. JJD-1 FJ765512 99 Xt03 GA+abx 

XT325 

Microbacterium sp. 

TSWCW21 GQ284466 99 Xt03 R2AV+abx 

XT327 

Microbacterium sp. 

TSWCW21 GQ284466 99 Xt03 R2AV+abx 

XT339 

Microbacterium sp. 

TSWCW21 GQ284466 99 Xt03 R2AV+abx 

XT216 

Micrococcus sp. 

 MG-2010-D12 FR750272 99 Xt02 GA+abx 

XT226 Micrococcus sp. PA-E028 FJ233852 99 Xt02 GA+abx 

XT320 Micrococcus sp. ITCr08 FR823400 99 Xt03 R2AV+abx 

XT104 Verrucosispora sp. A1 EU714241 99 Xt01 R2AV+abx 

XT110 Micromonospora sp. 16 FJ205721 98 Xt01 R2AV+abx 
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XT133-F 

Micromonospora sp. 

206203 EU437824 99 Xt01 R2AV+abx 

XT207 Micromonospora sp. R1 EU714258 99 Xt02 R2AV+abx 

XT301 Rhodococcus equi 103S FN563149 99 Xt03 GA+abx 

XT321 Rhodococcus erythropolis DQ518913 99 Xt03 R2AV+abx 

XT203-F 

Streptomyces 

chromofuscus FJ486284 99 Xt02 R2AV+abx 

Firmicutes 

XT112 

Aneurinibacillus 

migulanus AB112723 99 Xt01 R2AV+abx 

XT124 Bacillus licheniformis EU071553 99 Xt01 GA+abx 

XT225 Bacillus altitudinis JF508373 99 Xt02 GA+abx 

XT230 Bacillus subtilis FR846526 99 Xt02 GA+abx 

XT333-F Bacillus licheniformis FJ493045 99 Xt03 GA+abx 

XT316 Bacillus sp. 210_50 GQ199752 99 Xt03 MA2216 

XT100 Bacillus altitudinis JF508373 100 Xt01 R2AV+abx 

XT324 Bacillus sp. R-11590 AJ438301 99 Xt03 R2AV+abx 

XT328 Bacillus licheniformis GQ375242 99 Xt03 R2AV+abx 

XT336 Bacillus licheniformis GQ375242 99 Xt03 R2AV+abx 

XT208 Bacterium DC36(2011) HQ178963 99 Xt02 R2AV+abx 

XT222 Bacterium DC36(2011) HQ178963 99 Xt02 R2AV+abx 

XT123 Staphylococcus pasteuri FJ613579 99 Xt01 GA+abx 

XT306 Staphylococcus equorum HQ202869 99 Xt03 GA+abx 

XT341 

Staphylococcus 

epidermidis AB617572 99 Xt03 GA+abx 

XT323 

Staphylococcus sp. SB10-

23 GU595329 100 Xt03 R2AV+abx 

XT326 Staphylococcus equorum HQ202869 99 Xt03 R2AV+abx 

XT337 

Staphylococcus equorum 

subsp. equorum FR691468 99 Xt03 R2AV+abx 

Alphaproteobacteria 

XT322 

Lutibacterium 

anuloederans EU440968 99 Xt03 R2AV+abx 

XT122 

Alphaproteobacterium 

M07 DQ399724 99 Xt01 GA+abx 
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XT335 

Alphaproteobacterium 

JE041 DQ097262 100 Xt03 GA+abx 

XT107 Bacterium 1H203 JF411464 97 Xt01 R2AV+abx 

Gammaproteobacteria 

XT102 

Spongiobacter 

nickelotolerans AB205011 93 Xt01 MA2216 

XT205 

Gammaproteobacterium 

MOLA 531 AM990755 91 Xt02 MA2216 

XT315 Vibrio harveyi HM236045 99 Xt03 MA2216 
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