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Abstract 

ABSTRACT 

 

Algoa Bay Latrunculid sponges are well known for their production of cytotoxic 

pyrroloiminoquinones with speculation that these secondary metabolites may have 

a microbial origin. This study describes a thorough investigation into the bacterial 

community associated with Tsitsikamma favus, Tsitsikamma scurra a newly 

described Latrunculia sp. and a yellow encrusting sponge associated with T. 

scurra. Molecular and chemical characterisation were used in conjunction with 

traditional taxonomy in identification of the sponge specimens. The 28S rRNA and 

COX1 analysis confirmed the traditional taxonomy with T. favus and T. scurra 

being very closely related. Chemical analysis revealed that T. favus and T. scurra 

shared the discorhabdins 2,4-debromo-3-dihydrodiscorhabdin C, 7,8-dehydro-3-

dihydrodiscorhabdin C and 14-bromo-1-hydroxy-discorhabdin V in common with 

each other and Tsitsikamma pedunculata indicating that these 

pyrroloiminoquinones are common to Tsitsikamma sponges in general. 

 

The bacterial community associated with T. favus was explored using 16S rRNA 

molecular techniques including DGGE, clonal libraries of full length 16S rRNA 

genes, as well as 454 pyrosequencing. DGGE analysis revealed that the bacterial 

community associated with T. favus appeared to be highly conserved, which was 

confirmed by both the clone library and 454 pyrosequencing, with the 

Betaproteobacteria as the most dominant class. Further exploration into T. favus, 

as well as T. scurra, Latrunculia sp. and the yellow encrusting sponge indicated 

that the bacterial populations associated with each of these sponge species were 

conserved and species specific. OTU analysis to the species level revealed that T. 

favus and T. scurra shared an abundant Spirochaete species in common while the 

most abundant species in the Latrunculia sp. and the yellow encrusting sponge 

belonged to the class Betaproteobacteria. The exclusivity of the tsitsikammamines 

to T. favus precipitated attempts to culture the T. favus associated bacteria, with a 

focus on the dominant betaproteobacterium as indicated by the 16S rRNA clone 

library. Actinobacteria associated with the Algoa Bay sponge specimens were also 

cultured and the actinobacterial isolates were sent for screening against 

Mycobacterium aurum with two Kocuria kristinae isolates and a Streptomyces 

albdioflavus isolate showing good antimycobacterial activity.  
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LITERATURE REVIEW 

 

The first medicinally important natural products were obtained from plants and 

include morphine and aspirin, which are still economically important (reviewed in 

Cragg et al., 1999). The isolation of penicillin from the Penicillium fungus in 1928 

was a major break-through in the treatment of infectious diseases, and catalysed 

research into the use of microorganisms for the production of bioactive 

compounds (Wainright, 1990). A comprehensive review of natural products by 

Newman & Cragg (2007) highlights the importance of natural products in the 

development of new drugs. However, the terrestrial environment (plants, 

invertebrates, and microorganisms) has been extensively explored, creating the 

need for a new source of novel bioactive metabolites. The chemistry of natural 

products includes isolation and characterization of bioactive compounds from 

natural sources; structural modification for optimization of activity, absorption and 

chemo-therapeutic efficacy; as well as total and semi-synthesis for determining 

structure-activity relationships and clinical trials (Liang & Fang, 2006). The above-

mentioned chemistry can be time-consuming and expensive and thus, despite the 

success of natural product drug discovery, pharmaceutical companies started 

moving towards combinatorial chemistry as a source of new drugs in the 1980s. 

Since then, most of the research done on developing new drugs has been focused 

in this area. However, the results have been disappointing with only one clinically-

approved drug, the antitumor compound, sorafenib, resulting from this method of 

chemical discovery (Blunt et al., 2011; Newman & Cragg, 2007). The significance 

of natural product research for the discovery of new drugs is undisputable as 

natural products and their derivatives are and always have been the most prolific 

source of medicinally significant compounds (Blunt et al., 2011; Newman & Cragg, 

2007). 

 

The marine environment comprises two thirds of the earth‘s surface providing a 

major, underexplored, biologically diverse ecosystem. The cone snail toxin (also 

known as Prialt), the first marine-derived drug, was approved in 2004 for the 

treatment of severe neuropathic pain (Newman & Cragg, 2007). A second marine 
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natural product success story that is currently used for the treatment of soft tissue 

sarcomas is trabectedin (marketed by PharmaMar under the trade name 

Yondelis), which was first extracted from the ascidian, Ecteinascidia turbinate, in 

1969. Low yields, limited success in aquaculture, and complex chemical synthesis 

made production of trabectedin very difficult and clinical trials were hampered as a 

result (Rinehart, 2000). A breakthrough then came in the form of cyanosafracin B, 

a chemical analogue to trabectedin, produced by the marine bacterium 

Pseudomonas fluorescens (Cuevas et al., 2000). Cyanosafracin B could be 

produced in large quantities under standard industrial fermentation conditions and 

then chemically modified by semi-synthesis to trabectedin in a relatively cost-

effective way, which made manufacturing of the drug for the treatment of soft 

tissue sarcomas possible (Cuevas et al., 2000; Molinski et al., 2009).  

 

Marine organisms are currently regarded as the most promising source of unique 

bioactive molecules, producing a rich diversity of secondary metabolites that have 

shown significant activity in anti-tumour, anti-inflammatory, analgesia, 

immunomodulation, allergy, and anti-viral assays (Blunt et al., 2011; Hill & Fenical, 

2010; Newman & Cragg, 2007). It has been estimated that less than 1% of the 

earth‘s surface (i.e. the narrow ocean fringe and deep sea vents) are home to the 

majority of the earth‘s species and are thus the most species-rich and biologically 

productive regions of the world. The intense concentration of species coexisting in 

such a limited habitat makes them highly competitive and complex, and therefore 

a high percentage of species have developed chemical defence systems against 

predation or overgrowth by competing species, as well as to subdue mobile prey 

for ingestion. These chemicals are generally secondary metabolites and need to 

be potent enough to overcome the dilution effects of seawater. They include well 

known chemical classes such as terpenoids, alkaloids, polyketides, peptides, 

shikimic acid derivatives, sugars, steroids, and a number of biogenesis 

metabolites (Simmons et al., 2005). A unique feature of secondary metabolites 

from marine organisms is the relatively common utilization of covalently bound 

halogen atoms, mainly chlorine and bromine, probably due to their availability in 

sea water (Simmons et al., 2005). Sponges, microorganisms, coelenterates, and 

tunicates are the primary source of bioactive metabolites in the marine 

environment, with sponges being at the forefront of this field (Blunt et al., 2011).  
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1.1 Sponge taxonomy 

As mentioned above, the marine environment is a prolific source of novel bioactive 

compounds with the phylum Porifera as the major contributor. Porifera are 

considered to be the most primitive of the metazoans, dating back to the Pre-

Cambrian period some 600 million years ago (Taylor et al., 2007b). Sponges are 

defined as sedentary, filter-feeding organisms with a complex arrangement of 

aquiferous channels, but with no distinct tissue layers or organs. Each 

independent cell has a unique and specific function and its position within the 

sponge network is determined accordingly (Carte, 1996).  

 

Although sponges are extremely diverse in terms of size, shape and colour; they 

tend to share a basic body plan comprised of several different cell layers. The 

pinacoderm (outer surface) is comprised of epithelial cells known as pinacocytes 

which extend along the interior canals of the sponge via ostia (pores) on the 

sponge surface (Wilkinson, 1978a; Wilkinson, 1978b; Wilkinson, 1978c). Inside 

the sponge are channels that are lined with specialised flagellated cells 

(choanocytes) that are responsible for the unidirectional pumping of water as well 

as the trapping of food particles (Borchiellini et al., 2001). The food particles 

(including bacteria, microalgae, and fungi) are transferred to the mesohyl where 

they are digested by the archaeocytes via phagocytosis. Once filtered, water is 

expelled from the sponge via the osculum. The mesohyl of most sponges also 

contains a dense community of microorganisms that are not digested by the 

neighbouring sponge archaeocytes. The presence of these presumed symbionts 

implies either recognition of different microbial types by the sponge cells or 

shielding of symbiont cells to prevent consumption (Wilkinson, 1978a; Wilkinson, 

1978b; Wilkinson, 1978c). The structural integrity of sponges is provided primarily 

by the presence of siliceous or calcareous spicules, although collagenous tissues 

(for example spongin) also play a role in providing structural support and allow for 

the differentiation of sponges into unique shapes and sizes (Simpson, 1984). 

 

The spicules are diverse and unique to sponge species and are currently the most 

reliable method of sponge taxonomy. The phylum Porifera is a paraphyletic 

grouping with three major sublineages: the Hexactinellida, Calcarea, and 
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Demospongiae which comprise the majority of existing species (Borchiellini et al., 

2001). The Demospongiae contain siliceous spicules that can be divided into 

megascleres and microscleres. The megascleres are quite basic in shape and are 

usually monaxonic or tetraxonic, while the microscleres are more elaborate in 

shape and can be polyaxial or monaxone. It is the shape and size of these 

megascleres and microscleres that is used to identity sponges (Hooper & Van 

Soest, 2002). According to Hooper & Van Soest (2002) the Class Demonspongiae 

contains three subclasses namely Homoscleromorpha, Tetractinomorpha and 

Ceractinomorpha. The Homoscleromorpha are defined as Demospongiae with 

cinctoblastula larvae and viviparous reproduction. The skeleton consists of 

tertraxonic siliceous spicules arranged around choanocyte chambers. The 

Tetractinomorpha are defined as Demospongiae with parenchymella or blastula 

larvae and mostly oviparous reproduction. The megascleres are monaxonic and 

tetraxonic while the microscleres are asterose forms and derivatives. The 

Ceractinomorpha are defined as Demospongiae with parenchymella larvae and 

mostly viviparous sexual reproduction. They generally have both a spicule 

skeleton and well developed spongin fibres. The Ceractinomorpha contain the 

order Poecilosclerida, which is of particular interest to us as it contains the family 

Latrunculiidae that in turn contains the genera Tsitsikamma, Latrunculia and 

Strongylodesma. All three of the before-mentioned genera are found along the 

South African coastline and will be further discussed throughout the course of this 

study, with particular focus on the genus Tsitsikamma.  

 

1.2 Sponges as the dominant source of biologically active marine natural 

products 

The sessile nature of marine sponges makes them vulnerable to predation, 

competition and disease; forcing them to rely heavily on chemical defence as a 

means of survival.  This dependence on chemical defence makes sponges a rich 

source of bioactive compounds, many of which have potential applications in the 

pharmaceutical industry (Newman & Cragg, 2007; Blunt et al., 2011; Hill & 

Fenical, 2010) with more novel bioactive metabolites being discovered in Porifera 

each year than any other marine phylum. In a recent review Blunt et al. (2011) 
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noted that 287 new compounds were isolated from sponges in 2009 alone, with 

similar numbers of new compounds arising from sponges in previous years.  

 

The first sponge marine natural products were isolated in the 1950‘s by Bergman 

and his co-workers from the Caribbean sponge Cryptotethia crypta (Carte, 1996; 

Bergmann & Feeney, 1950). The major metabolite spongouridine has potent 

antitumour activity and inspired the chemical synthesis of a new class of 

arabinosyl nucleoside analogs (Carte, 1996; Roberts & Dekker, 1967; Walwick et 

al., 1959). The most significant example of these is arabinosyl cytosine, which is 

classified as an ‗antimetabolite‘ and is currently in clinical use for the treatment of 

different types of leukaemia and non-Hodgkin‘s lymphoma under the trade names 

AraC, Cytarabine and Cytosar-U (Kadia et al., 2012). A number of structurally 

diverse sponge natural products with different modes of biological activity are 

further discussed. 

 

1.2.1 Psammaplin A 
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Figure 1.1 Chemical structure of psammaplin A and the clinically significant analogue NVP-

LAQ824 (Quinoa and Crews, 1987; Pina et al., 2003). 

Psammaplin A is a symmetrical bromotyrosine-derived disulfide natural product 

(Fig. 1.1) that was first isolated from Psammaplysilla sponge found off the coast of 

Tonga in 1987 (Quinoa & Crews, 1987).  Psammaplin A exhibits in vitro 

antibacterial activity against methicillin resistant Staphylococcus aureus (MRSA). 

Elucidation of the structure of psammaplin A led to the development of a 

combinatorial chemistry strategy for the construction of heterodimeric disulfide 

analogues, resulting in the construction of a 3 828 membered library from 88 
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homodimeric disulfides (Nicolau et al., 2001). These psammaplin A analogues 

were screened directly against various Gram-positive bacterial strains, leading to 

the discovery of a series of potent antibacterial agents active against MRSA 

strains (MIC <1 μg/ml) (Nicolaou et al., 2001). Novartis screened the analogues, 

together with the microbial products trapoxin B and trichostatin A (due to their 

structural similarity to the psammaplins), for activity as histone diacetylase (HDAC) 

inhibitors, and psammaplin A showed very promising activity. Using chemical 

rationales described by Pina et al. (2003), the compound NVP-LAQ824 (Fig. 1.1) 

was developed from the aforementioned structures, and is in Phase I clinical trials 

against hematologic malignancies (Newman & Cragg, 2004; Simmons et al., 2005; 

Pina et al., 2003). 

 

1.2.2 Spermatinamine 
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Figure 1.2 Chemical structure of spermatinamine (Buchanan et al., 2007). 

Spermatinamine (Fig. 1.2) is a novel polyamine alkaloid that was isolated from an 

Australian Verongida sponge, Pseudoceratina sp. (Buchanan et al., 2007). It 

contains a newly-discovered bromotyrosyl-spermine-bromotyrosyl sequence that 

is a rare example of a spermine alkaloid from a marine sponge, and other than the 

synthetic compound cysmethynil, is the only reported small molecule inhibitor of 
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isoprenylcysteine methyltransferase (Icmt) (Buchanan et al., 2007). Icmt catalyzes 

the carboxyl methylation of CAAX proteins, which perform a number of important 

functions in oncogenesis such as targeting of the proteins to the plasma 

membrane and the subsequent induction of malignancy. Therefore the inhibition of 

Icmt provides an attractive and novel anticancer target as it has been shown to 

retard the transformation of cells to a malignant state (Buchanan et al., 2007). 

Spermatinamine is the first natural product inhibitor of Icmt with an IC50 value of 

1.9 µM, however it did not display the required drug-like pharmacokinetic 

properties (Buchanan et al., 2007). The complete synthesis of spermatinamine 

(García et al., 2009) has allowed for further activity studies and the possible 

development of novel analogues with more favourable biological activity. 

 

1.2.3 Crambescidin 800 
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Figure 1.3 Chemical structure of Crambescidin 800 (Jares-Erijman et al., 1991). 

The Crambescidins, isolated from the Mediterranean red encrusting sponge, 

Crambe crambe, by bioassay-guided extraction, are a family of complex 

pentacyclic guanidines linked by a linear ω-hydroxy fatty acid to a 

hydroxyspermidine.  They show activity against the Herpes simplex virus type 1 

(HSV-1) and are cytotoxic to L1210 murine leukemia cells (Jares-Erijman et al., 

1991). Crambescidin 800 (Fig. 1.3) exhibited in vitro activity against chloroquine 

(CQ)-resistant FCR3 (IC50 = 240 nM) and CQ-sensitive 3D7 (IC50 = 160 nM) 

Plasmodium falciparum strains. The mode of action is unpublished, but similar 

compounds have been shown to be strong Ca2+ channel blockers (Gademann & 

Kobylinska, 2009; Lazaro et al., 2006).  
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1.2.4 Candidaspongiolide 
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Figure 1.4 Chemical structure of candidaspongiolide (Trisciuoglio et al., 2008). 

The novel polyketides known collectively as candidaspongiolides were first 

isolated from Candidaspongia flabellata collected off the coast of Australia 

(Meragelman et al., 2007). The candidaspongiolide (CAN) shown above (Fig. 1.4) 

is the active component of a mixture that was shown to be potently cytotoxic 

(mean IC50 = 14 ng/ml) in the National Cancer Institute‘s human disease oriented 

60-cell-line primary antitumor screen (Meragelman et al., 2007, Trisciuoglio et al., 

2008). The medicinal significance of CAN is that it triggers PKR/eIF2α/caspase 

12-dependent apoptosis as well as inhibiting protein synthesis in cancer cells, 

while only inhibiting protein synthesis in normal cells (Trisciuoglio et al., 2008). 

The candidaspongiolides are a complex mixture of acyl esters that are structurally 

related to tedanolide (isolated from the marine sponge Tedania ignis, see section 

1.3) (Schmitz et al., 1984). The presence of compounds with the same macrolide 

nucleus from unrelated sponges in different geographical locations, and the 

branched nature of the aliphatic esters, points to microorganisms as the source of 

these compounds (Meragelman et al., 2007).  
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1.2.5 Bengamides 

 

NH

H
N

O

O

OMe

OHOH

OH

O

O

NH

H
N

O

O

O

OHOH

OH

O (CH2)12CH3

O

LAF389

bengamide A  

Figure 1.5 Chemical structure of bengamide A (Quinoa et al., 1986) and its derivative LAF389 

(Xu et al., 2003). 

Bengamide A and B (Fig. 1.5) were first isolated from marine sponges of the 

genus Jaspis (Quinoa et al., 1986) and were reported to be antihelminthic 

compounds that showed promising antibiotic and cytotoxic activities. Their pattern 

of activity in the National Cancer Institute‘s 60-cell-line screen was unique 

compared with other chemotherapeutic agents, but their further development as 

therapeutic agents has been hampered by limited availability from natural 

resources, complexity of synthesis, and poor solubility. Despite this, the 

bengamide derivative LAF389 (Fig. 1.5) is in phase I clinical trials for the treatment 

of solid tumours (Singh et al., 2008). Ring-opening of the caprolactam in 

bengamides has given rise to analogues with simplified structures, improved 

aqueous solubility and potent cytotoxicity against human breast cancer cells, 

overcoming some of the factors hindering their development as antitumor agents 

(Tai et al., 2011).  

 

Bengamides are inhibitors of methionine aminopeptidases (Newman & Cragg, 

2004, Towbin et al., 2003) hence their cytotoxicity and this property has been 

exploited in the development of novel anti-tubercular agents (Lu et al., 2011). 

Interestingly, there is a patent that relates to bengamide derivatives that are 
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produced during fermentation by the microorganism Myxococcus virescens 

(Hoffman et al., 2006), lending further support to the notion that microorganisms 

may be important in the production of sponge-derived secondary metabolites. 

 

1.2.6 Halichondrin B 
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Figure 1.6 Chemical structure of the halichondrin B analogue eribulin mesylate  (Seletsky et al., 

2004). 

Anti-cancer activity dominates for the secondary metabolites isolated from marine 

sponges, and there are currently a number of sponge metabolites in pre-clinical or 

clinical trials as potential anti-cancer treatments (Blunt et al., 2011). The most 

successful of these to date is halichondrin B. Initial work on the marine sponge 

Halichondria okadai yielded the cytotoxic polyether okadaic acid (Tachibana et al., 

1981) which was shown to be responsible for diarrhetic shellfish poisoning and 

was later found to be produced by a number of dinoflagellate species (Yasumoto 

et al., 1980, Morton et al., 1998, Faulkner, 1991). Further natural product isolation 

studies on H. okadai, guided by a bioassay against B-16 melanoma cells, resulted 

in the isolation of the first halichondrins (Uemura et al., 1985). Initial interest in this 
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sponge and its associated natural products was due to the remarkable in vivo 

antitumor activity of the crude sponge extracts, a characteristic that was 

subsequently used to isolate halichondrin B and numerous natural analogues from 

various unrelated sponges including H. okadai, Lissodendoryx sp., Phakellia 

carteri, and Axanella sp. (Faulkner, 2000, Hirata & Uemura, 1986).  

 

Halichondrin B was shown to be the most potent of the halichondrins against P-

388 leukemia, B-16 melanoma and L-1210 leukemia in vivo (Faulkner, 2000, 

Hirata & Uemura, 1986). The discovery of these complex structures in different 

sponge species strongly suggested a microbial origin for the characteristic 

halichondrin skeletal structure, a theory that was supported by the earlier 

discovery of a protistan origin for okadaic acid (Simmons et al., 2005). The low 

yield of the halichondrins (Hirata & Uemura processed 600 kg of the sponge 

Halichondria okadai and only obtained 12.5 mg of halichondrin B, a yield of only 

0.00002%), coupled with the difficulty of obtaining deep-water sponges and the 

environmental impact of harvesting vast amounts of sponge material from the 

ocean, resulted in a supply problem that severely hampered initial progress.  

 

Lissodendoryx sp. is a rare, deep water marine sponge (80 to 100 m) found 

exclusively off the Kaikoura Peninsula (Dumdei et al., 1998). An extensive 

environmental survey using a remotely operated vehicle (ROV) and a benthic 

camera, established that the ‗sponge field‘ was only 5 km2 in size with an 

estimated total biomass of 290 tonnes thus reinforcing the conclusion that 

halichondrin B could never be supplied on a commercial scale by collection from 

the wild. However, based on the results of the survey a permit was obtained for 

the collection of 1 tonne of biomass that yielded 310 mg of halichondrin B, which 

was sufficient for initial preclinical trials only (Dumdei et al., 1998). Investigations 

into the bioactivity of halichondrin B revealed that it bound tubulin at a site close to 

the vinca site thus altering depolymerization with no effect on colchicine binding 

(Bai et al., 1991), inhibiting the formation of an intra-chain cross-link between two 

sulfhydryl groups in beta-tubulin.  However, halichondrin B had no effect on 

alkylation of tubulin sulfhydryl groups by iodoacetamide (unlike vinblastin) and 

enhanced the exposure of hydrophobic areas on the tubulin molecule (Jordan et 

al., 2005).  
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In the meantime, largescale aquaculture of Lissodendoryx sp. was initiated 

(Dumdei & Blunt, 1996) with maintenance of biosynthetic ability, albeit at a lower 

yield, that was considered a sustainable and commercially viable method for the 

production of halichondrin B. Synthetic organic chemists were also participating in 

the endeavour to produce halichondrin B, and total synthesis was eventually 

achieved via a 90 step reaction (Aicher et al., 1992). This synthetic work was 

expanded by scientists at the Eisai Research Institute who produced a range of 

structurally stable halichondrin B analogues with equavalent bioactivity (Seletsky 

et al., 2004). Of those analogues, eribulin mesylate (E7389) had the best activity 

in pre-clinical models of diseases in which microtubule inhibitors already have a 

therapeutic role, such as breast cancer. Eribulin mesylate (Fig. 1.6) a non-taxane, 

completely synthetic microtubule inhibitor, has recently been approved by the U.S. 

Food and Drug Administration as a third-line treatment for metastatic breast 

cancer and is marketed as Eribulin or Easia (Jain & Vahdat, 2011). 

 

1.2.7 Pyrroloiminoquinones 

Pyrroloiminoquinones belong to a larger group of chemical compounds known as 

the alkaloids, which are a group of nitrogen containing secondary metabolites 

derived from amino acids or purines (Dewick, 2001). The principle structural 

feature of these alkaloids is the planar iminoquinone core that can intercalate with 

DNA and cleave the DNA double helix or inhibit the action of topoisomerase II 

(Ding et al., 1999). Consequently almost all the pyrroloiminoquinone metabolites 

isolated to date have exhibited significant cytotoxicity making them of particular 

interest to both natural product and synthetic chemists. Included in this family of 

secondary metabolites are the batzellines, isobatzellines, damirones, 

discorhabdins, prianosins, epinadrins, makaluvamines, tsitsikammamines, 

veiutamine and wakayin. The isolation, chemical structures and bioactivity of 

marine pyrroloiminoquinones has been reviewed by Antunes et al. (2005) and a 

brief overview of the discorhabdins and makaluvamines is presented here. 
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Figure 1.7  Chemical structure of discorhabdin A (Perry et al., 1988) and      makaluvamine A 

(Barrows et al., 1993). 

The name discorhabdin, derived from the characteristic discorhabd microscleres 

used to identify many Latrunculid sponges, is used to describe the cytotoxic green 

and brown pigments isolated primarily from the family Latrunculiidae. Discorhabdin 

C, isolated as the major compound from sponges of the genus Latrunculia in 

1986, was the first of the discorhabdins to be discovered (Perry et al., 1986). 

Discorhabdin A (Fig. 1.7) was first isolated from three different species of 

Latrunculia sponges collected off the coast of New Zealand, and was later also 

isolated from a Latrunculid sponge, Strongylodesma algoaensis, collected off the 

coast of South Africa (Perry et al., 1988; Antunes et al., 2004). The DNA reductive 

cleavage activity of certain pyrroloiminoquinones is mediated by redox chemistry, 

and a thorough investigation of discorhabdin A showed that it was able to cause 

extensive DNA single stranded scission (Barrows et al., 1993). Discorhabdin A 

showed good cytotoxicity against human colon tumour cancer (HCT-116) cells 

(IC50 = 0.007 µM), murine leukaemia (L1210) cells (IC50 = 37 ng/ml), murine 

leukaemia (L5178) cells (IC50 = 14 ng/ml) and has also been shown to have strong 

antimicrobial activity (Antunes et al., 2004; Perry et al., 1988). 

 

Makaluvamines A - G were originally discovered in a sponge of the genus Zyzzya 

using bioassay-guided isolation against the human colon carcinoma cell line HCT-

116 and their cytotoxic activity was further investigated, with makaluvamine A (Fig. 

1.7) and F being the most active (Barrows et al., 1993). Makaluvamines H – M 

(Schmidt et al., 1995) and N, O and P were isolated from the sponge Zyzzya 

fuliginosa (Venables et al., 1997; Casapullo et al., 2001). The makaluvamines 

were further investigated as anticancer drug candidates due to their ability to 



14 
 

 
Tara A. Walmsley                                                                                                            PhD Thesis 

induce dose-dependent DNA cleavage via the inhibition of topoisomerase II (Ding 

et al., 1999). Synthetic strategies led to the makaluvamine analogues BA-TPQ and 

FBA-TPQ, which were the most active against breast cancer causing decreased 

cancer cell growth, apoptosis and cell cycle arrest at sub-micromolar 

concentrations (Schumacher et al., 2011). Makaluvamines have subsequently 

been isolated from a number of Zyzzya and Latrunculiidae sponges and were 

considered strictly sponge metabolites until makaluvamine A was isolated from a 

laboratory culture of the myxomycete Didymium bahiense (Ishibashi et al., 2001). 

 

The sponge family Latrunculiidae are a rich source of these bioactive secondary 

metabolites, and have therefore attracted considerable interest from researchers 

around the world. Of particular interest to us are the Latrunculid sponges found off 

the coast of South Africa, and their associated chemistry, some of which is 

described below. 
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Figure 1.8   Secondary metabolites isolated from the South African sponges (A) Latrunculia bellae 

(Antunes et al., 2004), (B) Strongylodesma algoaensis (Antunes et al., 2004), and (C) 

Strongylodesma aliwaliensis (Keyzers et al., 2004, Keyzers et al., 2005). 
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Latrunculia bellae, a dark green encrusting sponge, was discovered in Algoa Bay 

at a depth of approximately 24 m. It yielded the new discorhabdins 1-

methoxydiscorhabdin D and 1-aminodiscorhabdin D  as well as five known 

metabolites, damirone B, makaluvicacid A, makaluvamine C, and discorhabdins 

G* and N (Fig. 1.8A).  Also found in Algoa Bay was Strongylodesma algoaensis, a 

shallow water Latrunculid sponge from which discorhabdins A, D and H and a 

compound that is yet to be named (referred to as compound X in Fig. 1.8B) were 

isolated (Antunes et al., 2004). Strongylodesma aliwaliensis was collected by 

SCUBA from the Aliwal Shoal, an extensive subtropical reef system off the east 

coast of South Africa. The first investigation of S. aliwaliensis revealed two novel 

pyrroloquinoline metabolites, N-1-β-D-ribofuranosyldamirone C and N-1-β-D-

ribofuranosylmakaluvamine I, as well as three known metabolites namely 

damirone C, makaluvamine I, and makaluvamine M (Fig. 1.8B) (Keyzers et al., 

2004). The polar aqueous eluent, from HP20 chromatography of the crude extract 

of S. aliwaliensis, was a deep red-brown colour, indicative of pyrroloquinoline 

metabolites, which are highly pigmented (Keyzers et al., 2005). This fraction 

contained two new pyrroloquinoline metabolites makaluvic acid C and N-1-β-D-

ribofuranosylmakaluvic acid C (Fig. 1.8C). Damirone C, N-1-β-D-

ribofuranosyldamirone C, and N-1-β-D-ribofuranosylmakaluvic acid C exhibited 

moderate cytotoxicity against oesophageal cancer cells (IC50 = 56, 38 and 61 µM 

respectively), while Makaluvamine M and N-1-β-D-ribofuranosylmakaluvamine I 

both exhibited good activity against oesophageal cancer cells (IC50 = 0.7 and 1.6 

µM respectively) (Keyzers et al., 2005). 

 

As was well-illustrated in the case of halichondrin B, the major obstacle preventing 

the completion of clinical studies and the development of highly effective novel 

drugs is the so-called ―supply problem‖ (Mohamed et al., 2008). Obtaining 

sufficient quantities of secondary metabolites from marine sponges is near 

impossible as yields from chemical extractions are often low, and there are limited 

amounts of available biomass (Mohamed et al., 2008). A possible solution to this 

problem is large-scale aquaculture but this is not always sustainable or 

commercially feasible. Large-scale sponge aquaculture (Gerçe et al., 2009; 

Mohammed et al., 2008; Bergman et al. 2011b) has often resulted in changes in 

bacterial and secondary metabolite profiles over time.  However, certain sponges 
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such as Negombata magnifica (Bergman et al., 2011b) and Diacarnus erythraenus 

(Bergman et al., 2011a) show promise as sponge aquaculture candidates due to 

the stability of their secondary metabolite production and microbial communities. 

Chemical synthesis of novel analogues of the secondary metabolites that show 

promising biological activity (for example the synthesis of novel 

pyrroloiminoquinone derivatives that show good cytotoxicity) (Beneteau, 2001; 

Antunes et al., 2005) is also an option. However, due to the stereochemical 

complexity of the marine compounds, chemical synthesis is proving to be 

extremely difficult and expensive (Wang, 2006; Kennedy et al., 2007) and an 

alternative method of production needs to be considered if research in this field is 

to be truly successful (Kennedy et al., 2007).  

 

The presence of bacteria in marine invertebrates has been known for many years 

and was not considered of great significance until natural product chemists 

remarked on the close similarity of compounds isolated from completely different 

taxa, suggesting a common potentially microbial origin. A noteworthy  example 

was the observation by Perry et al. (1988) of the similarities between the 

structures of mycalamides A & B from Mycale hentscheli collected in Dunedin 

Harbor, South Island, New Zealand, and pederine, a toxin originally isolated from 

the Paederus beetle in South America. Similarly makaluvamine A, a secondary 

metabolite commonly found in marine sponges, has also been isolated from a 

laboratory culture of the myxomycete Didymium bahiense (Ishibashi et al., 2001).  

 

1.3 Diversity of sponge-associated microorganisms 

The increased interest in sponges over the past decade stems not only from their 

pivotal role as a source of bioactive secondary metabolites, but also from the fact 

that they are known to form close associations with a wide variety of 

microorganisms (Taylor et al., 2007b). The average marine sponge filters up to 24 

m3 (24 000 litres) of seawater per kg of sponge per day, and each millilitre of 

seawater contains between 1 x 106 and 5 x 106 bacteria (Wang, 2006). As a result, 

an astonishing number of bacteria (between 2.4 x 1013 and 1.2 x 1014) pass 

through every kilogram of sponge every day. It is therefore not surprising that 

microbes can represent up to 60% of the sponge tissue volume (Vacelet, 1977; 
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Weisz et al., 2007). Many of these microbes are transferred into the mesohyl 

tissue where they are ingested by archaeocytes and consequently digested by the 

sponge (Kennedy et al., 2007). In addition, it is well known that sponges harbour 

large and diverse microbial communities.  

 

Microbial distribution within sponges varies between species, with the majority of 

microorganisms occurring extra-cellularly in the mesohyl matrix, while in some 

cases bacteria are found within sponge bacteriocytes and even in the sponge 

nuclei (Friedrich et al., 2001, Vacelet & Donadey, 1977, Hentschel et al., 2006). 

These bacterial communities are remarkably diverse and surprisingly well 

conserved within members of the same species, with increasing evidence that the 

sponge-specific microbes were selected for over time and are conserved through 

vertical transfer to the gametes (Wang, 2006; Turque et al., 2008; Radwan et al., 

2010; Webster et al., 2010; Muscholl-Silberhorn et al., 2008; Enticknap et al., 

2006).  Most bacterial species living within marine sponges are thought to be 

involved in symbiotic relationships with their host. The sponge provides a niche 

and nutrients for the microbes while the microbes are proposed to play a role in 

the processing of waste products, transfer of nutrients, and production of 

secondary metabolites for chemical defence (Turque et al., 2008; Wang, 2006; 

Webster & Blackall, 2008; Taylor et al., 2007a).  

 

It is estimated that only a small percentage of the sponge-associated microbial 

consortium is culturable making culture-independent characterization techniques 

of importance in obtaining a true understanding of the sponge-associated 

microbial diversity. The most accurate and widely used techniques involve DNA 

fingerprinting techniques such as denaturing gradient gel electrophoresis (DGGE) 

and terminal restriction fragment length polymorphism (TRFLP), coupled with 16S 

rRNA sequence analysis (Taylor et al., 2007a; Newman & Hill, 2006; Webster et 

al., 2001; Enticknap et al., 2006; Lee et al., 2009). The 16S rRNA gene fragment 

is a large polynucleotide of approximately 1 500 bases that functions as part of the 

small subunit of the prokaryote ribosome (the eukaryote counterpart is 18S rRNA). 

The 16S rRNA sequence is highly conserved amongst species and can be used to 

obtain evolutionary information (Weisburg et al., 1991). Most of the 16S rRNA data 

available for sponge derived sequences is from bulk screening of sponge 
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samples, so the majority of the sequences represent uncultivated and unclassified 

species (Taylor et al., 2007b). A comprehensive phylogenetic analysis by Simister 

et al. (2012) on the 7 546 publicly available sponge derived 16S and 18S rRNA 

sequences revealed a number of sponge specific sequence clusters which were 

most well represented within the Chloroflexi, Cyanobacteria, Poribacteria, 

Betaproteobacteria and Acidobacteria (Simister et al., 2012). 

 

1.3.1 Sponge-associated microbial communities – a product of habitat or maternal 

instinct? 

The function of the non-transient sponge-associated bacterial communities and 

how they are transferred from generation to generation has been addressed by 

investigating an alphaproteobacterial symbiont common to many marine sponges. 

In a study by Webster et al. (2001) on the sponge Rhopaloides odorabile, the 

alphaproteobacterium NW001 was shown to have a probiotic function because all 

the sponge specimens containing this symbiont were healthy, while the two 

sponge specimens that lacked NW001 were infected with a disease-causing 

bacterium (Webster et al., 2001). Fluorescence in situ hybridization (FISH) with 

probes specific to NW001 showed the presence of this bacterium in the larvae of 

the sponge Mycale laxissima and that the bacteria were densely associated with 

the larvae rather than being evenly distributed throughout the mesohyl. This data 

demonstrated the transfer of a bacterial sponge-symbiont through to the gametes 

(Enticknap et al., 2006). 

 

There is a general consensus that sponges harbour diverse microbial populations, 

many of which are sponge-specific and are seldom obtained from the surrounding 

seawater (Jiang et al., 2007; Grozdanov & Hentschel, 2007; Wang, 2006). A 

comprehensive study of the marine sponges Myxilla incrustans, Haliclona 

rufescens, and Halichondria panacea from San Juan Island revealed that the 

bacterial communities found in the sponges were significantly different to and less 

diverse than those found in the water column from the same site (Lee et al., 2009). 

A combination of DGGE and TRFLP analysis was used to compare the bacterial 

communities of sponges within the same species collected at different 

geographical sites to each other and to the associated water column. The results 
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illustrated that although the sponge and bacterial community associations were 

sponge species-specific in some instances, as was the case for M. incrustans and 

H. rufescens, this was not always found to be true. H. panacea had different 

microbial profiles when collected at different sites indicating that the associated 

bacterial community was not sponge-species specific and was largely influenced 

by its geographical location (Lee et al., 2009).    

 

In a more recent study by Gerce et al. (2011), bacterial communities associated 

with the surfaces were compared to those present in the mesohyl of several 

Mediterranean sponge species (Agelas oroides, Chondrosia reniformis, Petrosia 

ficiformis, Geodia sp., Tethya sp., Axinella polypoides, Dysidea avara, and 

Oscarella lobularis) as well as with other reference surfaces and bulk seawater. 

Both high microbial abundance (HMA) sponges, defined as sponges that contain a 

high number of microbes, and low microbial abundance sponges (LMA), which 

contain a low number of microbes, were investigated. Bacterial communities 

associated with the mesohyls of sponges with high microbial abundance (A. 

oroides, C. reniformis, P. ficiformis, Geodia sp.), differed from those on the sponge 

surface and from those on reference surfaces, indicating that these microbial 

communities are conserved within the sponge. In contrast, the bacterial 

community associated with the mesohyl of low microbial abundance sponges (A. 

polypoides, D. avara and O. lobularis) reflected that on the sponge surface and on 

reference surfaces indicating a transient bacterial community that arose due to 

sponge filter activity. Bacterial communities within the mesohyl of HMA sponges of 

the same species showed a close relationship to each other and seemed to be 

conserved and sponge species-specific (Gerçe et al., 2011).   

 

1.3.2 Sponge-bacteria symbiosis 

The newly described bacterial phylum Poribacteria are found almost exclusively in 

sponges and were described as a sponge-specific candidate phylum (Fieseler et 

al., 2004, Taylor et al., 2007b). However, Webster et al. (2010) used 16S rRNA 

gene tag sequencing to detect members of the rare seawater biosphere and 

showed that Poribacteria were indeed present in the seawater column, albeit at a 

very low abundance. Bacterial-symbionts that are rare in the seawater biosphere 
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but prolific in the sponge tissue are now being referred to as seed organisms and 

their association with their host may have evolved far more recently than 

previously thought (Webster et al., 2010). The Poribacteria are one of only two 

prokaryotic lineages that show cell compartmentalization, the other being the 

Planctomycetes (Lindsay et al., 2001). Fieseler et al. (2004) screened the sponges 

Aplysina aerophoba, Aplysina fistularis, Aplysina insularis, Aplysina lacunose, 

Verongula gigantean, and Smenosponiga aurea for the presence of Poribacteria. 

A number of Poribacteria-specific FISH probes were designed and the 

fluorescence patterns obtained showed that the Poribacteria were abundant within 

sponge tissue. Siegl et al. (2011) used fluorescence-activated cell sorting and 

phi29 polymerase-mediated whole-genome amplification to isolate approximately 

70% of the genome of a member of the Poribacteria. This study (together with that 

done by Fieseler et al. in 2006) provided the first detailed insight into the functional 

properties and lifestyle of a potentially ancient bacterial sponge symbiont.  

 

From the genome sequence information it was extrapolated that the Poribacteria 

are Gram-negative mixotrophic bacteria capable of aerobic and anaerobic 

respiration, with the absence of chemotaxis and flagellar genes (Siegl et al., 

2011). The poribacterial genome contained two polyketide synthase (PKS) genes 

that are frequently found in sponge metagenomic libraries. PKSs are a family of 

enzymes that produce a large group of secondary metabolites known as 

polyketides. The discovery of sponge-associated PKS genes in a symbiotic 

poribacterium potentially links the production of secondary metabolites (thought to 

be produced by the host sponge) to symbiotic bacteria rather than to the sponge 

itself (Siegl et al., 2011, Fieseler et al., 2006). In a study by Hocmuth et al. (2010) 

the symbiont-rich sponge, Cacospongia mycofijiensis, a source of tubulin-inhibiting 

fijianolides, was analysed for PKS genes using large-scale sequencing. This study 

revealed a highly diverse set of PKS genes that clustered with a unique set of 

PKSs found exclusively in Poribacteria and which are proposed to be involved in 

methyl-branched fatty acid synthesis. There is increasing evidence to support the  

hypothesis that many sponge derived natural products are produced by sponge-

symbionts and that further insight into the metabolic activity of these symbionts is 

well worth the effort, as highlighted in a review by Webster & Taylor (2012). 
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In a recent pioneering study by Kamke et al. (2010) the 16S rRNA gene profiles 

for two sponges, Ancorina alata (a high microbial abundance sponge) and a 

Polymastia sp. (a low microbial abundance sponge), both collected in north-

eastern New Zealand, were compared. The 16S rDNA gene is present in all 

bacterial species and provides an indication of the total bacterial diversity present 

in the sponge, whereas cellular concentrations of 16S rRNA are generally 

correlated with growth rate and activity (DeLong et al., 1989;, Poulsen et al., 

1993). Hence the rRNA itself can yield useful information about which community 

members are active. The authors amplified both the DNA gene sequence coding 

for the 16S ribosomal RNA as well as the actively transcribed ribosomal RNA 

using the polymerase chain reaction (PCR) and the reverse transcriptase PCR 

(RT-PCR) respectively, constructed clone libraries and sequenced the inserts in 

pGEM-T easy recombinant plasmids.   

 

Analysis of the data revealed the presence of a highly diverse bacterial community 

in Ancorina alata, and a much lower diversity in Polymastia sp. There was 

substantial overlap between the 16S rDNA gene fragments and the transcribed 

16S ribosomal RNA evident at both the phylum and phylotype levels, indicating 

that the majority of the more dominant sponge-associated bacteria in both the 

sponges investigated were physiologically active. This active fraction included 

uncultivated, sponge-specific lineages within Actinobacteria, Chloroflexi, 

Spirochaeta and Gemmatimonadetes (Kamke et al., 2010). There was also 

overlap between the microbial consortium found in A. alata with that found in other 

sponges. This finding was not unexpected as there have been numerous reports 

on distantly related sponges as well as sponges found in different geographical 

locations sharing a subset of their microbial community (Radwan et al., 2010; 

Montalvo & Hill, 2011; Schmitt et al., 2012). This sponge associated microbial 

community is also usually absent or inconsequential in the surrounding water 

column (Jiang et al., 2007; Grozdanov & Hentschel, 2007; Taylor et al., 2007a; 

Wang, 2006).  
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1.4 The biotechnological potential of sponge associated microorganisms 

There is general consensus that sponges harbour diverse microbial populations, 

many of which are sponge-specific and are seldom obtained from the surrounding 

seawater (Jiang et al., 2007; Grozdanov & Hentschel, 2007; Wang, 2006). The 

sponge provides a niche and nutrients for the microbes while the microbes are 

proposed to play a role in the processing of waste products, transfer of nutrients, 

and production of secondary metabolites for chemical defence (Turque et al., 

2008; Wang, 2006; Webster & Blackall, 2008; Taylor et al., 2007a). It is this 

production of secondary metabolites by sponge-associated microbes that is of 

particular interest in the biotechnological application of sponge symbionts in the 

production of pharmacologically significant compounds. A comprehensive review 

by Thomas et al., (2010) outlines the production of clinically important bioactive 

compounds by sponge-microbe associations. Selected examples will be further 

discussed to illustrate the history and potential of this emerging field of science. 
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Figure 1.9  Diketopiperazines isolated from a sponge-associated Micrococcus sp. (Stierle et al., 

1988). 

Tedania ignis is commonly known as the fire sponge due to its ability to cause 

severe skin rashes on contact. Three diketopiperazines originally isolated from this 

marine sponge (Fig. 1.9), were later found to be produced by a Micrococcus sp. 

isolated from the same sponge (Stierle et al., 1988). This was the first discovery of 

a ‗sponge‘ compound being produced by a sponge-associated bacterium and 

helped to strengthen the hypothesis that sponge-associated marine 

microorganisms could be the source of many bioactive sponge natural products. 

Diketopiperazines are the smallest possible cyclic peptides. They have a wide 

range of biological activities including antitumor, antifungal, antibacterial and 

antiviral properties. Their small structure and simple design coupled with their 
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chiral nature makes diketopiperazines very popular precursors in drug design 

(Martins & Carvalho, 2007). 
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Figure 1.10  Secondary metabolites commonly isolated from O. spongeliae associated with L. 

herbacea (Unson et al., 1994; Flowers et al., 1998). 

The tropical marine shallow water sponge Lamellodysidea herbacea (formerly 

Dysidea herbacea), which is common throughout the Indo-Pacific, is associated 

with the intercellular filamentous non-heterocystous cyanobacterium Oscillatoria 

spongeliae (first described by Schulze, 1879). These cyanobacterial symbionts 

have been reported to be responsible for the production of a wide array of 

secondary metabolites including the chlorinated diketopiperazines, 

dihydrodysamide C and didechlorodihydrodysamide C (Fig. 1.10), both isolated 

from O. spongeliae associated with L. herbacea collected off the Great Barrier 

Reef, Australia (Flowers et al., 1998); and 2-(2',4'-dibromophenyl)-4,6-

dibromophenol (Fig. 1.10), collected off the coast of Caroline Island, Palau (Unson 

et al., 1994). This investigation into the cellular origin of ‗sponge‘ metabolites has 

been used as a model system that incorporates various microscopy techniques, 

centrifugation and chemical extraction to isolate the cellular source (be it different 

sponge cells or microbial symbionts) of extracted secondary metabolites. This 

model is often used to describe and study sponge-microbe associations (Unson et 

al., 1994; Flowers et al., 1998; Thomas et al., 2010).  
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1.4.1 Theonella swinhoei 
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Figure 1.11 Chemical structure of swinholide A (Fusetani et al., 1990) and scytophycin C (Carmeli 

et al., 1990). 
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Theonella swinhoei is classified within the order Lithistid, an artificial assemblage 

of species grouped together because their skeletons contain fused or interlocked 

spicules called desmas.  T. swinhoei is one of the most comprehensively studied 

marine sponges to date (Kho et al., 1981; Bewley & Faulkner, 1998; Fusetani et 

al., 1990, Qureshi & Faulkner, 2000; Ratnayake et al., 2006; Festa et al., 2011). 

The first compounds isolated from T. swinhoei were two new 4-methylene sterols, 

conicasterol and theonellasterol (Kho et al., 1981), followed by the isolation of 

theonellin, a novel bisabolene-type sesquiterpenoid with a conjugated diene unit, 

and its corresponding isothiocyanate and formamide (Nakamura et al., 1984). 

During the period 1984 to 1989 a number of secondary metabolites possessing 

potent bioactivities and novel chemical features were isolated from T. swinhoei for 

example swinholide A, bistheonellides, onnamide A, theonellamide F and S, and 

theonellapeptolides (Fusetani et al., 1990). In 1990 two novel cyclic peptides, 

cyclotheonamides A and B, were isolated and have since become important 

model compounds for serine protease inhibitors. Further examination of T. 

swinhoei resulted in the isolation of six new peptides related to the 

cyclotheonamides:  pseudotheonamides A1, A2, B2, C, D and 

dihydrocyclotheonamide A (Nakao et al., 1999, Fusetani et al., 1990). The number 

of bioactive compounds isolated from T. swinhoei is remarkable (Fusetani & 

Matsunaga, 1993) and is still on the increase with numerous novel compounds 

isolated since 2000 for example 7α-hydroxytheonellasterol (Qureshi & Faulkner, 

2000), theopapuamide (Ratnayake et al., 2006), koshikamide B (Araki et al., 

2008), and solomonsterols A and B (Festa et al., 2011).  

 

The initial interest in the microbiology of T. swinhoei was sparked by the 

complexity of its associated chemical structures as well as the discovery of 

‗symbiotic‘ blue-green algae (filamentous cyanobacteria) in the sponge tissue 

(Fusetani & Matsunaga, 1993). The structural similarity of swinholide A to 

scytophycin C (isolated from the terrestrial cyanobacterium Scytonema 

pseudohofmanni) (Fig. 1.11) led to the assumption that the filamentous 

cyanobacterium Aphanocapsa feldmanni (present in high numbers in T. swinhoei) 

was responsible for the production of swinholide A (Carmeli et al., 1990; Kitagawa 

et al., 1990).  
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It was finally shown that swinholide A was limited to the mixed population of 

unicellular heterotrophic bacteria and the anti-fungal cyclic peptide 

theopaluaumide was associated with the filamentous heterotrophic bacterial 

fraction (Bewley et al., 1996). Subsequent application of molecular approaches 

identified this filamentous bacterium as a previously unknown 

deltaproteobacterium with close association to the myxococcales and designated 

as Entotheonella palauensis (Schmidt et al., 2000). Interestingly, 16S rRNA 

sequences that showed 98% identity to that of the filamentous 

alphaproteobacterium E. palauensis were detected in T. swinhoei specimens 

containing the closely related metabolites theonegramide and theonellamide F.  

These 16S rRNA sequences were absent in sponges with different metabolites 

(Piel, 2004) and therefore are proposed to be chemical markers for symbiosis of 

E. palauensis with sponges (Thomas et al., 2010). The discovery of sponge-

associated microbes that produce supposed ‗sponge‘ metabolites is on the 

increase (this topic is comprehensively reviewed by Thomas et al., 2010) and 

provides the opportunity for a biotechnology approach to the production of 

pharmaceutically relevant sponge-associated natural products. 

 

1.4.2 Manzamine A 

 

N

N

OH

N

N
HH

N

N

OH

H

manzamine A tetracyclic ABCE ring substructure 

Figure 1.12 Chemical structure of Manzamine A (Sakai et al., 2002) and tetracyclic ABCE ring 

substructure (Li et al., 1998). 
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Manzamine A (Fig. 1.12) was isolated by Sakai & Higa in 1986 from a deep water 

Indonesian sponge Acanthostrongylophora sp. collected off the coast of 

Manzamo, Okinawa. Initial interest in this compound was due to its inhibition of 

P388 mouse leukaemia cells (IC50 = 0.07 µg/ml) (Sakai et al., 2002). In later 

research manzamine A showed the most promising antimalarial activity within the 

class of manzamine alkaloids, which are characterised by a unique polycyclic ring 

system coupled with a β-carboline moiety. Manzamine A showed improved 

potency against the malaria parasite, Plasmodium falciparum, in vitro and in vivo 

compared to the clinically used drugs chloroquine and artemisinin; and it also 

showed activity against Mycobacterium tuberculosis. However, the major 

drawback was the toxicity associated with higher dosing schedules. Further 

research into the structure-activity relationship of manzamine A was therefore 

necessary to better understand the functional role of each moiety of this complex 

antimalarial compound (Wahba et al., 2009). Due to the chemical complexity of 

manzamine A, synthetic studies are often focused on the synthesis of a number of 

―core ring structures‖ making up the manzamine A molecule (for example the 

tetracyclic ABCE substructure I) (Li et al., 1998) as the total synthesis of 

manzamine A is complex and expensive. The discovery of a means of producing 

manzamine A fairly easily and in high yields would therefore contribute 

significantly to research into the use of derivatives of this compound as 

pharmaceutically viable options for the treatment of resistant malarial strains 

(Hamann et al., 2005) 

 

Recently, Hamann et al. (2005) were able to successfully produce manzamine A 

by fermentation of the sponge-associated actinomycete, Micromonospora sp. 

strain M42, isolated from the Indonesian sponge Acanthostronglyophora. The use 

of this sponge-associated bacterium for the production of manzamine A has 

subsequently been patented enabling the synthesis of a number of manzamine 

derivatives with multiple pharmaceutical applications (Hamann et al., 2005). 
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1.4.3 Genomic approaches for the production of secondary metabolites 

associated with sponge symbionts 
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Figure 1.13  Chemical structure of pederin (Sakemi et al., 1988), onnamide A (Kellner & Dettner, 

1995), and discodermolide (Gunasekera et al., 1990). 

Many bacteria associated with sponges have not been cultured despite 

considerable effort .An alternative strategy, such as genomic approaches aimed at 

isolating the biosynthetic genes and expressing them in surrogate hosts, is 

necessary. This involves the construction and screening of metagenomic libraries, 

in which large pieces of DNA isolated from mixed populations without prior 

cultivation are cloned and screened for targeted genes. Genes encoding putative 
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enzymes involved in pederin, bryostatin, and onnamide (Fig. 1.13) biosynthesis 

have been cloned from metagenomic libraries of a beetle, a bryozoan, and a 

sponge, respectively (Schirmer et al., 2005). 

 

Of the 109 bacterial isolates cultured from four South China Sea sponges; namely 

Steletta tenuis, Halichondria rugosa, Dysidea avara and Craniella australiensis; 

thirteen Firmicutes and two Proteobacteria have been shown to contain non-

ribosomal peptide synthetase (NRPS) adenylation (A) domain genes (Zhang et al., 

2008). Antimicrobial bioassays confirmed that all the bacteria containing the NRPS 

genes had antimicrobial properties, and most of them indicated activity against 

fungi, Gram-positive and Gram-negative bacteria. This combined molecular and 

bioassay strategy provides a useful tool in the isolation of sponge-associated 

bacteria that have the potential to synthesize bioactive compounds (Zhang et al., 

2008). The isolation of an uncultured Pseudomonas sp. as the most likely 

producer of the antitumor polyketide pederin in Paederus fuscipes beetles 

precipitated an investigation into the metagenome of the marine sponge T. 

swinhoei, which is the source of the onnamides and theopederins, a group of 

polyketides that structurally resemble pederin (Piel et al., 2004). Sequence 

features of the isolated PKS genes indicated that they were of prokaryotic origin 

and were predicted to be responsible for the biosynthesis of almost the entire 

portion of onnamide that is correlated with antitumor activity (Piel et al., 2004).  

 

The sponge Discodermia dissoluta produces the promising antitumour compound 

discodermolide (Fig. 1.13), which causes extensive rearrangement of the 

microtubule skeleton and is able to arrest breast carcinoma cells during the G2- 

and M-phase at a concentration of 10 nM making it 100 times more effective than 

taxol (where a concentration of 1 µM is required to illicit the same response) 

(Gunasekera et al., 1990; ter Haar et al., 1996). In 1998 Novartis began phase I 

clinical trials despite the difficulty in obtaining sufficient quantities of this 

compound. Harvesting of the compound from D. dissoluta was unfeasible due to 

low yields and the instability of the compound in the presence of light. Chemical 

synthesis, which involved multiple steps with low yields, was therefore the only 

option at the time and the entire quantity of discodermolide used in the phase I 

clinical trials was obtained in this way. An alternate biosynthetic method was 
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suggested on the basis that the structure of discodermolide is consistent with 

biosynthesis by a bacterial type I modular PKS, although this has not been 

exclusively shown (Schirmer et al., 2005). The toxicity of discodermolide during 

the phase I clinical trials prevented further investigation into this compound as an 

anti-cancer therapy, although analogues with lower toxicity are still being 

investigated using both synthetic and biosynthetic approaches (Mickel, 2004). 

 

1.5 The sponge genus Tsitsikamma, a source of biologically active 

pyrroloiminoquinone metabolites and novel bacterial communities 

The genus Tsitsikamma belongs to the family Latrunculiidae. The most 

distinguishing morphological feature of the family Latrunculiidae are its 

microscleres, also known as discorhabds, which occur in a number of different 

forms (Kelly & Samaai, 2002). They can either have two whorls of spines or two or 

three discs on a straight or spined axial rod; and they can have one swollen 

spined end, both ends spined or both ends smooth. Latrunculid sponges 

sometimes have what is known as chessman spicules that are often aggregated 

into a dense ectosomal crust (Kelly & Samaai, 2002). Southern hemisphere 

Latrunculiidae sponges are commonly found in cold water environments off the 

coast of Antarctica, New Zealand, Australia, Tasmania and South Africa. They are 

abundant off the temperate southeastern coast of South Africa and are often 

found on sheltered rocky reefs down to a depth of 50 m. They are of particular 

interest due to their production of bioactive alkaloid pigments which possess a 

characteristic pyrroloiminoquinone core (Antunes et al., 2004; Antunes et al., 

2005).  
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Figure 1.14 Secondary metabolites isolated from the South African marine sponge Tsitsikamma 

pedunculata (Antunes et al., 2004) and Tsitsikamma favus (Hooper et al., 1996; 

Antunes et al., 2005). 

The genus Tsitsikamma is endemic to the south-eastern coast of South Africa and 

is currently comprised of three species, namely T. pedunculata, T. favus and T. 

scurra. T. scurra has not been well studied and there is no published information 

available on this sponge.  T. pedunculata, an unusual, stalked, golf ball-shaped 

sponge, was first collected in Algoa Bay in late 1999. T. pedunculata yielded the 

known compounds 14-bromodiscorhabdin C, 14-bromo-3-dihydrodiscorhabdin C, 

and 3-dihydrodiscorhabdin C. Further analysis also identified four novel, minor 

metabolites; 3-dihydro-7,8-dehydrodiscorhabdin C, 14-bromo-3-dihydro-7,8-

dehydrodiscorhabdin C, discorhabdin V, and 14-bromo-1-hydroxydiscorhabdin V 

(Fig. 1.14) (Antunes et al., 2004). Discorhabdins are well known for their general 

cytotoxicity and a previous investigation of discorhabdin A showed that it was able 

to cause extensive DNA single stranded scission (Barrows et al., 1993). In an 

investigation by Antunes et al. (2004) the discorhabdins isolated from T. 

pedunculata all showed varying levels of cytotoxicity when screened against the 

common human colon tumor cell line HCT-116. 
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T. favus was first collected in 1994 by SCUBA at a depth of approximately 20 m in 

the Tsitsikamma marine reserve and a detailed description of the sponge was 

reported by Kelly & Samaai (2002). The secondary metabolites of Tsitsikamma 

favus were first investigated by Hooper et al (1996) and three major 

pyrroloiminoquinones, namely tsitsikammamine A, tsitsikammamine B, and 14-

bromo-3-dihydro-discorhabdin C, were isolated (Fig. 1.14). Due to improvements 

in chromatographic and spectroscopic techniques, T. favus was subsequently re-

investigated with the focus on characterising minor pyrroloiminoquinone 

metabolites and the new pyrroloiminoquinones tsitsikammamine N-oxime, 

tsitsikammamine B N-oxime, 7,8-dehydro-3-dihydrodiscorhabdin C, 14-bromo-1-

hydroxy-discorhabdin S, and 2,4-debromo-3-dihydrodiscorhabdin C were isolated 

(Antunes et al., 2004) (Fig. 1.14). The two major compounds isolated from T. 

favus, tsitsikammamine A and tsitsikammamine B, which are both bis-

pyrroloiminoquinone secondary metabolites, are unique to T. favus and have not 

been isolated from any other sponge of the genus Tsitsikamma (Antunes et al., 

2004).  Both tsitsikammamine A and tsitsikammamine B performed well in the 

HCT-116 colon tumor cell line screen, showing high levels of cytotoxicity. Their 

structural similarity to the topoisomerase I inhibitor wakayin led to further studies 

into their ability to cleave DNA through topoisomerase I inhibition. Both 

tsitsikammamine A and B were shown to have topoisomerase I inhibition and DNA 

intercalation properties equal to that of wakayin. Interestingly, the tsitsikammamine 

N18-oxmies were inactive in the HCT-116 cytotoxicity screen indicating that the 

molecular structure of the pyrroloiminoquinone compounds is of paramount 

importance to their activity (Antunes et al., 2004). 
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Figure 1.15 Pyrroloiminoquinones from unrelated sources – tsitsikammamine A (marine sponge, 

Antunes et al., 2005), wakayin (ascidian, Copp et al., 2002), makaluvamine A (sponge 

and myxomycete, Ishibashi et al., 2001), ammosamide A and B (Streptomyces, 

Hughes et al., 2009), mycenarubin A (mushroom, Peters & Spiteller, 2007a) and 

lymphostin (Streptomyces and Salinospora, Nagata et al., 1997 and Miyanaga et al., 

2011). 
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Wakayin (Fig. 1.15), isolated from a Fijian ascidian Clavelina sp., is a related bis-

pyrroloiminoquinone with structural similarities to the tsitsikammamines (Copp et 

al., 2002) that also inhibits topoisomerase I catalysed relaxation of DNA and is a 

good DNA intercalator (Kokoshka et al., 1996). Wakayin is one of a number of 

pyrroloiminoquinone secondary metabolites isolated from a phylum other than 

Porifera. The other non-sponge pyrroloiminoquinones are all isolated from 

microbial sources and include makaluvamine A, isolated from the myxomycete 

Didymium bahiense (Ishibashi et al., 2001) (discussed in section 1.2.7); 

ammosamide A and B, isolated from the Streptomyces strain CNR-698 (Hughes et 

al., 2009); lymphostin, isolated from both the Streptomyces sp. KY11783 (Nagata 

et al., 1997) and a Salinispora spp. (Miyanaga et al., 2011) and the mycenarubins  

and sanguinones, isolated from mushrooms of the genus Mycena (Peters & 

Spiteller, 2007a; Peters & Spiteller, 2007b).   
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Figure 1.16 Putative biosynthetic pathway for the synthesis of pyrroloiminoquinones with 

tryptophan as a precursor (taken from Antunes et al., 2005). 
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Antunes et al. (2005) proposed a putative biosynthetic pathway for the 

pyrroloiminoquinones (Fig. 1.16) that starts with tryptophan as a precursor, which 

is then decarboxylated by the enzyme tryptophan decarboxylase to form 

tryptamine. Tryptamine is modified by the appropriate functionalization and 

oxidation to give rise to the pyrroloiminoquinone backbone. Tyramine, a derivative 

of phenylalanine, is then added to give rise to the makaluvamines, which are then 

modified in various ways to give rise to the discorhabdins and tsitsikammamines 

(Lill et al., 1995; Urban et al., 2005; Antunes et al., 2005). Miyanaga et al., (2011) 

elucidated the biosynthetic pathway for the production of lymphostin in the marine 

actinobacteria Salinispora tropica and Salinispora arenicola, using tryptophan as a 

precursor. Genome sequencing of S. tropica and S. arenicola revealed a unique 

hybrid NRPS-PKS locus that has been assigned to the production of the 

pyrrolo[4,3,2-de]quinoline core characteristic of pyrroloiminoquinone metabolites. 

T. favus and T. pedunculata both have the discorhabdins 7,8-dehydro-3-

dihydrodiscorhabdin C, 14-bromo-3-dihydrodiscorhabdin C and 14-bromo-1-

hydroxy-discorhabdin V  in common.  According to the biosynthetic pathway, 

proposed by Antunes et al. (2005) all of the secondary metabolites isolated from 

the Tsitsikamma sponges have makaluvamines, which have been shown to have 

a microbial source (Ishibashi et al., 2001), as an intermediate.  
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1.6 Hypothesis 

The pyrroloiminoquinone core and/or many of the intermediates and/or the final 

secondary metabolites associated with sponges within the Tsitsikamma genus are 

produced by one or a group of closely related microbial symbionts.  

 

1.7. Research Objectives 

1. To collect and characterise Tsitsikamma sponge specimens using taxonomic, 

chemotaxonomic and molecular based techniques. 

 

2. To characterise the diversity and population structure of microbial consortia 

associated with sponge species from the genus Tstsikamma and to compare them 

with those of other Latrunculid sponge species. 

 

3. To isolate and culture sponge-associated bacteria and screen for secondary 

metabolite production. 
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Chapter Two 

SPONGE IDENTIFICATION AND CHEMICAL CHARACTERISATION 

 

2.1 Introduction 

Taxonomic identification of sponges is based on their physical morphology (size, 

shape, colour, distribution and shape of the oscular fistules and aerolate 

porefields) as well as the type of spicules found within the sponge tissue (Kelly & 

Samaai, 2002). All species of Latrunculiidae possess aniso(acantho)discorhabds 

or ―chessman‖ spicules (Fig. 2.1) that have a straight shaft with four whorls of 

spines that frequently coalesce to form a full or partial disc. 

Isochia(acantho)discorhabds, with a stout straight shaft bearing three whorls of 

terminally acanthose truncate tubercles, characterise species of Tsitsikamma 

(Kelly & Samaai, 2002). 

 

 

Figure 2.1 Schematic representation of spicule structure used to describe the discorhabd 

spicules of sponges belonging to the family Latrunculiidae (taken from Kelly & 

Samaai, 2002) 

Alternately, chemotaxonomic markers can be used for identifying sponges. 

However, this method cannot be used in isolation as many sponges from different 

families share similar chemistry, and it should therefore rather be used as a 

means of confirming the initial taxonomic identification based on morphology 

(Antunes et al., 2005; Urban et al., 2000). In the case of Tsitsikamma favus 

however, the tsitsikammamines are considered taxonomic markers of this species 
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as they have, to date, only been isolated from this species of sponge (Antunes et 

al., 2005). The previous isolation and characterisation of T. favus natural products 

was conducted on a batch collection of sponge specimens harvested from the 

Tsitsikamma Marine Reserve, off the south-eastern coast of South Africa (Hooper 

et al., 1996; Antunes et al., 2004). This protected wildlife area has unique 

biodiversity coupled with a turbulent and unpredictable coastline. Its protected 

status coupled with the temperamental diving conditions make collection of 

samples in this area logistically difficult. Consequently, the T. favus specimens 

collected for this study were from Evans peak in Algoa Bay. Collection of sponge 

specimens from this area is still very weather dependent but easier to access than 

those found in the Tsitsikamma Marine Reserve.  

 

An emerging field in sponge taxonomy is the use of genetic markers to distinguish 

between sponge species. This is still a relatively new and underexplored field and 

there is limited data available on databases such as Genbank and the Sponge 

Barcoding Project. The most common locus used for molecular identification is a 

710 bp fragment of the mitochondrial cytochrome c oxidase subunit I gene 

(COX1), which can be PCR amplified using primers derived from conserved 

regions (Folmer et al., 1994). The COX1 is one of the most highly conserved 

protein-coding genes in the mitochondrial genome of animals (Folmer et al., 1994; 

Brown, 1985).  A number of other ‗barcoding‘ regions have also been suggested, 

including the cytoplasmic 28S and 18S rRNA gene fragments, the nuclear protein 

elongation factor 1-α (EF1α) and the ribosomal internal transcribed spacer (ITS) 

regions (Erpenbeck et al., 2006a;  Worheide et al., 2004). The aim of the research 

described in this chapter was to identify the sponge specimens collected in Algoa 

Bay using both traditional taxonomy and molecular based techniques, as well as 

to investigate the secondary metabolite profiles of T. favus and T. scurra 

specimens. 
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2.2 Methods and Materials 

2.2.1 Sponge collection 

All sponge specimens were collected by SCUBA in Algoa Bay, South Africa and 

morphologically identified by Dr Shirley Parker-Nance (Centre for African 

Conservation Ecology, Nelson Mandela Metropolitan University). T. favus 

specimens Sp01, Sp02 and Sp03 as well as other T. favus sponges used for 

chemical analysis were collected within 1 m of each other at a depth of 

approximately 30 m at Evans Peak (33°50.578S; 25°48.988E) in May 2009. The 

batch collection of sponges for chemical analysis was also collected at the same 

geographical location and at the same time. Specimens Sp04 - Sp17 were 

collected from the same location in May 2010. Specimens Sp18, Sp21 and Sp22 

and specimens Sp19, Sp23 and Sp24 were collected from Evans Peak and 

Phillips Reef (33°58.4245S; 25°40.869E) respectively in August 2010, while 

specimens Sp25, Sp26 and Sp27 were collected in April 2011 at Evans Peak. All 

sponges were collected in separate ziplock bags together with seawater from their 

immediate vicinity, were maintained at 4˚C and processed within 3 hrs of 

collection.  

 

The sponges were processed separately so as to prevent cross-contamination. All 

sponge specimens were rinsed in sterile artificial seawater (ASW) (24.6 g NaCl, 

0.67 g KCl, 1.36 g CaCl2.2H2O, 6.29 g MgSO4.7H2O, 4.66 g MgCl2.6H2O and 0.18 

g NaHCO3 made up to 1 litre with double-distilled water) to remove any transient 

microorganisms associated with the surrounding seawater. Specimen Sp02 was 

gently squeezed and the liquid obtained in this way (seawater squeezed from the 

sponge) will further be referred to as Sp02*. Ideally, seawater surrounding the 

sponges should have been collected and filtered but this was not possible at the 

time. Where two sponges were found growing in close association with one 

another (as was the case for T. scurra and its associated yellow encrusting 

sponge) the yellow sponge was peeled off the surface of T. scurra leaving little to 

no yellow sponge residue behind. A wedge (extending from the centre of the 

sponge to the perimeter) was then aseptically cut from each of the sponge 

specimens and ground with a mortar and pestle in 5 ml ASW for 2 min to release 

the sponge-associated microorganisms. Approximately 1.5 ml aliquots of 
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dissociated sponge tissue were pelleted by centrifugation at 16,000 x g for 5 min 

and the pellet stored at -80 °C until later being used for DNA extractions. Glycerol 

stocks were prepared by adding 750 µl dissociated sponge tissue to 750 µl 2 x 

MA2216 broth (Difco):glycerol (50:50) and stored at -80 °C. The freshly collected 

sponges were then further processed for the isolation of culturable sponge-

associated microorganisms (see Chapter 5). The remaining sections of the 

sponge specimens were then stored at -20 °C. 

 

2.2.2 Morphological identification of sponge specimens 

The sponge specimens were identified by Dr Shirley Parker-Nance and Dr Toufiek 

Samaai (Oceans and Coast, South African Department of Environmental and 

Water Affairs). Taxonomic identification of sponges was based on their physical 

morphology (size, shape, colour, distribution and shape of the oscular fistules and 

aerolate porefields) as well as the type of spicules found within the sponge tissue 

(Kelly & Samaai, 2002). 

 

2.2.3 Total genomic DNA extraction from sponge tissue 

A number of DNA isolation techniques were tried, namely the CTAB method 

(Ausubel et al., 1999), the lysozyme method (Yeates et al., 1998), the 

Fungal/Bacterial DNA miniprep (Zymo Research) and the guanidinium thiocyanate 

method (modified protocol from Pitcher et al., 1989). The guanidinium thiocyanate 

method consistently produced more DNA product with less shearing and RNA 

contamination and was therefore used as the primary method of DNA isolation. 

The precise protocol used is described as follows: Frozen sponge pellets (from 1.5 

ml dissociated sponge tissue) were resuspended in 350 µl Tris-EDTA (TE) buffer 

(pH 8.0) with 200 µl acid-washed sterile glass beads. The glass bead and sponge 

tissue suspension was then vortexed for six 30 sec cycles, with 30 sec on ice 

between each cycle. The glass beads were allowed to settle, the supernatant was 

transferred to a sterile 1.5 ml microfuge tube, and 300 µl guanidinium thiocyanate 

buffer was added (60 g guanidinium thiocyanate in 20 ml 100 mM Tris-EDTA 

made up to 100 ml with double-distilled water). A 200 µl volume of a 10 M 

ammonium acetate solution was added, followed by an equal volume of phenol 
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(equilibrated to pH 8.0 using TE buffer). After centrifugation (16,000 x g) for 10 min 

the aqueous layer was transferred to a sterile 1.5 ml microfuge tube. A half volume 

of chloroform:isoamylalcohol (24:1) was added, mixed and the two phases 

separated by centrifugation (16,000 x g) for 10 min and the aqueous phase was 

then transferred to a sterile 1.5 ml microfuge tube. This step was repeated, after 

which a half volume of ice-cold isopropanol was added to precipitate the nucleic 

acids at -20 °C for 2 h. The nucleic acids were pelleted by centrifugation (16,000 x 

g) for 5 min, washed with ice-cold 70% ethanol, re-pelleted by centrifugation 

(16,000 x g) for 5 min, dried and resuspended in TE buffer (pH 8.0). The 

resuspended nucleic acids were treated with RNase A at 37 °C for 1 h and the 

DNA was ethanol-precipitated, dried and resuspended in TE buffer (pH 8.0). 

 

2.2.4 General PCR amplification protocol 

PCR reactions were performed using 0.3 µM of each primer, 10 ng DNA, and 1 

unit KAPA Taq (KAPA Biosystems) in a 50 µl reaction volume, unless otherwise 

stated. KAPA Taq does not have proofreading capabilities, but according to the 

manufacturer, will incorporate an average of 4.0 x 104 nucleotides before an error 

occurs. 

 

2.2.5 Molecular identification and phylogenetic analysis of sponge species  

The LCOX1490 forward primer (5‘-GGT CAA CAA ATC ATA AAG ATA TTG G-3‘) 

and HCO2198 reverse primer (5‘-TAA ACT TCA GGG TGA CCA AAA AAT CA-3‘) 

were used to amplify the standard 650 nt COX1 gene fragment (Folmer et al., 

1994). The LCOX1490 forward primer and C1Npor2760 reverse primer (5‘-TCT 

AGG TAA TCC AGC TAA ACC-3‘) (Erpenbeck et al., 2006b; Herbert & Gregory, 

2005; Poppe et al., 2010) were used for PCR amplification of the extended 1250 

nt COX1 gene fragment. DMSO (8% of total volume) and MgCl2 (final 

concentration of 2 mM) were added to optimize the PCR amplification using the 

following thermal cycling parameters: 95 °C for 1 min; 30 cycles at 95 °C for 45 

sec, 45 °C for 45 sec, and 72 °C for 2 min; followed by 72 °C for 5 min. PCR 

fragments were ligated into pGEM-T Easy (Promega) and the nucleotide 

sequence of the COX1 gene fragments was determined by Sanger sequencing.   
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The PCR primers RD3A (5‘-GAC CCG TCT TGA AAC ACG A-3‘) and RD5B2 (5‘-

ACA CAC TCC TTA GCG GA-3‘) (McCormack & Kelly, 2002) were used to 

amplify the 650 bp D3 – D5 fragment of the 28S rRNA gene. PCR amplification 

was performed with KAPA Taq and additional DMSO (8% of total volume) and 

MgCl2 (final concentration of 2 mM), using the following thermal cycling 

parameters: 95 °C for 5 min; 35 cycles at 94 °C for 30 sec, 45 °C for 20 sec, and 

72 °C for 1 min; followed by 72 °C for 10 min. PCR fragments were ligated into 

pGEM-T Easy (Promega), and the nucleotide sequence of the 28S rRNA gene 

fragments was determined by Sanger sequencing.  

 

Selected sponge specimens were subjected to PCR amplification by all three of 

the above mentioned primer pairs (in triplicate). Where PCR amplification was 

successful the PCR fragments were ligated into pGEM-T Easy and 5 clones from 

each sponge specimen were sent for sequencing. The resultant nucleotide 

sequences for each sponge specimen were aligned and checked for single 

nucleotide polymorphisms. All the available sponge sequences (some of the 

clones sequenced contained PCR fragments from eukaryotic sponge inhabitants) 

were used in the phylogenetic analysis conducted in MEGA5 (Tamura et al., 

2011). The evolutionary history was inferred using the Neighbor-Joining method 

(Saitou & Nei, 1987). The percentage of replicate trees in which the associated 

taxa clustered together in the bootstrap test (100 replicates) is shown next to the 

branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in 

the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The evolutionary distances were computed using the Maximum 

Composite Likelihood method (Tamura et al., 2004). 

 

2.2.6 Isolation of the major secondary metabolite from a batch collection of T. 

favus.  

Combined frozen sponge tissue (from several sponges collected at the same time 

and location as Sp01, Sp02 and Sp03) was cut into 1 cm3 blocks and lyophilised 

for 2 days, yielding approximately 188 g of dry sponge tissue. A litre of methanol 

was added to the lyophilised tissue and allowed to soak for 3 days. The methanol 
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extract was then filtered through cotton wool to remove sponge fragments, 

precipitated salt, and sand. Sponge tissue was re-extracted with 1 litre of methanol 

for a further 2 days. The two methanol extracts were combined and concentrated 

in vacuo to yield 7.6 g of lyophilised crude sponge extract. Approximately half (3.6 

g) of this lyophilised sponge extract was dissolved in 130 ml of methanol and 

cyclic-loaded onto a PSDVB (HP20, 150 ml) column, which was then flushed with 

450 ml of de-ionised water and eluted with 450 ml volumes of 25%, 40%, 60%, 

80% and 100% acetone (in de-ionised water). The fractions were back-loaded 

onto a PSDVB (HP20, 50 ml) column.  The 25% and 40% fractions were eluted 

with 150 ml methanol while the 60%, 80% and 100% fractions were eluted with 

150 ml acetone. All fractions were concentrated in vacuo and analysed using 600 

MHz proton Nuclear Magnetic Resonance (NMR). All NMR spectra were acquired 

on a Bruker 600 MHz Avance II spectrometer. Deuterated methanol (MeOD) was 

used as the solvent. 

 

A C18 reversed phase silica column (LiChroprep RP-18, 40-63 µm, Merck) was 

used to perform flash chromatography on the 25% acetone PSDVB fraction (62.8 

mg). After the 25% fraction was loaded, the C18 column was eluted with an 

increasing percentage of methanol (in double-distilled water supplemented with 

0.05% trifluoroacetic acid). The chromatography was done primarily based on the 

colour differences of the eluted fractions which were visible as yellow, green and 

red bands on the column. Analytical normal phase thin layer chromatography 

(TLC) performed on DC-Plastiekfolien Kieselgel 60 RP-18 F254 plates was used 

for the analysis of the fractions which were viewed under UV light (254 nm). 

Fractions with similar TLC patterns were combined, concentrated in vacuo and 

analysed by 600 MHz proton NMR.  

 

The fractions eluted with 25% methanol were further purified by reversed phase 

high performance liquid chromatography (HPLC) using a Spectra-Physics 

Spectra-Series P100 isocratic pump and a Waters 410 Differential Refractometer. 

A mixture of double-distilled water (supplemented with 0.05% trifluoroacetic acid) 

and chromatography grade methanol was used as the mobile phase and 

separation by reversed phase HPLC yielded a pure compound (1.6 mg). Proton 
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(1H) NMR and Heteronuclear Multiple Bond Correlation (HMBC) NMR 

spectroscopy techniques were used in the chemical analysis.  

 

2.2.7 NMR stack plot comparison of a crude extract of T. favus specimens Sp01, 

Sp02 and Sp03 

An approximately 50 cm3 portion of frozen sponge material from T. favus 

specimens Sp01, Sp02 and Sp03 were cut into 1 cm3 blocks and lyophilised to 

yield 4.2 g, 4.4 g and 4.5 g of dry tissue respectively. The lyophilised sponge 

tissue was then extracted with 30 ml methanol overnight. The methanol extracts 

were cyclic-loaded onto PSDVB (HP20, 7 ml) columns, which were flushed with 30 

ml of de-ionised water and eluted with 30 ml volumes of 25% acetone (in de-

ionised water). The 25% acetone fractions were back-loaded onto PSDVB (HP20, 

5 ml) columns and eluted with acetone before being concentrated in vacou to yield 

8.6 mg, 6.4 mg, and 7.1 mg of crude sponge extract from Sp01, Sp02 and Sp03 

respectively. NMR spectra were acquired as described above and were stacked 

one on top of the other in order to directly compare the secondary metabolite 

profiles of the three sponge specimens. 

 

2.2.8 NMR stack plot comparison and mass spectrometry analysis of a crude 

extract of T. scurra and T. favus 

Pooled frozen sponge tissue from three T. scurra sponges (collected in May 2010 

and April 2011) was cut into 1 cm3 blocks and lyophilised for two days to yield 67 g 

of dry tissue. The lyophilised tissue was soaked in 300 ml of methanol for three 

days after which the methanol extract was filtered through cotton wool to remove 

sponge debris. Sponge tissue was re-extracted with 300 ml of methanol for a 

further day. The two methanol extracts were combined and cyclic-loaded onto a 

PSDVB (HP20, 50 ml) column, which was then flushed with 150 ml of de-ionised 

water and eluted with 150 ml volumes of 25%, 40%, 60%, 80% and 100% acetone 

(in de-ionised water). The fractions were back-loaded onto a PSDVB (HP20, 20 

ml) column.  The 25% and 40% fractions were eluted with 60 ml methanol while 

the 60%, 80% and 100% fractions were eluted with 60 ml acetone. All fractions 

were concentrated in vacuo to yield 16.1 mg, 14.1 mg, 45.5 mg, 288 mg, and 
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185.7 mg respectively. NMR spectra were acquired as described above. The 25%, 

40% and 60% fractions were separated on a Waters ultra-high performance liquid 

chromatographic (UPLC) system using a Waters Ethylene Bridged Hybrid (BEH) 

C18 2.1 x 50 mm column at a flow rate of 0.4 ml/min with a water (with 0.1% formic 

acid) to acetonitrile gradient. The conditions employed for the analysis of 

pyrroloiminoquinones by liquid chromatography mass spectrometry (LCMS) using 

Electron Spray Ionisation (ESI) were: positive ion mode, capillary voltage 3 kV, 

cone voltage 15 V and Leucine enkaphelin as the lock mass. 

 

2.3 Results 

2.3.1 Sponge taxonomy 

 

Figure 2.2 Freshly collected Algoa Bay specimens identified as Tsitsikamma favus (A), 

Tsitsikamma scurra (with yellow encrusting sponge) (B) and Latrunculia sp. (C). 

Specimens Sp01, Sp02, Sp03 and Sp16 were identified as T. favus (Fig. 2.2A). 

Specimen Sp06 was identified as a new species within the genus Latrunculia 

(Latrunculia sp.) (Fig. 2.2C). Specimens Sp07, Sp09 and Sp11 were identified as 

T. scurra (Fig. 2.2B). Specimens Sp08, Sp10 and Sp12 are the yellow encrusting 

sponge found growing on the surface of T. scurra specimens Sp07, Sp09 and 

Sp11, respectively (Fig. 2.2B). Every T. scurra specimen collected had an 

associated yellow encrusting sponge growing on its surface. 
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2.3.2 Molecular Identification of sponges using the COX1 and 28S rRNA gene 

fragments 

Multiple specimens of each species of sponge were collected (except for the 

Latrunculia sp. for which only a single specimen was available) and gDNA from all 

these sponge specimens was subjected to PCR amplification using both the 

standard (Folmer et al., 1994) and the extended (Erpenbeck et al., 2006b) COX1 

fragment as well as the 28S rRNA fragment (Erpenbeck et al. 2006a; Heim et al., 

2007; Worheide et al., 2007). Where PCR amplification was successful, amplicons 

were cloned and used for DNA sequence analysis.  The resultant nucleotide 

sequences were aligned using ClustalW2 to determine the number of single 

nucleotide polymorphisms between individual samples within the same species 

and between species. Two high fidelity Taq polymerases (Roche Applied Science, 

KAPA Biosystems) were used but neither produced PCR products despite multiple 

attempts at optimising the reactions. Consequently, KAPA Taq (KAPA 

Biosystems) was used for all PCR amplifications, even though it does not have 

proofreading capabilities. A possible explanation for difficulties in obtaining PCR 

products for the sponge DNA with the barcoding primers (despite optimization) 

may be that there were chemical compounds within the sponge samples that 

inhibited the PCR process and that the KAPA Taq was least sensitive to these 

compounds. The PCR protocols for amplification of the standard COX1 fragment, 

the extended COX1 fragment and the 28S rRNA fragment were all optimized with 

all three Taq polymerases mentioned previously. The COX1 extended fragment 

was the least successful of the barcoding fragments (with limited success in 

obtaining a PCR product) while the 28S rRNA fragment had the highest success 

rate. 

 

Initial alignment of the standard COX1 fragment of  three T. favus and three T. 

scurra specimens showed three polymorphisms; namely C/T, A/G and T/A. 

However, the standard COX1 fragments showed no consistent differences in the 

657 bp sequence and the observed single nucleotide polymorphisms could have 

been as a result of PCR errors. This fragment was therefore not useful in 

delineating between T. favus and T. scurra. The standard Folmer COX1 fragment 

is the most widely used of the currently available genetic markers.  However it has 
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been observed that the reduced mitochondrial substitution rates common to the 

phylum Porifera may prevent separation of specimens below the genus level 

(Erpenbeck et al., 2006b; Folmer et al., 1994; Worheide et al., 2007).  As a result, 

the extended COX1 fragment has been proposed because it incorporates an 

additional 453 bp partition extending from the internal loop 3 to the 

transmembrane domain 11 (I3-M11 partition). Transversions are the dominant 

substitution types in the I3-M11 partition, which indicates a more progressive 

stage in character evolution and provides informative characters after shorter 

divergence times (Erpenbeck et al., 2006b).   

   

After several attempts, extended COX1 fragments were obtained for three 

specimens of T. favus and two specimens of T. scurra all of which were aligned.  

As was the case for the standard COX1 fragment, no consistent differences 

between T. favus and T. scurra were observed throughout the entire 1245 bp 

extended COX1 sequence.  Five SNPs; namely C/T, T/A, T/C, T/A and A/G; and 

two deletions were observed within the multiple alignment of the T. favus and T. 

scurra sequences. Again, all of these SNPs may have been due to PCR error. The 

standard COX1 fragment was therefore used in the phylogenetic studies (Fig. 2.3) 

because there is more data available on this fragment in the Genbank and 

Sponge Barcoding Project databases. The 28S rRNA gene fragment proved to be 

the most successful of the three barcoding fragments discussed, both due to its 

higher PCR amplification success rate and its ability to distinguish between the 

closely related T. favus and T. scurra. A multiple sequence alignment of three T. 

favus and three T. scurra specimens shows three conserved SNPs (from all three 

specimens of T. favus to all three specimens of T. scurra), namely A/G, T/C, and 

T/G, thus enabling us to distinguish between these two species of Tsitsikamma 

sponges. Three random SNPs, namely T/A, A/G and A/G, were also observed and 

may have been due to PCR error. The standard COX1 and 28S rRNA sequences 

(for T. favus, T. scurra, Latrunculia sp., and the yellow encrusting sponge) were 

used to construct phylogenetic trees (in MEGA5) using the Neighbour joining 

method. Outlier sponges were chosen as the most relevant sequences available 

in the Genbank database. 
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Figure 2.3 Neighbour-joining phylogenetic tree based on COX1 and 28S rRNA sequences of T. 

favus, T. scurra, Latrunculia sp., and the yellow encrusting sponge; as well as relevant 

outlier sponges. Genbank accession numbers are indicated in brackets and bootstrap 

values (100 replicates) are indicated at the nodes. The scale bar represents 1% 

sequence divergence. 

The COX1 phylogenetic tree shows clustering of T. favus and T. scurra. which 

was expected as the multiple sequence alignment showed no consistent 

differences between their nucleotide sequences. The Latrunculia sp. is also 

grouped close to the Tsitsikamma sponges (both the genus Tsitsikamma and the 

genus Latrunculia belong to the family Latrunculiidae). It is followed by 

Negombata magnifica which was chosen as an outlier species because it is the 
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closest match to the Tsitsikamma favus COX1 sequence in the NCBI BLAST 

database. It belongs to the family Podospongiidae, which together with the family 

Acarnidae, is closely related to the family Latrunculiidae (which includes the genus 

Tsitsikamma) due to their very similar microscleres (Antunes et al., 2005). 

Interestingly, N. magnifica is one of the most prolific producers of secondary 

metabolites belonging to the latrunculin family of compounds, which is named after 

its original discovery in sponges of the genus Latrunculia (El Sayed et al., 2006). 

The yellow encrusting sponge groups with species belonging to the genus Mycale. 

Mycale mirabilis (88% identity) and Mycale rotalis (97% identity) were the closest 

matches to the yellow encrusting sponge in the BLAST database for the COX1 

and 28S rRNA gene fragments respectively. The genus Mycale belongs to the 

family Mycaliidae, which is not closely related to the family Latrunculiidae. 

 

Both the 28S rRNA and COX1 phylogenetic analyses show a close relationship 

between T. favus and T. scurra thus confirming the morphological IDs. The 

drawback of the COX1 marker is that it was not able to differentiate between the 

closely related T. favus and T. scurra, even when the extended fragment was 

used. Although genetic markers offer a promising alternative to traditional 

taxonomy, they are not yet reliable enough to do so, given the difficulties involved 

in differentiating species to below the genus level. In addition, limited data is 

available on Porifera in databases such Genbank so increased research is 

certainly required in this field before genetic markers are routinely used in sponge 

taxonomy. Further insight into the chemistry of the two Tsitsikamma species may 

provide additional confirmation with regards to the taxonomy of these two sponge 

species, as well as insight into the relationship between sponge species and their 

associated secondary metabolite production.  

 

2.3.3 Isolation and characterisation of the major secondary metabolite in 

Tsitsikamma favus 

A batch collection of sponges (collected at Evans Peak, Algoa Bay at the same 

time and location as Sp01, Sp02 and Sp03) was lyophilised and extracted with 

methanol. The crude extract obtained in this way was separated using a series of 

chromatography techniques coupled with 1H and HMBC NMR spectroscopy to 
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characterise the major secondary metabolite(s). The NMR profiles were compared 

with those obtained from purified tsitsikammamine B isolated from T. favus that 

was collected in the Tsitsikamma National Park in a previous study (Antunes et al., 

2004).  

 

Figure 2.4 NMR spectra of the major secondary metabolite from T. favus. (Top) 
1
H NMR spectra 

(δH 2.8 ppm – 7.5 ppm) and (Bottom) HMBC spectra (δH 6.7 ppm – 7.5 ppm and δC 

180 ppm – 110 ppm).  The spectra of the major secondary metabolite isolated from a 

batch of T. favus specimens collected from Evans Peak, Algoa Bay in May 2009 

(pink) were compared with those of tsitsikammamine B isolated from a previous 

collection (Tsitsikamma Marine Reserve) of T. favus by Antunes et al. (2004) (blue). 

The 1H NMR and HMBC spectra of the major compound isolated from the May 

2009 collection of T. favus in Algoa Bay were consistent with those obtained for 

tsitsikammamine B isolated from the T. favus collected in the Tsitsikamma 
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National Park by Antunes et al. (2004) (Fig. 2.4), presenting strong evidence that 

the major compound isolated from the May 2009 collection of T. favus is 

tsitsikammamine B. This finding is consistent with the theory that tsitsikammamine 

B is consistently the major compound isolated from T. favus (Hooper et al., 1996; 

Antunes et al., 2004;), which together with the fact that, to date, it has only ever 

been isolated from T. favus, puts it in good stead to be used as a 

chemotaxonomic marker for this sponge species (Antunes et al., 2005). The 

identification of tsitsikammamine B as the major secondary metabolite from the 

May 2009 batch collection of T. favus sponges collected in Algoa Bay, also 

confirmed that even in different geographical locations, tsitsikammamine B is 

consistently the major compound being produced by this sponge species 

 

2.3.4 NMR and LCMS analysis of the secondary metabolite profile of T. favus and 

T. scurra specimens 

There have been few natural product studies comparing the secondary metabolite 

profiles of individual sponges of the same species found growing alongside one 

another, and no such study has previously been conducted on T. favus.  The 

secondary metabolite profile of individual sponge specimens within the same 

species was expected to vary slightly due to differences in individual sponge 

metabolism, possibly in response to pathogens or predators. Although the types of 

compounds produced are expected to remain constant, the ratios of these 

compounds to one another may vary slightly depending on what that individual 

sponge specimen has recently been exposed to. 

 

Accordingly a study was conducted comparing major secondary metabolites of 

three individual T. favus specimens (Sp01, Sp02 and Sp03). The lyophilised 

sponge material was extracted with 30 ml methanol, and the methanol extracts 

were then separated by HP20 reversed-phase chromatography. The 25% acetone 

fraction of each sponge was analysed by 1H NMR spectroscopy. The 1H NMR 

spectra were examined for the signals between δH 6.7 and 7.8 ppm, which is the 

region where the signature peaks indicating the presence of tsitsikammamines 

and other pyrroloiminoquinones (e.g. discorhabdins) are expected to occur. The 

upfield multiplets of the tsitsikammamines centred at δH 3.0 and 3.9 are obscured 
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by the methylene envelope arising from primary and other metabolites present in 

the crude 25% acetone fraction and the upfield region was therefore not included 

in the 1H NMR stack plot comparison. A comparison of the spectra showed that 

the signature compounds isolated from the three T. favus specimens were similar 

but that each sponge contained differing ratios of these compounds (Fig 2.5). As 

previously mentioned, the varying amounts of compounds between sponges of the 

same species may be in response to pathogens or predators. Alternatively, these 

variations may reflect differences in the relative abundance of the sponge-

associated bacterial communities if sponge-associated bacteria are responsible 

for the production of the pyrroloiminoquinones in T. favus.  

 

 

 

Figure 2.5 A section (δH 6.7 ppm - 7.8 ppm) of the 
1
H NMR spectra (600 MHz, MeOD) of the 

25% acetone fraction of a crude methanol extract of T. favus specimens Sp01 (black), 

Sp02 (blue) and Sp03 (pink), and T. scurra (green). 

Next, major secondary metabolites of T. scurra were investigated. The 1H NMR 

spectrum of T. scurra (green) is significantly different and does not resemble that 

of the three T. favus specimens (Figure 2.5) thus indicating that it potentially 

contained a different suite of secondary metabolites. Due to the significance of the 
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tsitsikammamines as chemotaxonomic markers for T. favus, T. scurra was further 

investigated for the presence of tsitsikammamines using LCMS. LCMS is an ideal, 

quick and exceptionally powerful analytical method due to its ability to achieve 

extremely low detection limits and to discriminate between peaks that co-elute 

during HPLC, and is therefore used extensively for metabolite profiling and 

identification (Brugger et al., 1997). The basic imine nitrogen present in all 

pyrroloiminoquinones is protonated with the addition of TFA to give the pseudo (M 

+ 1) molecular ion, which is easily detected by electron spray ionisation (ESI) 

LCMS, while the presence of bromine gives rise to a distinct molecular ion isotope 

pattern which is directly proportional to the number of bromines present within the 

compound. 
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Figure 2.6 Discorhabdin compounds identified in T. scurra using ESI LCMS with the M + 1 ion 

bromine isotopic cluster on the right. 
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The crude HP20 fractions of T. scurra were subjected to ESI LCMS with the aim of 

detecting pseudomolecular ions corresponding to some of the 

pyrroloiminoquinones previously found in T. favus and T. pedunculata. Three 

known compounds were detected from T. scurra (Fig. 2.6); namely 7,8-dehydro-3-

dihydrodiscorhabdin C, 14-bromo-1-hydroxy-discorhabdin V and 2,4-debromo-3-

dihydrodiscorhabdin C (with calculated M + 1 masses of 461.9453, 479.9558, and 

308.1399 corresponding almost exactly to the M + 1 ions detected, respectively). 

The M + 1 ion isotopic cluster (on the right) shows the presence of 2 bromine 

atoms, 2 bromine atoms, and 0 bromine atoms respectively. Tsitsikammamine B, 

consistently detected as the major compound in T. favus, was not present in any 

of the T. scurra fractions, confirming the exclusivity of this compound to T. favus. 

All three known compounds detected in T. scurra were common to T. favus and T. 

pedunculata, and are therefore common to all of the Tsitsikamma sponges studied 

to date (Antunes et al., 2004; Antunes et al., 2005). 

 

2.4 Discussion 

The objective of this chapter was to identify and investigate Algoa Bay Latrunculid 

sponges using traditional spicule taxonomy, chemotaxonomy and molecular 

taxonomy techniques. The chemical analysis of three specimens of T. favus 

reconfirmed the observation by Antunes et al. (2004) that tsitsikammamine B is 

consistently the major compound isolated from T. favus. However, the chemical 

profiles of the three specimens were not identical, with slight variations in the 

ratios of the secondary metabolites present which could be attributed to predation 

or infection. A comparison of the secondary metabolites associated with T. favus 

and T. scurra indicated a different chemical profile. Further ESI LCMS analysis 

indicated that T. scurra did not contain tsitsikammamines thus reinforcing the 

hypothesis that these compounds are produced strictly by T. favus. The three 

discorhabdins 2,4-debromo-3-dihydrodiscorhabdin C, 7,8-dehydro-3-

dihydrodiscorhabdin C and 14-bromo-1-hydroxy-discorhabdin V;  detected in T. 

scurra have previously been isolated from T. favus and T. pedunculata (Antunes 

et al., 2003; Antunes et al., 2004; Antunes et al., 2005) and, to date, have been 

found exclusively in association with the sponge genus Tsitsikamma (Antunes et 
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al., 2004; Antunes et al., 2005; Gribble et al., 2012).  These compounds may 

therefore be considered good chemotaxonomic markers for Tsitsikamma species. 

 

There was good correlation between the morphological and molecular taxonomy, 

showing a very a close relationship between T. favus and T. scurra. The 

Latrunculia sp. was more closely related to the Tsitsikamma sponges than the 

outlier sponge Negombata magnifica. However, the sponge barcoding fragments 

used were not entirely reliable, especially the COX1 gene which, even when using 

the extended fragment, was unable to distinguish between the Tsitsikamma 

sponge species. As a result this study points to a need to use more than one of 

the sponge ‗barcode‘ sequences to distinguish between species in the same 

genus. In addition, the data available on the Sponge Barcoding and Genbank 

databases is limited, with a number of different barcoding fragments represented 

throughout the limited data. A possible solution to this would be for all sponge 

taxonomists to use the same two or three barcoding fragments when identifying 

sponges and that this data should be uploaded into either the Sponge Barcoding 

Project or the Genbank databases. As it stands, the limited information available 

with regards to sponge genetic markers, coupled with the inconsistency of the 

barcoding fragments, makes it very difficult to use this method in isolation for 

identification of sponge specimens. 

  

The sponges Xestospongia muta and Xestospongia testudinaria were used as 

outliers in the COX1 phylogenetic tree due to a recent study by Montalvo & Hill 

(2011) where these sponges were classified as two different species based on 

their taxonomy but were shown to be identical according to the COX1 sequences. 

The study shows that the two sponges could actually be extremely closely related 

and may share a common ancestor despite having been classified as different 

species due to differences in their geographical distribution. An in depth study of 

the sponge-associated microbial community showed that these two species of 

sponge had very similar microbial communities but with distinct differences, which 

may be due to their lengthy geographical separation since the closing of the 

Isthmus of Panama at least 3 million years ago (Montalvo & Hill, 2011).  
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This study has shown that T. favus and T. scurra are taxonomically very similar 

based upon their COX1 and 28S rRNA gene sequence. However they may be 

associated with different conserved populations of bacteria, which may have been 

responsible for the observed differences in their secondary metabolite profiles. 

The diversity and population structure of bacteria associated with T. favus and T. 

scurra as compared with other sponges is the subject of Chapters three and four.  
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Chapter Three 
DIVERSITY AND POPULATION STRUCTURE OF TSITSIKAMMA FAVUS- ASSOCIATED 

BACTERIA 

 

3.1 Introduction 

A study into the secondary metabolites associated with Tsitsikamma favus 

(Chapter Two) revealed that tsitsikammamine B is consistently the major 

compound isolated. Additionally, it appears that tsitsikammamine B is restricted to 

T. favus as it was not detected in T. scurra and has not previously been detected 

in T. pedunculata (Antunes et al., 2004; Antunes et al., 2005). The secondary 

metabolite signatures of three specimens of T. favus indicated that the chemistry 

was conserved, albeit with differences in the ratios of the relevant compounds. 

The apparent exclusivity of the tsitsikammamines to T. favus and the consistency 

of secondary metabolite production between individual T. favus specimens 

instigated an investigation into the bacterial communities associated with T. favus 

using 16S rRNA molecular techniques. Molecular techniques such as 16S rDNA 

gene amplification and subsequent sequencing have greatly improved our ability 

to study the complex communities of sponge-associated bacteria (Wang, 2006). 

The 16S rRNA techniques involve PCR amplification of the DNA coding for the 

16S rRNA gene fragment, which is highly conserved in bacteria due to the 

fundamental role of 16S rRNA in protein synthesis (Rosella-Mora & Amann, 2001), 

and yet exhibits adequate differentiation between bacterial species to allow for 

clear identification (Brunk et al., 1996). Analysis of the DNA sequence of this gene 

fragment provides an accurate means of species identification and can be used 

for further phylogenetic studies (Lane, 1991).  

 

The aim of the research described in this chapter was to characterise the diversity 

and population structure of bacteria associated with T. favus, focusing on 16S 

rRNA sequence diversity, using three different approaches. Denaturing gradient 

gel electrophoresis (DGGE), clonal libraries of full length 16S rRNA genes as well 

as next generation sequencing (NGS) analysis were used to compare the 

microbial populations associated with T. favus specimens collected over two years 

(May 2009 and May 2010) from Evan‘s peak, Algoa Bay. Data reported in this 
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chapter has been published in Walmsley, T.A., Matcher, G.M., Zhang, F., Hill, 

R.T., Davies-Coleman, M.T., Dorrington, R.A. (2012). Diversity of Bacterial 

Communities Associated with the Indian Ocean Sponge Tsitsikamma favus That 

Contains the Bioactive Pyrroloiminoquinones, Tsitsikammamine A and B. Marine 

Biotechnology, 14:681-691 (Appendix A2). 

 

3.2 Materials and Methods 

3.2.1 Extraction of total genomic DNA 

Genomic DNA was isolated using the guanidium thiocyanate method as described 

in section 2.2.3.  

 

3.2.2 Primers used in the 16S rRNA molecular analysis 

 

Figure 3.1 Schematic representation of the 16S rDNA gene fragment with the known variable 

regions and primers used during this study indicated. 

The 1.5 kb full length 16S rRNA gene fragment, PCR amplified using the universal 

primer pair 8-27F (5‘-AGA GTT TGA TCM TGG CTC AG-3‘) and 1492R (5‘-TAC 

GGY TAC CTT GTT ACG ACT T-3‘) (Lane, 1991), was used in the construction of 

the clonal library and was sequenced using Sanger sequencing. The PCR primers 

P2 (5‘-ATT ACC GCG GCT GCT GG-3‘) and P3 (5‘-CGC CCG CCG CGC GCG 

GCG GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG-3‘) 

which correspond to positions 341 and 534 in the 16S rRNA sequence of E. coli, 

were used to amplify the 194 bp V3 variable region of the bacterial 16S rRNA 

gene for DGGE analysis (Enticknap et al., 2006; Muyzer et al., 1993). For 454 

pyrosequencing analysis the PCR primer pair E517F (5‘-CAG CAG CCG CGG 

TAA-3‘) and E969-984 (5‘-GTA AGG TTC YTC GCG T-3‘) was used to amplify the 



77 

 

 
Chapter Three 

470 bp hypervariable regions V4 and V5 of the 16S rRNA gene. This primer pair 

was shown to have a high coverage rate in almost all bacterial phyla (Wang et al., 

2007, Wang & Qian, 2009). 

 

3.2.3 DGGE analysis of bacterial 16S rRNA gene amplicons  

The PCR primers P2 and P3 were used to amplify the 194 bp region of the 

bacterial 16S rRNA gene for DGGE analysis (Enticknap et al., 2006; Muyzer et al., 

1993). PCR amplification was performed with 10 ng gDNA, 0.4 µM of each primer, 

1 unit KAPA Taq, and additional DMSO (8% of total volume) and MgCl2 (final 

concentration of 2 mM) in a final volume of 50 µl; using the following thermal 

cycling parameters: 94 °C for 5min; 30 cycles at 94 °C for 1 min, 55 °C for 1 min 

and 72 °C for 1 min; followed by 72 °C for 5 min. DGGE was performed using the 

Dcode Universal Mutation Detection System (Bio-Rad) and PCR samples were 

resolved using polyacrylamide gel containing 8% Acrylamide:Bisacrylamide 

(37.5:1) and a linear gradient of the denaturants (formamide and urea) ranging 

from 40% to 70%. Electrophoresis was performed in 1 x TAE buffer (40 mM Tris, 

20 mM acetic acid, 2 mM Na2EDTA, pH 8.0) at 60 °C with a constant voltage of 60 

V applied to the submerged gel for 16 h. DNA fragments were visualised by UV 

light after staining with syber green (Roche). 

 

3.2.4 Preparation and sequencing of 16S rRNA clonal libraries derived from T. 

favus 

The 8-27f and 1492 universal primers (Lane, 1991) were used for PCR 

amplification of the full length 1.5 kb 16S rRNA gene fragment as described in 

section 2.2.4 using KAPA Taq and the following thermal cycling parameters: 94 °C 

for 5 min; 25 cycles at 92 °C for 30 sec, 48 °C for 2 min, and 72 °C for 90 sec, 

followed by 72 °C for 5 min.  The amplicons were ligated into the pGEM-T Easy 

vector after which the sequence of the inserts was determined by Sanger 

sequencing. Unique clone sequences were deposited in GenBank (Accession 

numbers HQ241757 - HQ241817, HQ287901, JF930155, JF930156, JF930157 

and JN001720). 
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3.2.5 Phylogenetic analysis of the 16S rRNA clonal libraries of T. favus associated 

bacteria 

Initial analysis of edited 16S rRNA gene sequences from two clone libraries 

derived from T. favus specimen Sp02 and squeezed water from Sp02 (Sp02*) was 

performed using the BLASTN tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to assist 

in the selection of appropriate reference sequences. This database was 

supplemented with relevant environmental sequences submitted to GenBank, 

selected according to the top BLASTN hits of the clone sequences. The selected 

sponge-associated bacterial clones and their nearest relative matches were 

aligned using the ARB alignment tool (Ludwig et al., 2004). Multiple alignments 

were verified and improved manually using the ARB editor tool, the aligned 

sequences were analysed using the ARB neighbour-joining distance matrix 

method and chimeric clones were excluded. Neighbour-joining trees (Jukes-

Cantor correction) (Saitou & Nei, 1987) were constructed based on 1 342 

nucleotide alignment positions and the accuracy of the inferred tree topologies 

was evaluated after 100 bootstrap replicates of the neighbour-joining data using 

PHYLIP (Felsenstein, 2004). 

 

3.2.6 454 pyrosequencing analysis of the T. favus-associated 16S rRNA 

amplicons 

The 454 pyrosequencing analysis was performed essentially as described in 

Matcher et al. (2011). Genomic DNA was isolated from T. favus isolate Sp02 

(collected May 2009) as well as T. favus isolate Sp05 collected a year later (May 

2010) from the same location, using the guanidium thiocyanate method as 

described in section 2.2.3. PCR amplification of the hypervariable regions V4 and 

V5 of the 16S rRNA gene was achieved via a two step regime using the primer 

pair E517F and E969-984 (Wang et al., 2007, Wang & Qian, 2009).  Multiplex 

Identifier tags derived from the manufacturer‘s manual (Roche) were used to track 

the amplicons from each of the two samples, thus facilitating the assignment of 

each sequence generated to the correct sample. The primary PCR amplification 

consisted of 5-10 ng gDNA, 1 X PCR buffer (containing MgCl2), 300 μM dNTPs, 

0.3 μM of each template specific primer and 0.5 units KAPAHiFi Hotstart DNA 
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Polymerase (KAPA Biosystems) in a final volume of 25 µl. KAPA HiFi Hotstart is 

an antibody based hotstart formulation with 100x lower error rates than wild-type 

Taq. Initial enzyme activation and DNA denaturation was performed at 95 °C for 5 

min followed by thermal cycling parameters of: 5 cycles at 98 °C for 45 sec, 45 °C 

for 30 sec and 72 °C for 45 sec; and 10 cycle at 98 °C for 45 sec, 50 °C for 30 sec 

and 72 °C for 45 sec. A final extension was done at 72 °C for 5 min. The resultant 

468 nt PCR products were gel purified using the Zymo Gel DNA Recovery kit 

(Zymo Research).  

 

Approximately 2 ng of the PCR product was then subjected to a second PCR 

amplification using FLX fusion primers (consisting of sequence specific 

nucleotides, a multiplex identifier tag and template-specific nucleotides), as 

described below. Each sample was amplified with a primer set containing a 

different multiplex tag. The secondary PCR amplification consisted of 2 ng tem-

plate, 0.4 μM forward and reverse primers, 300 μM dNTPs, 1 X PCR Buffer and 

0.5 units KAPAHiFi Hotstart DNA Polymerase in a final volume of 25 μl. Initial 

enzyme activation and DNA denaturation was done at 95 °C for 5 min, followed by 

thermal cycling parameters of: 5 cycles at 98 °C for 20 sec, 52 °C for 45 sec and 

72 °C for 1 min; and 15 cycles at 98 °C for 20 sec, 65 °C for 45 sec and 72 °C for 

1 min. A final extension was done at 72 °C for 5 min. The resultant 538 nt PCR 

products were gel purified as before. The resultant amplicons were then pooled in 

equal amounts and subjected to emulsion PCR before sequencing using a 454 

Genomesequencer FLX instrument (Roche Applied Science). Sequence reads 

were quality filtered using standard software provided by 454 Life Sciences and 

MOTHUR (http://www.mothur.org, Schloss et al., 2009), cured for primer/tag 

sequences, and chimeras and all reads less than 100 nt were removed from the 

dataset. The remaining 12 986 reads were analyzed using software available on 

the Ribosomal Database Project (RDP). The RDP Classifier assigns 16S rRNA 

sequences using a Naïve Bayesian rRNA classifier algorithm (Cole et al., 2009; 

Wang et al., 2007). The default bootstrap confidence threshold was applied to all 

sequence reads longer than 250 nt. For reads <250 nt a bootstrap cut-off of 50% 

was applied (Claesson et al., 2009). The rarefaction calculations were carried out 

using the rarefaction analysis tool on the RDP Pyrosequencing Pipeline and 

curves generated for 0.01, 0.03, 0.05 and 0.1 distance values (Cole et al., 2009). 



80 
 

 
Tara A. Walmsley                                                                                                            PhD Thesis 

3.3 Results 

3.3.1 DGGE analysis of sponge-associated bacterial diversity 

Initially DGGE was used as a means of rapidly and visually assessing the degree 

of variation within the bacterial population as well as the extent to which the 

bacterial community was conserved. The PCR primers P2 and P3 were used to 

amplify the 194 bp V3 variable region of the bacterial 16S rRNA gene for DGGE 

analysis (Enticknap et al., 2006; Muyzer et al., 1993) of T. favus and the resultant 

DGGE profiles are displayed in Fig. 3.2. Only a small section (194 bp) of the 16S 

rRNA gene was used in the DGGE analysis which may have limited the taxonomic 

resolution. 

 

Figure 3.2 DGGE analyses of the 16S rRNA gene sequences of bacterial communities 

associated with individual T. favus specimens.  (A) Comparison of DGGE profiles of 

16S rRNA gene amplicons derived from duplicate (a and b) DNA samples extracted 

from T. favus specimens Sp01, Sp02 and Sp03, collected in 2009 and from seawater 

squeezed from specimen 2 (Sp02*).  (B) Comparison of 16S rRNA gene sequence 

diversity of bacterial communities associated with T. favus specimens collected in 

2009 (Sp01, Sp02 and Sp03) and 2010 (Sp04, Sp05, Sp13, Sp14, Sp15 and Sp17).  

The relative positions of conserved bands are indicated on the right (i-v). 
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The diversity and conservation of the sponge associated bacterial community in T. 

favus was investigated by extracting gDNA from each of three individual 

specimens (biological replicates Sp01, Sp02 and Sp03) collected from within 1 m2 

of each other in May 2009. The difference between the stable and the more 

transient bacterial community was also taken into account by comparing the 

―squeezed‖ water from specimen Sp02 (referred to as Sp02*) with the above 

mentioned specimens (where the gDNA was extracted from sponge material that 

had been thoroughly ground with a mortar and pestle as described in section 

2.2.1). For each sponge specimen described above, gDNA was isolated from two 

different frozen sponge pellets (technical replicates a and b) to ensure that any 

differences seen were not due to technical faults (either in the processing of the 

sponge, the gDNA isolation or the PCR amplification). 

 

The DGGE profiles showed the presence of a diverse bacterial community in all 

three T. favus specimens, with relatively conserved banding patterns between 

duplicate DNA samples for each sponge specimen (Fig. 3.2A lanes labelled a vs. 

b).  This confirmed the reproducibility of the DNA isolation and PCR amplification 

protocols. Comparison of the DGGE profiles of different T. favus specimens 

(Sp01, Sp02, Sp03) showed that they were very similar to each other (conserved 

bands i, ii, iii and v) suggesting conservation of the bacterial community across 

different specimens of T. favus.  The similarity between the profiles obtained from 

DNA extracted from sponge tissue and the water squeezed from the sponge (Fig. 

3.2A, Sp02 and Sp02*) suggested that the bacteria isolated were likely to be 

associated extracellularly with the sponge or that the squeezing process was too 

forceful and disrupted the sponge cells.  

 

Next the DGGE profiles of Sp01, Sp02 and Sp03 were compared with those of 

Sp04, Sp05, Sp13, Sp14, Sp15 and Sp17, collected from the same location a year 

later. Three conserved DNA bands (Figure 3.2B, labelled i – iii) were present in all 

nine T. favus specimens. A fourth apparently conserved band (Figure 3.2B, 

labelled iv) was not reproducibly detected in subsequent DGGE analyses of the 

same samples and this band was probably an artefact generated during PCR 

amplification.  A fifth band (labelled ―v‖) was observed in T. favus specimens 

Sp01, Sp02, Sp03, Sp04 and Sp14 as well as in Sp02*, but was not conserved in 
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all the other sponge specimens (Fig. 3.2A and 3.2B). The presence of conserved 

DGGE bands between all of the T. favus specimens suggests that the bacterial 

community associated with T. favus is conserved and stable.  

 

3.3.2 16S rRNA clone library analysis of sponge-associated bacterial communities 

The limitation of DGGE analysis is that it involves the use of a small 16S rRNA 

gene fragment (193 bp) and only shows average changes in the GC content of the 

sequence which may provide little more than an estimate as to the total microbial 

diversity. A more accurate way of assessing microbial diversity within a population 

is to construct 16S rRNA clone libraries. Genomic DNA extracted from each of the 

specimens Sp01, Sp02, Sp03 and Sp02* collected in May 2009 was used to 

amplify the full 16S rRNA gene sequence, giving rise to four clone libraries. The 

complete 16S rRNA gene sequence (1.5 kb) of a total of 164 clones was acquired 

from two clone libraries obtained from Sp02 and Sp02*, while 173 partial 

sequences were obtained for clones from the Sp01 and Sp03 library. All 80 

sequences from the Sp01 library were represented by sequences obtained for 

Sp02 and Sp02*, while the full sequences for 15 unique clones from the Sp03 

library were obtained. The relative abundance of the clones is represented in 

Table 3.1, and a phylogenetic tree was constructed using the unique 16S rRNA 

sequences from Sp02 and Sp02* together with their closest relevant BLAST Hit as 

reference sequences (Fig 3.3). The Sp02* sequences are referred to as Sp02sw 

in the ARB phylogram.  
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Table 3.1: Distribution of T. favus-associated 16S rRNA gene sequences within 

the major bacterial phylogenetic groups  

Major Phyla 
Sp01 Sp02 Sp03 Sp02* 

No. % No. % No. % No. % 

Proteobacteria 75 94% 73 84% 70 75% 59 77% 

Alphaproteobacteria
1 

3 4% 1 1% 1 1% 8 10% 

Betaproteobacteria
2 

70 88% 66 76% 58 62% 31 40% 

Deltaproteobacteria
3 

0 0% 2 2% 0 0% 1 1% 

Gammaproteobacteria
4 

2 3% 4 5% 11 12% 19 25% 

    Unclassified bacteria
5 

0 0% 2 2% 3 3% 1 1% 

Other phyla 5 6% 14 16% 20 22% 17 22% 

Bacteroidetes
6 

0 0% 1 1% 1 1% 2 3% 

Acidobacteria
7 

0 0% 2 2% 1 1% 0 0% 

Chlamydiae
8 

0 0% 0 0% 2 2% 0 0% 

Firmicutes
9 

0 0% 0 0% 0 0% 2 3% 

Planctomycetes
10 

0 0% 2 2% 1 1% 5 6% 

Verrucomicrobia
11 

0 0% 0 0% 2 2% 1 1% 

Actinobacteria
12 

0 0% 0 0% 0 0% 2 3% 

                Spirochaeta
13 

5 6% 9 10% 13 14% 5 6% 

Total   80 
 

 87 
 

93 
 

77 

 Accession numbers associated with major phyla:
 1

HQ241777, JN001720, HQ241791, HQ241795, 

HQ241797, HQ241811, HQ241814, HQ241767; 
2
HQ241787, HQ241813, HQ241817, HQ241790, 

HQ241779, HQ241796, HQ241805; 
3
HQ241778, HQ241810, HQ241780; 

4
HQ241786, HQ241784, 

HQ241799, HQ287901, HQ241792, HQ241800, HQ241801, Q241802, HQ241807, HQ241809, 

HQ241812, JF930155, HQ241758, HQ241759, HQ241762, HQ241765, HQ241768 ; 
5
HQ241785, 

HQ241782, HQ241816, HQ241760, HQ241766, HQ241769; 
6
HQ241776, HQ241793, HQ241803, 

HQ241764; 
7
HQ241757; 

8
JF930156; 

9
HQ241806; 

10
HQ241781, HQ241808, HQ241783, 

HQ241815, JF930157, HQ241789; 
11

HQ241804, HQ241761, HQ241763; 
12

HQ241794, 

HQ241798;  
13

HQ241788 

 

 

Analysis of the 16S rRNA sequences revealed the Proteobacteria as the most 

dominant phylotype (more than 75% of the clones in each sponge library) in all 

three sponges and also in water squeezed from Sp02 (Table 3.1). The dominant 

species, representing 75% of all clones obtained from the three sponges, was a 

Betaproteobacteria species (Genbank Accession Number HQ241787), which was 

also present in Sp02* albeit at a lower level (40% of clones in the library). The 

other dominant Proteobacteria were the Gammaproteobacteria and 

Alphaproteobacteria which were also present in significant numbers, but at a much 

lower level than the Betaproteobacteria (Table 3.1). The only other phylum that 
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dominated within the 16S library was the Spirochaeta. More species diversity was 

observed in Sp02*, which contained microbial species not found in Sp02 (Table 

3.1)). This could be due to the fact that Sp02* represent seawater squeezed from 

Sp02 and that some of the more transient bacteria were lost during this squeezing 

process and were therefore no longer present in specimen Sp02 when it was 

processed.  

 

 

A 
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Figure 3.3 The complete 16S rRNA gene sequences from the clone libraries of Sp02 and Sp02* 

were used to generate a Neighbour-joining phylogenetic tree represented by 8 

different phyla. The Proteobacteria were the most dominant of the phyla and are 

displayed as a separate tree (A) with the other 7 phyla grouped together in tree (B). 

Bootstrap values (100 replicates) are indicated by numbers at the nodes. The scale 

bar represents 10% sequence divergence. The above ARB phylogram was taken from 

Walmsley et al. (2012) with permission from the editor of Marine Biotechnology (see 

appendix A2) and is the original work of Fan Zhang. 

This dominant betaproteobacterial clone (represented by the sequence Sp02-1) is 

most closely related to an unclassified betaproteobacterium previously identified in 

the Mediterranean sponge Tethya aurantium (Thiel et al., 2007) and is also related 

to a Nitrosospira sp. and an Azovibrio sp. (Fig. 3.3A). The Spirochaeta clones 

(represented by the sequence Sp02-3) that dominated the non-proteobacterial 

phyla (Fig. 3.3B) are most closely related to a Spirochaeta africana strain isolated 

from Soda Lakes in the East African Rift (Zhilana et al., 1996). 

B 
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3.3.3 Direct comparison of T. favus DGGE profiles with the dominant 16S rRNA 

gene clones 

The DGGE studies together with the 16S rRNA clone library analysis strongly 

suggested that the bacterial community associated with T. favus is highly 

conserved and stable over time. An important question was whether the bacterial 

species that gave rise to the distinct DGGE banding patterns correspond to the 

dominant clones in the 16S rRNA clone library. To answer this question, the five 

dominant 16S rRNA clones (Sp02-1, Sp02-9, Sp02-3, Sp02-2 and Sp02sw-5) 

were amplified using the 16S rRNA DGGE primer pair and directly compared to 

the DGGE finger prints of T. favus specimens Sp01, Sp02 and Sp03.  

 

 

Figure 3.4 Comparison of DGGE profile of dominant species in clone libraries (Sp02-9, Sp02-3, 

Sp02-2, Sp02sw-5 and Sp02-1) with microbial diversity associate with T. favus 

specimens Sp01 (1), Sp02 (2) and Sp03 (3).  The relative positions of conserved 

bands i, ii, iii and v are indicated on the right 
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Clone Sp02-9 (HQ241784) co-migrated with the major, conserved band i (Fig. 

3.4). Similarly, based on their relative migration, bands ii and iii are likely to be 

represented by clones Sp02-3 (HQ241788) and the dominant betaptroteobacterial 

species, Sp02-1 (HQ241787), respectively (Fig. 3.4). Band v co-migrated with the 

bands from clones Sp02-2 (HQ241786) and/or Sp02sw-5 (JN001720) (Fig. 3.4). 

The only way to confirm that the dominant bands in the DGGE profile are in fact 

represented by the dominant clones would be to excise the DGGE bands and 

sequence them. It is interesting to note the relative faintness of the DGGE band 

corresponding to the dominant betaproteobacterial clone Sp02-1, suggesting that 

it may not be as dominant as indicated by the 16S clone library analysis.  

 

Both DGGE fingerprinting and 16S rRNA clonal library studies limit the depth to 

which a population can be studied. As a general rule, the more dominant bacterial 

species in a given population will be represented by the DGGE profile (as was 

shown above) and in a 16S rRNA clone library. This is mostly as a result of 

statistical chance. The more dominant a bacterial species, the greater the chance 

it will be successfully PCR amplified and ligated into the cloning vector and 

therefore the greater the chance it will be represented in the clone library. The 

rare, less well represented bacterial phylotypes are therefore not identified using 

the above techniques and an alternate, high throughput method such as NGS is 

required.  
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3.3.4 454 pyrosequencing analysis of the bacterial community associated with T. 

favus 

 

 

Figure 3.5 Rarefaction analysis, with distance values of 0.01, 0.03, 0.05 and 0.1 of 16S rRNA 

amplicons from T. favus specimen Sp02 (as determined by Sanger sequencing of a 

clonal library as well as by 454-pyrosequencing, (A) and (B) respectively) and T. 

favus specimen Sp05 (as determined by 454-pyrosequencing (C)) (Cole et al., 2009). 

For the rarefaction analysis (Fig. 3.5) distance values of 0.01, 0.03, 0.05 and 0.1 

were chosen as it is generally accepted that species, genera and families/classes 

differ from one another by 3, 5 and 10% respectively, whereas 1% is a more 

stringent and therefore more accurate representation of species level 

(Stackebrandt and Goebel, 1994; Hugenholtz et al., 1998; Sait et al., 2002). The 

primary aim of rarefaction analysis is to gauge whether or not the sample size is 

large enough to ensure that the diversity within a particular population is assessed 
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holistically. The respective rarefaction curves are plotted as the number of unique 

phylotypes vs. the number of individuals present in the sequence data set. If the 

curve tends towards the horizontal it can be assumed that the population has 

been sampled to completion because the likelihood of detecting a new phylotype 

is rare (Hughes & Hellman, 2005). Both the degree of diversity within a given 

population and the relative sample size will determine the rarefaction output.  

 

Rarefaction curves were plotted for both the Sanger and 454 pyrosequencing data 

obtained for Sp02 (Fig. 3.5 A and B) and the pyrosequencing data for Sp05 (Fig. 

3.5C). With regards to the NGS data sets, the species level rarefaction curve for 

Sp05 indicates that the bacterial population associated with Sp05 was sampled 

almost to completion (Fig. 3.5C) whereas the rarefaction curve for Sp02 is less 

horizontal indicating that the bacterial population associated with Sp02 is not as 

well represented. The rarefaction analysis of the NGS data sets for both Sp02 and 

Sp05 indicate that the bacterial phylotypes within T. favus are well represented 

and could therefore be assessed over time. In contrast, the rarefaction curve of 

the Sanger sequencing data for Sp02 is quite steep indicating that a relatively low 

percentage of the associated bacterial population was sampled which is expected 

due to the much smaller dataset associated with Sanger sequencing (Table 3.1, 

Fig. 3.5A) vs. NGS (Fig. 3.5B).  
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Figure 3.6 Analysis of the 16S rRNA diversity associated with T. favus specimens Sp02 and Sp05. Relative percentages of the total number of 16S rRNA 

sequence reads for each of the dominant (A) and less well-represented (B) bacterial phyla, as well as for the phylum Protoebacteria (C); as 

determined by 454-pyrosequencing (Pyroseq Sp02 and Pyroseq Sp05) and Sanger sequencing (Sanger Sp02); are represented.  
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The pyrosequencing reads were classified using the RDP, which revealed that the 

T. favus specimens Sp02 and Sp05 had very similar bacterial populations in terms 

of phylotypes despite minor variations in the total percentage of sequencing reads 

assigned to each phylum (Fig. 3.6). The percentage of the total number of clone 

library sequencing reads assigned to the dominant phyla corresponded to that 

obtained via pyrosequencing with Betaproteobacteria dominating. The other 

proteobacterial phyla and Bacteroidetes, Planctomycetes, Verrucomicrobiae and 

Spirochaetes were also represented but at a lower level (Fig. 3.6 B and C). 

However, bacteria belonging to the phyla Cyanobacteria, Acidobacteria, 

Chlamydiae, Firmicutes, Deinococcus-Thermus, Nitrospira, Actinobacteria, 

Verrucomicrobia, Chloroflexi and Lentisphaerae were only detected in the 

pyrosequencing analysis (Fig. 3.6B), possibly due to their relatively low 

abundance within the sponge-associated bacterial population which does not 

necessarily diminish their importance in the health and functioning of the sponge.  

 

There are, however, significant differences between the results obtained from the 

clone library versus those obtained from pyrosequencing, specifically with respect 

to Verrucomicrobia and Spirochaetes as well as the unclassified bacteria and 

unclassified Proteobacteria (Fig. 3.6 B and C). The difference in Verrucomicrobia 

and Spirochaetes abundances in the pyrosequencing versus the clone library 

analysis may be due to the use of different primer sets for each application 

resulting in primer bias (Fig. 3.1) in the amplification of certain 16S rRNA genes. 

The high number of unclassified sequence reads assigned to the pyrosequencing 

data versus the clone library could be attributed to: (a) the shorter sequence 

length (100 – 450 bp) compared to that obtained from Sanger sequencing (1.5 

kb), which allows for greater ease in sequence identification or (b) the larger 

dataset obtained from pyrosequencing in comparison to the clone library thus 

increasing the potential of sequencing previously uncharacterized 16S rRNA 

sequences. 
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3.4 Discussion 

The bacterial diversity associated with the marine sponge Tsitsikamma favus was 

thoroughly investigated not only because of the interesting secondary metabolite 

production associated with this sponge, but also as a means of establishing 

reliable methodologies for future investigations of a similar nature. Three different 

approaches were used to analyse the 16S rDNA gene fragment; namely DGGE, 

clonal libraries of full length 16S rRNA genes as well as 454 pyrosequencing. 

DGGE provides insight into the diversity of the associated bacteria based on GC 

content and is useful when screening for diversity. The clonal library consists of 

1.5 kb sequence reads thus providing useful phylogenetic information but only the 

more dominant species are sequenced. Conversely, the 454 pyrosequencing 

analysis provides a shorter sequence read (100 – 480 bp) but a better view of the 

population (due to the large number of sequence reads generated) and allows 

sampling of even the rare species. 454 pyrosequencing, unlike other NGS 

methods such as Illumina and ABI SOLiD, gives longer sequence reads and 

therefore a better measure of the population structure (Ansorge, 2009). 

 

Three sponge specimens collected at the same time in the same location (Sp01, 

Sp02 and Sp03; collected May 2009) were studied using 16S rRNA Sanger 

sequencing and were shown to have very similar bacterial diversity profiles, with a 

unique betaproteobacterium contributing to 70% of the sequences in each ot the 

T. favus clone libraries. This betaproteobacterial species (represented by the 

sequence Sp02-1) is most closely related (94% identity) to an unclassified 

betaproteobacterium previously identified in the Mediterranean sponge Tethya 

aurantium (Thiel et al., 2007). It is also related to a Nitrosospira sp. and an 

Azovibrio sp. Both the Nitrosospira and Azovibrio genera are involved in nitrogen 

fixation which is important in oligotrophic marine environments with low nitrogen 

levels (Purkhold et al., 2003), and both denitrification and aerobic ammonium 

oxidation (Anammox) have been demonstrated to occur in marine sponges 

(Mohamed et al., 2010; Hoffmann et al., 2009; Schläppy et al., 2010). The phylum 

Spirochaeta was the most dominant of the non-proteobacterial phyla.  
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Further studies on sponges collected a year apart (Sp02 vs. Sp05; collected May 

2009 and May 2010 respectively) using 454 pyrosequencing yielded very similar 

results. The DGGE banding patterns of the bacteria associated with T. favus were 

also conserved and became the most reliable way of distinguishing between even 

closely related species. DNA fingerprinting techniques such as DGGE are widely 

used in sponge diversity studies and are especially useful in monitoring changes 

in diversity (Mohamed et al., 2008; Webster et al., 2001; Webster, 2007). In 

sponge species where the microbial community is highly conserved, the 

characteristic DGGE banding pattern could tentatively be used to distinguish 

between sponge species as well as qualitatively assess their associated microbial 

diversity. The use of different primer sets (for DGGE, 16S rRNA Sanger 

sequencing and 454 pyrosequencing) as well as multiple samples (collected at the 

same time and a year apart) gave similar results showing both technical and 

biological reproducibility. It is very important to confirm the aforementioned 

qualities in a dataset as studies of this nature mean very little if the accuracy and 

reproducibility of the data is questionable. With this in mind, all future studies 

(described in later chapters within this thesis) were carried out using the same 

protocols as described in this chapter. However, it must be noted that despite the 

dominance of the betaproteobacterial clone Sp02-1 in the clone library, the 

corresponding band in the DGGE analysis was less intense than those of the 

other dominant clones, indicating a lower abundance of this isolate. This could be 

as a result of primer bias, with the primers used in the clone library analysis having 

a higher affinity for the betaproteobacterial sequence than the primers used in the 

DGGE analysis.  

 

The microbial community associated with T. favus does not follow the general 

diversity profiles found in other sponges reported in the literature. The dominance 

of the class Betaproteobacteria within the genus Tsitsikamma is unique as it is 

usually the Alpha-, Gamma- and Delta- Proteobacteria that dominate within the 

Proteobacteria, while the Betaprotebacteria are relatively uncommon and typically 

occur at low levels in sponge populations (Muscholl-Silberhorn et al., 2008; Taylor 

et al., 2007; Webster et al., 2010; White et al., 2012). An exception to this was a 

recent study on the Brazilian sponge Arenosclera brasiliensis which contained a 

high abundance of Betaproteobacteria, especially in comparison to the 
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surrounding water column (Trindade-Silva et al., 2012). The dominance of the 

Spirochaeta relative to the other non-proteobacterial phyla (Fig. 3.2B) is also 

noteworthy as Spirochaeta are repeatedly found in marine sponges. A recent 

study by Neulinger et al. (2010) showed high abundance and metabolic activity of 

two novel Spirochaeta associated with the mesohyl of the host sponge Clathrina 

clathrus. The bacterial phyla Planctomycetes, Bacteroidetes, Acidobacteria and 

Actinobacteria are also of interest as their closest relatives are not usually 

associated with marine sponges (Fig. 3.3B).  These findings suggest that the 

microbial flora associated with T. favus is not typical of sponges characterised to 

date (Li and Liu, 2006; Turque et al., 2008; Gernert et al., 2005; Lee et al., 2010; 

Radwan et al., 2010; Hardoim et al., 2009; Wang et al., 2009; Sipkema and 

Blanch, 2010; Webster et al., 2010).  

 

It would be interesting to determine whether these dominant bacterial species are 

also conserved in other members of the Tsitsikamma family or whether they are 

unique to T. favus. Further insight into the bacterial diversity profile of related 

sponges isolated from the same geographical region would provide a useful 

means of further assessing the specificity of the T. favus associated microbial 

population, and is discussed in Chapter Four.  
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Chapter Four 

COMPARING THE BACTERIAL DIVERSITY ASSOCIATED WITH ALGOA BAY LATRUNCULID 

SPONGES 

 

4.1 Introduction 

The genus Tsitsikamma is currently comprised of three species, namely T. favus, 

T. scurra and T. pedunculata. The original aim of this research project was to 

investigate whether there was conservation in the bacterial diversity, correlating 

with pyrroloiminoquinone production associated with these three species. 

Unfortunately only T. favus and T. scurra, but not T. pedunculata, were collected 

during the course of this study. However the collection of a new species of 

Latrunculia, which like the genus Tsitsikamma, belongs to the family 

Latrunculiidae, provided the opportunity to compare the microbial diversity of a 

species from a different genus but within the family Latrunculiidae. An interesting 

observation of T. scurra was that it was almost always collected with a yellow 

encrusting sponge covering its surface. A similar yellow encrusting sponge has 

been observed to be associated with T. pedunculata specimens in Algoa Bay 

(Shirley Parker-Nance, personal communication). As previously discussed 

(Chapter 2) analysis of the COX1 and 28S rRNA gene sequences (Fig. 2.3) 

showed that the yellow encrusting sponge found on T. scurra belonged to the 

family Mycaliidae, which is not closely related to the family Latrunculiidae (Fig. 

2.3). Thus the yellow encrusting sponge was selected to serve as a useful outlier 

in the comparative study. This chapter describes the characterisation of the 

microbial diversity associated with three Latrunculid sponges all collected from 

Evan‘s peak, Algoa Bay using DGGE and 454 pyrosequencing analyses of 16S 

rRNA gene sequences.   
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4.2 Methods and Materials 

4.2.1 Isolation of total genomic DNA followed by DGGE and NGS analysis of 

sponge-associated 16S rRNA amplicons 

Genomic DNA was isolated using the guanidinium thiocyanate method as 

described in section 2.3.3. DGGE analysis was performed as described in section 

3.2.2. The sequence reads were generated using the GS FLX Titanium 

Sequencer (454 Life Sciences, Roche) as described in section 3.2.5. Sequence 

reads were quality filtered using standard software provided by 454 Life Sciences 

and MOTHUR (http://www.mothur.org; v.1.28.0; Schloss et al., 2009.), cured for 

primer/tag sequences and all reads less than 100 nt were removed from the 

dataset. The Ribosomal Database Project (RDP) Classifier was then used to 

analyse the remaining 72 170 reads as well as to generate rarefaction curves at 

distance values of 0.1, 0.05 and 0.03.  

 

The sequence reads were then further quality filtered to remove all reads less than 

200 nt, chimeras (using the UChime method) as well as Mitochondrial and 

Chloroplast sequences. The remaining 62 963 sequences were then clustered as 

Operational Taxonomic Units (OTUs), at a distance value of 0.03 which is 

generally where speciation occurs, using the OTU analysis standard operating 

procedure (SOP) provided by MOTHUR (http://www.mothur.org; v.1.28.0; Schloss 

et al., 2009). The SOP for OTU analysis involves the formation of group files (with 

each group representing sequences from each sponge specimen) and the 

sequence reads were then assigned to OTUs with their attached group extension 

which enables one to determine the source of that sequence. The top 10 OTUs 

and relevant T. favus clones (refer to section 3.3.3) together with relevant 

environmental sequences submitted to GenBank, selected according to the top 

BLASTN hits (http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the clone sequences, were 

used in the phylogenetic analysis conducted in MEGA5 (Tamura et al., 2011). The 

evolutionary history was inferred using the Neighbor-Joining method (Saitou & 

Nei, 1987). The percentage of replicate trees in which the associated taxa 

clustered together in the bootstrap test (100 replicates) is shown next to the 

branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in 

the same units as those of the evolutionary distances used to infer the 
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phylogenetic tree. The evolutionary distances were computed based on 410 

nucleotide alignment positions using the Maximum Composite Likelihood method 

(Tamura et al., 2004).  

 

OTUs represented by single sequences were removed from the dataset (leaving a 

total of 15 570 sequences) before Venn diagrams were used to illustrate 

community diversity and overlap using the Chao1 estimator and Inverse Simpson 

index (Chao, 2005; Simpson, 1949). Heatmaps were constructed using a log2 

scale in MOTHUR according to the Yue & Clayton theta structural diversity 

measure (Yue & Clayton, 2005). Both the Venn diagrams and heatmaps were 

calculated at a distance value of 0.03. 
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4.3 Results 

4.3.1 Comparison of the bacterial communities associated with Algoa Bay 

Tsitsikamma and Latrunculia sponges using DGGE profiling 

 

Figure 4.1 DGGE analysis of the 16S rRNA gene sequences of bacterial communities associated 

with the Algoa Bay sponge specimens. Sp01, Sp02 and Sp03 are T. favus specimens; 

Sp06 is the Latrunculia sp.; Sp07, Sp09 and Sp11 are T. scurra specimens; and 

Sp08, Sp10 and Sp12 are specimens of the yellow encrusting sponge associated with 

Sp07, Sp09 and Sp11 respectively. Unique bands within a sponge species are 

indicated with a ‗*‘. 

The DGGE profiles of the sponges collected from Algoa Bay during the course of 

this study were compared to those of T. favus. As observed previously (Chapter 

3), four conserved bands were observed in the DGGE profiles of three T. favus 

specimens, Sp01, Sp02 and Sp03 (Fig. 4.1, lanes 1, 2 and 3). The three T. favus 

specimens also contained bands that were unique to each specimen (indicated 

with a *). T. scurra specimens Sp07, Sp09 and Sp11 had 6 bands in common (Fig. 
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4.1, lanes 9, 7 and 5), with a single unique band present in Sp07 (lane 9) that 

corresponds to a conserved band within the associated yellow encrusting sponges 

(Sp08, Sp10, Sp`12; lanes 8, 6 and 4 respectively). The three specimens of the 

yellow encrusting sponge (Sp08, Sp10 and Sp12) appeared to have highly 

conserved bacterial species diversity, with 12 DGGE bands in common (Fig. 4.1, 

lanes 8, 6 and 4). The Latrunculia sp. (Sp06) had a unique DGGE profile of its 

own (Fig. 4.1, lane 10). The band represented by T. favus isolate Sp02-9 

appeared to be common throughout the sponge specimens, with the exception of 

the Latrunuclia sp. (Sp06). This raised the possibility that T. favus and T. scurra 

potentially contained a common dominant bacterial species with a relatively high 

GC content equivalent to that of isolate Sp02-9. T. favus (lanes 1, 2, and 3) also 

appears to share a band, with a GC content corresponding to that of clone Sp02-

1, with the yellow encrusting sponge (lanes 8, 6 and 4).  The single band shared 

between T. scurra Sp07 and the yellow encrusting sponges was possibly due to 

cross-contamination.  Given that DGGE separates DNA fragments based on their 

GC content, the common DGGE bands could be derived from the same bacterial 

species or from a species that happens to have a 16S rRNA gene sequence of the 

same GC content. 

 

4.3.2 454 pyrosequencing analysis of the bacterial communities associated with 

Algoa Bay Latrunculid sponges 

The identity and population structure of the microbial species associated with T. 

favus, T. scurra, Latrunculia sp. and yellow encrusting sponge specimens were 

investigated using the 454 pyrosequencing of 16S rRNA amplicons.  The raw 

sequence reads were quality-filtered (as described in section 4.2.1.) and are 

referred to in Table 4.1.   
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Table 4.1: Assignment of sequencing reads at various stages in the molecular 

analysis of bacterial communities associated with Algoa Bay Latrunculid sponges. 

 

  Number of reads 

  Sp02 Sp16 Sp07 Sp27 Sp06 Sp08 Total 

After first quality filter 1893 7435 14990 12948 11032 23872 72170 

After OTU quality filter 1071 3936 13747 11256 10456 22497 62963 

After removing single OTUs 306 2235 2143 2921 2665 5300 15570 

* OTUs were assigned at the species level (a distance value of 3%) 

 

The sequence data set for Sp02 used for analysis in Chapter 3 was generated by 

a commercial sequencing company and the quantity of 454 sequence reads was 

not as high as that of the data sets generated subsequently for Sp16, Sp07, Sp27, 

Sp06 and Sp08.  All 72 170 sequence reads that remained after the initial quality 

filtering were analysed using the RDP classifier to estimate the relative abundance 

of sequences assigned to each phylum. They were also used in the rarefaction 

analysis as an indication of the degree to which the bacterial community was 

sampled. 

 

Further curation of the sequence reads for OTU analysis (as described in the OTU 

standard operating protocol for use in MOTHUR (http://www.mothur.org) resulted 

in the removal of approximately 10 000 reads from the dataset. The remaining 

62 963 sequence reads were then classified to OTUs at a distance of 0.03, which 

is generally accepted to account for speciation. For the generation of the Venn 

diagrams and heat maps, the OTUs represented by single sequence reads were 

removed from the dataset.  
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Figure 4.2 Rarefaction analyses of 16S rRNA gene amplicons from T. favus specimens Sp02 

and Sp16, T. scurra specimens Sp07 and Sp27, Latrunculia sp. specimen Sp06 and 

yellow encrusting sponge specimen Sp08. The horizontal axis represents the number 

of sequences sampled and the vertical axis the number of phylotypes respectively. 
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As described in section 3.3.5, rarefaction analysis is useful for determining the 

degree to which a given population has been sampled. The closer the resultant 

rarefaction curve is to the horizontal, the more complete the sampling of the 

population. The results of rarefaction analysis at the species level (a distance 

value of 0.03) suggest that the sequence data set for T. favus specimen Sp16, T. 

scurra specimens Sp07 and Sp27, and the yellow encrusting sponge specimen 

Sp08 all appear to have been sampled almost to completion despite the 

differences in the relative sample sizes (Fig. 4.2, Table 4.1). The rarefaction 

curves for Latrunculia sp. specimen Sp06 and T. favus specimen Sp02 (see Fig. 

3.5B) are slightly steeper, indicating that the associated bacterial populations may 

not have been sampled to the same degree of completion as the other sponge 

specimens. These data sets would therefore be reliable for identifying dominant 

OTUs, but the conclusions about the diversity of rare OTUs would be less reliable.  

With this in mind, it was decided to remove ―singleton‖ OTUs for comparative 

analyses. 
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Figure 4.3 Phylogenetic classification of bacterial diversity associated with T. favus (Sp02, 

Sp16), T. scurra (Sp07, Sp27), yellow encrusting sponge (Sp08) and Latrunculia sp. 

(Sp06) specimens as indicated by 16S rRNA gene sequences.  Relative percentages 

of the total number of 16S rRNA sequence reads for each of the dominant (A) and 

less well-represented (C) bacterial phyla as well as the relative percentages of the 

16S rRNA sequence reads assigned to the phylum Proteobacteria for each of the 

represented proteobacterial classes (B).   
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According to the RDP classification, the majority of the sequence reads obtained 

from all four sponge species were assigned to the phylum Proteobacteria, with the 

exception of T. scurra specimen Sp27, which was dominated by unclassified, 

bacterial species.  Within the Proteobacteria, Betaproteobacteria dominated T. 

favus and T. scurra, and unclassified Proteobacteria were dominant in the 

Latrunculia sp. and the yellow encrusting sponge (Fig. 4.3 A and B). Bacterial 

species belonging to the Gammaproteobacteria were also significant (20% 

abundance) in T. favus specimen Sp16.   The abundance of sequences assigned 

to bacterial phyla other than the Proteobacteria was low (Fig. 4.3C), with the 

Planctomycetes, Bacteroidetes and Verrucomicoribia most well-represented 

amongst all the sponge specimens sampled, especially T. favus specimen Sp16. 

The Spirochaetes, Firmicutes, Actinobacteria and Cyanobacteria were also quite 

well represented relative to the other non-proteobacterial phyla (Fig 4.3C).  

 

The RDP Classifier was used to group the sequence reads to the phylum and 

class (for the Proteobacteria) level. The classification of sequences according to 

taxonomic rankings does not necessarily provide a complete representation of the 

potential genetic diversity present in a given environment (Wooley et al., 2010). If 

the reference database does not contain a corresponding sequence to match the 

query sequence then the query sequence may not be classified at all and will be 

referred to as ―unclassified bacteria‖ (Wooley et al., 2010). Generally this 

―unclassified bacteria‖ group is overlooked despite the fact that it may contain 

unique and potentially dominant bacterial species. These limitations can be 

overcome using OTU based methods, which group like sequences together as the 

same OTU.  

 

4.3.3 OTU based analysis of sponge-associated bacterial communities 

Altogether 62 963 reads were assigned to OTUs at a distance value of 3% as 

sequences with >97% identity are typically assigned to the same species (Table 

4.1). The top 20 OTUs, representing species that were most dominant within 

individual sponge specimens as well as those that were most dominant amongst 

all the sponge specimens sampled are listed in Table 4.2, along with the number 

of reads assigned to each OTU within each sponge specimen. 
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Table 4.2: Sequence reads assigned to the top 20 OTUs represented within the 

Latrunculid sponges. 

  T. favus T. scurra Latrunculia sp. Yellow 

 

Sp02 Sp16 Sp07 Sp27 Sp06 Sp08 

  No. % No. % No. % No. % No. % No. % 

OTU001 0 0.00 0 0.00 270 1.96 1 0.01 0 0.00 1824 8.11 

OTU002 20 1.87 69 1.75 10 0.07 6 0.05 1989 19.02 0 0.00 

OTU003 136 12.70 676 17.17 707 5.14 536 4.76 3 0.03 3 0.01 

OTU004 0 0.00 0 0.00 60 0.44 2 0.02 0 0.00 1687 7.50 

OTU005 9 0.84 125 3.18 89 0.65 145 1.29 28 0.27 40 0.18 

OTU006 0 0.00 6 0.15 29 0.21 294 2.61 0 0.00 7 0.03 

OTU007 3 0.28 0 0.00 44 0.32 269 2.39 0 0.00 0 0.00 

OTU008 0 0.00 0 0.00 5 0.04 0 0.00 1 0.01 295 1.31 

OTU009 1 0.09 37 0.94 114 0.83 39 0.35 30 0.29 46 0.20 

OTU010 1 0.09 20 0.51 45 0.33 41 0.36 56 0.54 88 0.39 

OTU011 0 0.00 3 0.08 18 0.13 145 1.29 26 0.25 13 0.06 

OTU012 0 0.00 177 4.50 9 0.07 2 0.02 2 0.02 7 0.03 

OTU013 0 0.00 0 0.00 11 0.08 76 0.68 0 0.00 181 0.80 

OTU014 0 0.00 0 0.00 1 0.01 0 0.00 2 0.02 185 0.82 

OTU015 1 0.09 5 0.13 7 0.05 66 0.59 1 0.01 0 0.00 

OTU016 0 0.00 0 0.00 2 0.01 132 1.17 35 0.33 24 0.11 

OTU017 0 0.00 33 0.84 15 0.11 60 0.53 10 0.10 17 0.08 

OTU018 1 0.09 0 0.00 12 0.09 126 1.12 0 0.00 0 0.00 

OTU019 0 0.00 0 0.00 15 0.11 86 0.76 0 0.00 1 0.00 

OTU020 0 0.00 0 0.00 0 0.00 25 0.22 108 1.03 0 0.00 

Total 1071 16.1 3936 29.2 13747 10.6 11256 18.2 10456 21.9 22497 19.6 

 

The two specimens of T. favus (Sp02 and Sp16) show a similar distribution of 

dominant OTUs with OTU003, OTU005 and OTU002  accounting for 12.7%, 0.8% 

and 1.9% of the reads for Sp02 and 17.2%, 3.2% and 1.8% of the reads for Sp16, 

respectively. In contrast, T. scurra specimens Sp07 and Sp27 have differences in 

the relative abundance of OTUs with OTU001 and OTU003 being the most 

abundant in Sp07 at 2% and 5.1%, respectively and OTU003 (4.8%), OTU006 

(2.6%) and OTU007 (2.4%) being the most abundant in Sp27. The most abundant 

species in the yellow encrusting sponge (Sp08) found growing in close association 

with T. scurra (Sp07) were OTU001 (at 8.1%) and OTU004 (7.5%). The 

differences in the relative abundance of OTUs between Sp07 and Sp27 could be 

attributed to cross contamination with the yellow encrusting sponge. T. scurra 

specimen Sp07 shared the high abundance of OTU001 in common with its 

associated yellow encrusting sponge Sp08, whereas Sp27 only had a single 
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sequence read assigned to OTU001 (Table 4.2). This correlates well with the 

DGGE banding patterns observed in Fig. 4.1 which showed a band in Sp07 that 

was not visible in Sp27 but corresponded to a band in Sp08. Alternatively, T. 

scurra sponges may not exhibit the conservation of species observed in T. favus. 

 

 

Figure 4.4 Relative abundance of the top 10 OTUs within each sponge specimen.  

The most notable similarity between T. favus and T. scurra is the relative 

abundance of OTU003 which represents only 0.03% and 0.01% of the Latrunculia 

sp. and yellow encrusting sponge reads, respectively. OTU002 represents just 

over 19% of the total number of reads in the Latrunculia sp., in contrast to 1.8% 

and 0.05% in T. favus and T. scurra respectively, being completely absent from 

the yellow encrusting sponge.  The majority of the sequence reads for each 

sponge specimen were assigned to the top 10 OTUs (Table 4.2; Fig. 4.4). The 

percentage abundance of the top 10 OTUs is presented in Figure 4.4 as a visual 

representation of the similarities between the sponge specimens with regard to the 

occurrence of abundant species.  
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Figure 4.5   Neighbour-joining phylogenetic tree based on 16S rRNA sequences of the top 10 

OTUs assigned to T. favus, T. scurra, Latrunculia sp., and the yellow encrusting 

sponge. Genbank accession numbers are indicated in brackets and bootstrap values 

(100 replicates) are indicated at the nodes. The scale bar represents 10% sequence 

divergence. 

A phylogenetic analysis comparing the top 10 OTUs with dominant OTUs from the 

T. favus clone library and relevant sequences showing homology to sponge OTUs, 

was conducted, and the results are presented as a Neighbour-joining phylogenetic 

tree (Fig. 4.5). OTU003, which was dominant in both T. favus and T. scurra was 

classified as an unclassified bacterium using the MOTHUR alignment tool and the 

Silva database as the reference alignment. However, in this phylogenetic tree 

OTU003 appeared to cluster with sequences within the phylum Spirochaeta and is 

closely related to the T. favus clones Sp02-3 and Sp02-15. OTU004 (7.5% in the 

yellow encrusting sponge) and OTU007 (2.39% in T. scurra specimen Sp27) also 

grouped within the Spirochaetes. 
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OTU005, assigned to the phylum Planctomycete, is conserved within all the 

sponge specimens within the genus Tsitsikamma and corresponds to T. favus 

clone Sp02sw-6. OTU001 (8.11% in the yellow encrusting sponge and 1.96% in T. 

scurra Sp07) and OTU002 (19.02% in Latrunculia sp. and 1.87% and 1.75% in T. 

favus specimens Sp02 and Sp16 respectively) were assigned to the phylum 

Betaproteobacteria. OTU002 is closely related, but not identical, to T. favus clone 

Sp02-1, which, according to the 16S rRNA clone library analysis (see section 

3.3.3) was the most dominant bacterial species in T. favus. OTU002 and Sp02-1 

likely represent different strains of the same betaproteobacterial species. The 

dominant OTU (OTU001) in the yellow encrusting sponge was assigned to the 

class Betaproteobacteria but groups separately to the dominant T. favus clone 

(Sp02-1) and OTU002. 

 

The above OTU analysis provided insight into the most abundant species present 

within the Latrunculid sponges. OTU analysis can also provide insight into the 

degree of similarity between specimens as well as an estimate of the species 

richness associated with a specimen, and this is visually represented by means of 

a heatmap (Fig. 4.6) and Venn diagram (Fig. 4.7) respectively.  
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Figure 4.6 Heatmap of OTUs assigned to T. favus (Sp02 and Sp16), T. scurra (Sp07 and Sp27), 

Latrunculia sp. (Sp06) and the yellow encrusting sponge (Sp08) at a distance value of 

0.03. 

A heatmap was generated using the Yue & Clayton theta structural diversity 

measure to calculate the dissimilarity between datasets at a species level. The 

scale bar indicates a gradual change from 0 (black) to 1 (red), with 0 indicating 0% 

similarity and 1 indicating 100% similarity (Fig. 4.6).  T. favus specimens Sp02 and 

Sp16 appeared to be very similar whereas T. scurra specimens Sp07 and Sp27 

were less similar potentially due to the before mentioned cross-contamination 

between Sp07 and its yellow encrusting sponge Sp08. This was further confirmed 

by the increase in percentage similarity between Sp07 and Sp08 (yellow 

encrusting sponge) than between Sp27 and Sp08. Both T. favus specimens 

showed relatively high percentage similarity to both T. scurra specimens. This 

reconfirmed the previous assumptions, based on the percentage abundance of 

the top 20 (Table 4.2) and top 10 (Fig. 4.4) OTUs, that the two sponge species 

within the genus Tsitsikamma shared a similar distribution of associated bacteria.  

The Latrunculia sp. and the yellow encrusting sponge showed little similarity to the 

T. scurra sponges. However, the Latrunculia sp. is more similar to T. favus than to 

T. scurra whereas the opposite was true for the yellow encrusting sponge.  
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Figure 4.7 Venn diagram showing the degree of OTU overlap between (A) T. favus specimens 

Sp02 and Sp16, (B) T. scurra. specimens Sp07 and Sp27 and (C) Algoa Bay sponge 

species T. favus, T. scurra, Latrunculia sp. and the yellow encrusting sponge; at a 

distance value of 0.03. 

To generate Venn diagrams, OTUs representative of single sequences were 

removed to decrease the influence of potentially transient bacteria. The dataset 

was also sub-sampled to ‗normalize‘ the datasets which is advised as often the 

datasets vary quite substantially in size. T. favus specimens Sp02 and Sp16 have 

12 shared OTUs (Fig. 4.7A) and 21 and 42 unique OTUs respectively. Despite the 

relatively high number of unique OTUs, the heatmap (Fig. 4.6) implies that the two 

T. favus specimens are highly similar which is not unexpected as the 12 shared 

OTUs could represent a significant portion of the sequence reads. T. scurra 

specimens Sp07 and Sp27 have 76 shared OTUs with 102 and 121 unique OTUs 
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respectively (Fig. 4.7B). However, the heatmap (Fig. 4.6) suggests that these two 

sponge specimens are less similar to each other than the two T. favus specimens 

potentially due to contamination from Sp08. There is also discrepancy between 

the total number of OTUs assigned to the T. favus specimens (33 and 55 for Sp02 

and Sp16 respectively) and the T. scurra specimens (178 and 197 for Sp07 and 

Sp27 respectively) which can be attributed to the larger data set obtained for the 

T. scurra specimens (see Table 4.1).   

 

Due to the small dataset generated for Sp02 and the potential cross-

contamination observed in Sp07, the four-way Venn diagram, depicting common 

and unique OTUs, (Fig. 4.7C) was generated using the datasets obtained for T. 

favus specimen Sp16, T. scurra Sp27, Latrunculia sp. Sp06 and yellow encrusting 

sponge Sp08. From a total of 477 OTUs, 22 OTUs were shared amongst all four 

sponge specimens. Each individual sponge specimen was represented by 

approximately the same number of OTUs (155, 196, 197 and 190 for each of 

Sp06, Sp08, Sp27 and Sp16 respectively) indicating similar degrees of diversity 

richness. T. favus and T. scurra shared 75 OTUs in common and 36 in common 

with Latrunculia sp.; while T. scurra and the yellow encrusting sponge shared 60 

OTUs in common. Venn analysis is a good estimator of diversity richness within 

specimens and gives an indication of the number of shared OTUs. However, not 

all the OTUs are necessarily conserved within a particular sponge species (which 

is indicated by the low number of overlapping OTUs within individual specimens of 

the same species, Fig. 4.7 A and B). This was potentially due to transient bacteria 

in the surrounding water column which, despite thoroughly rinsing the sponges 

with ASW, cannot be completely excluded from the 16S rRNA datasets. However, 

taking the results of the heatmap analysis into consideration, it can be assumed 

that these transient bacteria represent only a small percentage of the total 

sponge-associated bacterial community. 
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4.4 Discussion 

The objective of the research described in this chapter was to compare the 

bacterial diversity associated with Algoa Bay Latrunculid sponges and to 

determine if the sponge-associated bacterial communities were conserved and 

species-specific. While the sponge specimens investigated in the study were 

found growing in close proximity to one another, their associated bacterial 

communities were distinct. Initial DGGE profiling of the sponge specimens 

indicated that each sponge species contained a bacterial population so conserved 

it could be used to distinguish between species. Subsequent 16S rRNA gene 

sequence analysis implied that the diversity and relative abundance of bacterial 

phyla within Tsitsikamma favus and Tsitsikamma scurra was similar, which was 

not entirely unexpected given that they belong to the same genus and share very 

similar chemical profiles. Both T. favus and T. scurra were dominated by OTU003 

(representing approximately 14% and 5% of the total 454 sequence reads 

respectively) which was classified within the phylum Spirochaeta together with the 

T. favus clone library isolates Sp02-3 and Sp02-15. Previous studies on T. favus 

using 16S rRNA gene clone libraries (see section 3.3.3) suggested that the 

betaproteobacterial clone Sp02-1 was the overwhelmingly dominant species 

associated within T. favus, representing approximately 70% of the clone reads. 

Classification of the sequence reads to the phylum and class level also suggested 

that the dominant class within T. favus was the Betaproteobacteria. The 

discrepancy between the 454 sequences and clone library analysis may be due to 

primer bias since the templates used for sequencing were amplified using different 

primer pairs (see Fig. 3.1).Despite the consistent dominance of the class 

Betaproteobacteria within the Tsitsikamma sponges, the most abundant OTU for 

both T. favus and T. scurra is represented by a Spirochaete. The large number of 

sequence reads assigned to the class Betaproteobacteria by the RDP classifier 

could be because this class is represented by a high diversity of 

betaproteobacterial species and not one abundant betaproteobacterium.   

 

In a study by Kamke et al. (2010) the activity profiles of sponge-associated 

bacteria were studied using rRNA transcription as an indicator of metabolic 

activity, with the Spirochaetes showing high metabolic activity. The high 
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abundance of Spirochaetes within the mesohyl of host sponges together with their 

elevated metabolic activity (Kamke et al., 2010; Neulinger et al., 2010) are 

indicators that these sponge symbionts are an active part of the sponge-

associated bacterial community. With regards to T. favus and T. scurra, the high 

abundance and conservation of a particular Spirochaete species would suggest 

that this bacterium plays some role in the health of the sponge, perhaps by 

assisting in the production of secondary metabolites.  

 

Despite some similarities, the T. favus and T. scurra specimens did display 

differences in the relative abundance of the dominant OTUs. T. favus shared a 

betaproteobacterium in common with the Latrunculia sp. whereas T. scurra had a 

higher relative abundance of a gammaproteobaterium. T. scurra was covered with 

a yellow encrusting sponge which had to be peeled off like a skin. All four T. 

scurra specimens collected were covered in this encrusting sponge and did not 

seem harmed or damaged in any way indicating a commensal or possibly even 

symbiotic relationship. The bacterial communities associated with these two 

sponges were, however, different both in terms of their DGGE profile (Fig. 4.1) 

and the 16S rRNA analysis, with Betaproteobacteria and Unclassified bacteria 

dominating in T. scurra and unclassified Proteobacteria dominating in the yellow 

encrusting sponge. Lastly, the Latrunculia sp. which belongs to the family 

Latrunculiidae (as do T. favus and T. scurra) showed a distinct DGGE profile as 

well as differences in its associated bacterial community in the 16S rRNA gene 

sequence analysis. Also present at relatively high levels within the T. scurra 

sponges were a species of Planctomycetacia and Gammaproteobacteria, both of 

which are common sponge symbionts. A betaproteobacterium (OTU002) 

dominates in the bacterial population associated with the Latrunculia sp. and this 

betaproteobacterium is also present, albeit at a lower abundance, within T. favus.  

 

Previous sponge diversity studies have highlighted three consistently dominant 

phyla, namely the Chloroflexi, the Acidobacteria and the Proteobacteria 

(Erpenbeck et al., 2002; Holmes & Blanch, 2007; Lee et al., 2009; Montalvo & Hill, 

2011; Taylor et al., 2007; Trindade-Silva et al., 2012; Webster et al., 2010; White 

et al., 2012). However, the dominance of the class Betaproteobacteria is unique 

(see Chapter Three). The above OTU analysis provided insight into the dominant 
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species present within the Latrunculid sponges. OTU analysis can also provide 

insight into the degree of similarity between specimens as well as an estimate of 

the species richness associated with a specimen, and this is visually represented 

by means of a heatmap (Fig. 4.6) and Venn diagram (Fig. 4.7) respectively.  

 

The microbial diversity associated with Algoa Bay Latrunculid sponges appears to 

be conserved and species-specific (based on results obtained using both DGGE 

and 454 pyrosequencing). There was also similarity observed between the 

bacterial populations associated with T. favus and T. scurra, which share common 

secondary metabolite profiles. This raises the question as to whether the observed 

similarity in bacterial populations is due to the similarity in chemical profiles which 

are allowing for the growth of certain microorganisms while inhibiting the growth of 

others; or whether the similarity in chemical profiles is due to the fact that species 

within the genus Tsitsikamma share similar bacterial communities which are 

responsible for the production of the ‗sponge-associated‘ secondary metabolites. 

Isolation of culturable bacteria associated with T. favus will be discussed in 

Chapter Five. 
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Chapter Five 

ISOLATION AND CULTURE OF SPONGE-ASSOCIATED BACTERIA   

 

5.1 Introduction 

The sponge family Latrunculiidae are known for their production of a number of 

cytotoxic pyrroloiminoquinone compounds, including the discorhabdins and 

tsitsikammamines (Antunes et al., 2004, Antunes et al., 2005). The 

tsitsikammamines have, to date, only been isolated from the sponge species 

Tsitsikamma favus whereas the discorhabdins are common throughout the 

Latrunculiidae sponges. LCMS analysis of Tsitsikamma scurra specimens (section 

2.3.3) showed the presence of the discorhabdins 2,4-debromo-3-

dihydrodiscorhabdin C, 7,8-dehydro-3-dihydrodiscorhabdin C and 14-bromo-1-

hydroxy-discorhabdin V which have also been isolated from both T. favus and T. 

pedunculata (Antunes et al., 2003; Antunes et al., 2004; Antunes et al., 2005).  A 

study of the diversity of bacteria associated with T. favus revealed the dominance 

of Betaproteobacteria within the T. favus associated microbial community (Chapter 

Three).  Further 454 pyrosequencing analyses of T. favus, T. scurra and 

Latrunculia sp. specimens (Chapter Four) confirmed that, although the 

Betaproteobacteria were not necessarily the most dominant OTU, they did 

represent the most dominant class within the three Latrunculid sponge species. 

The relative rareness of the Betaproteobacteria as the most dominant class within 

a sponge-associated bacterial community made them an interesting target for 

isolation and culture studies. Marine sponges contain highly specific and 

conserved microbial communities, making them an attractive source for the 

discovery of novel sponge-associated bacteria which are assumed to be 

conserved by the sponges for a reason; and there is growing evidence to prove 

this hypothesis with the discovery of sponge-symbionts (as discussed in section 

1.4). 

 

Despite their relatively low numerical abundance within the Latrunculid sponges 

the actinomycetes are the most economically important prokaryotes (Tiwari & 

Gupta, 2012) because of their production of bioactive secondary metabolites 

(Berdy, 2005).  The rate of discovery of new compounds from terrestrial 
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actinomycetes has decreased, making the pursuit of new groups of actinomycetes 

from different habitats of great significance in the search for new drugs (Tiwari & 

Gupta, 2012). The initial impression that the diversity of actinomycetes in the 

oceans was small and restricted has been dispelled by 16S rRNA phylogenetic 

studies (Webster et al., 2001; Montalvo et al., 2005; Pathom-aree et al., 2006; 

Gandhimathi et al., 2008). Instead, as research and development in marine 

microbiology increases, there has been an associated increase in the discovery of 

a number of novel actinomycete metabolites. The oceans; including the seawater, 

marine sediment, and vertebrate and invertebrate organisms living within it; are 

considered the greatest source of biodiversity on the planet, making them an 

obvious target of exploration for the discovery of new compounds for drug 

development (Hentschel et al., 2003; Lam, 2006; Berdy, 2005; Tiwari & Gupta, 

2012). 

 

Cultivation of the conserved sponge bacterial community and the sponge-

associated actinomycetes would provide a method of bioprospecting for novel 

bioactive compounds, as well as potentially providing a microbial source for 

supposed ‗sponge‘ secondary metabolites (Kennedy et al., 2007; Haygood et al., 

1999). Mincer et al. (2005) emphasized that if time is spent in developing media 

and growth conditions specific to the marine environment from which the samples 

were collected, it is possible to culture significant numbers of previously 

unidentified bacteria and optimize fermentation conditions for the production of 

novel secondary metabolites (Mincer et al., 2005; Newman & Hill, 2006).  

 

The research described in this chapter was primarily aimed at the isolation of 

dominant sponge-associated bacteria from T. favus, but also included the isolation 

of actinomycetes from T. favus, T. scurra (and its associated yellow encrusting 

sponge) and Latrunculia sp. specimens. 
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5.2 Methods and Materials 

5.2.1 Microbial strains and general culture conditions 

All freshly collected sponge material was processed as described in section 2.2.1. 

Additionally, for the isolation of culturable T. favus associated bacteria and 

actinomycetes, approximately 1 cm3 of fresh sponge material was pulverised in 1 

ml ASW (refer to section 2.2.1) in a mortar and pestle. A 100 µl volume of the 

mashed sponge was spread onto isolation media and incubated at 28 °C. The 

isolation media used (see Appendix A1 for media recipes) and the incubation time 

are further discussed under the relevant headings. Once the relevant culture was 

obtained, the cells were rinsed off the plate with 10 ml ASW and 1.5 ml aliquots 

were pelleted by centrifugation at 16,000 x g for 5 min and the pellet stored at -80 

°C until later being used for DNA extractions. Glycerol stocks were prepared by 

adding 750 µl cell/ASW mix to 750 µl 2 x MA2216 broth (Difco) containing 50% 

glycerol and stored at -80 °C. 

 

The sponge isolates were streaked to single colonies and then re-streaked for the 

purposes of creating glycerol stocks and frozen pellets for DNA isolation purposes 

(as described above). DNA was isolated using the guanidinium thiocyanate 

protocol (as described in section 2.2.3). The 16S rRNA sequences were obtained 

using the PCR amplification protocol described in section 3.2.4.  DGGE analysis 

was performed as described in section 3.2.3.  

 

For antimicrobial testing, the test bacteria were streaked to single colonies on 

Luria agar plates and then patched from a single colony onto the respective 

plates. The plates were then incubated overnight at optimal growth temperatures 

of 28 °C for Pseudomonas aeruginosa (Gram-negative), Bacillus subtilus (Gram-

positive) and a Pseudomonas putida strain RUKM3s (Gram-negative); and 37 °C 

for Eschericia coli (Gram-negative), Shigella sonnei (Gram-negative), 

Staphylococcus aureus (Gram-positive), Klebsiella pneumonia (Gram-negative), 

Erwinia (Gram-negative), and Serratia marcescens (Gram-negative).  Two 

additional actinomycete isolates, UCT-05-011 #3 and UCT-05-011 3d, were 

provided by Dr Marelise Le Roes-Hill, (Biocatalysis and Technical Biology 

Research Group, Cape Peninsula University of Technology) and were obtained 
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from sponges other than the genus Tsitsikamma. These actinomycete test strains 

were streaked to single colonies on ISP2 media and then patched from a single 

colony onto the respective plates before being incubated at 28 °C.  

 

5.2.2 Isolation of dominant T. favus-associated bacterial strains 

A 100 µl volume of a ten-fold serial dilution (100 to 10-6) of the mashed T. favus 

specimen Sp26 was plated onto MA2216 and ISP2 and incubated at 28 °C for 24 

hrs. A 100 µl volume was also inoculated into 10 ml of MA2216 broth and 

incubated (200 rpm, 28 °C, 7 days). Plates were checked for growth. If the plates 

had extensive colony growth, the plates were removed and processed. If there 

was little to no growth, the plates were left to incubate for up to a week. Individual 

colonies were streaked to single colonies and the remaining cell mass was rinsed 

off the solid media using sterile MA2216 broth and glycerol stocks and frozen 

pellets were stored at -80 °C. The guanidium thiocyanate DNA isolation method 

was used to extract total genomic DNA and the bacterial diversity was visualised 

using DGGE (as previously described in section 3.2.3). 

 

A Pseudovibrio sp. was the most dominant colony seen growing on the solid 

media. A pure culture was obtained and identified using 16S rRNA PCR and 

sequencing (see section 3.2.4). Glycerol stocks of the Pseudovibrio isolate were 

spread plated onto ten MA2216 solid media plates (28 °C, 10 days) and 

inoculated into 2 x 500 ml MA2216 broth (200 rpm, 28 °C, 10 days). The cells 

were rinsed off the solid media with methanol, filtered through cotton wool and the 

methanol extract was cyclic loaded onto a PSDVB (HP20, 50 ml) column (see 

Chapter 2). The liquid cultures were filtered through cotton wool and loaded 

directly onto a second PSDVB (HP20, 100 ml) column (cyclic loading wasn‘t 

necessary because any excreted compounds were already in an aqueous 

medium). Both columns were rinsed with a 10 x column volume of ddH20 to 

remove all salts and other polar compounds. The columns were eluted with 3 x 

column volumes of 25%, 40%, 60%, 80% and 100% acetone (in de-ionised 

water). The fractions were back-loaded onto a PSDVB (HP20, 30 ml) column.  The 

25% and 40% fractions were eluted with 100 ml methanol while the 60%, 80% and 

100% fractions were eluted with 100 ml acetone. All fractions were concentrated in 
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vacuo and analysed using 600 MHz proton NMR (as described in section 2.2.6) 

and ESI LCMS (as described in section 2.2.8). 

 

For the isolation of the T. favus associated betaproteobacterium, 100 µl of each of 

five 10-fold serial dilutions (100 – 10-4) of the MA2216 solid medium glycerol stock 

(chosen because it contained a band corresponding to ‗Sp02-1‘ in the DGGE 

analysis) was plated onto 1/100 MA2216, MA2216* (1/100 MA2216 with 1.9% 

NaCl), 1/100 Nutrient Agar (NA) and Nutrient Agar* (1/100 NA with 1.9% NaCl). 

The plates were incubated at 28 °C for 2 weeks. Individual colonies were picked 

into 150 µl of liquid media (corresponding to the solid media they were isolated 

from) in 96-well microtitre plates as follows: each of the four types of media used 

were assigned three columns in the microtitre plate i.e. 24 colonies were picked 

from each type of medium used. The microtitre plates were incubated at 28 °C for 

5 days with gentle shaking (20 rpm), 100 µl from 8 wells was combined (down the 

column), the total genomic DNA was extracted using the guanidium thiocyanate 

protocol, and the bacterial diversity was visualised using DGGE (as described in 

section 3.2.3). 50 µl MA2216 glycerol stock (50% glycerol:50% 2 x MA2216) was 

added to the remaining 50 µl in the microtitre plate and was stored at -80 °C. 

 

5.2.3 Actinomycete isolation media and growth conditions 

Five different actinomycete isolation media, namely ISP2, ISP5, R2A, M1 Agar 

and SCN media provided by Dr Marelise Le Roes-Hill (Biocatalysis and Technical 

Biology Research Group, Cape Peninsula University of Technology) and 

Professor Russell Hill (Institute of Marine and Environmental Technology, 

University of Maryland Center for Environmental Science), as well as MA2216 (a 

non-selective medium) were initially used (see Appendix A1 for media recipes). 

After sterilization (autoclave), the media was allowed to cool to about 40 °C and 1 

ml of each of nalidixic acid (10 mg/ml in 0.2 M NaOH) and cycloheximide (10 

mg/ml in triple distilled water) were added. The antibiotic nalidixic acid prevents 

the growth of Gram-negative bacteria, while cycloheximide prevents fungal 

growth. A 100 ul volume of the mashed sponge material was plated onto each of 

the above media and the plates were incubated at 28 °C for 2 – 12 weeks. 
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5.2.4 Screening of a crude T. favus extract for antimicrobial activity 

Crude sponge extract (1.25 g dry mass, extracted using methanol as described in 

section 2.2.6) was added to a 0.1 M sodium acetate buffer (50 ml. pH 5.5) and 

mixed by vortexing for 1 min. The insoluble components were then separated by 

centrifugation (13000 rpm, 2 min) and 1 ml, 2 ml, 3.5 ml, and 5 ml respectively of 

the supernatant was added to 100 ml sterilized MA2216 broth and ISP2 broth 

(supplemented with 16 g bacto agar) at approximately 40 °C, before being poured 

as solid media plates. The positive control contained 5 ml of the sodium acetate 

buffer to negate any negative effect on the bacterial growth due to the buffer. The 

test bacteria and actinomycete isolates (both those supplied by Dr le Roes-Hill and 

those isolated from the Algoa Bay sponges) were first streaked to single colonies 

on MA2216 and ISP2 respectively and then streaked from a single colony onto the 

relevant sponge extract plates. Those that had diminished growth were 

considered sensitive to the sponge extract, whereas those that had normal growth 

(compared to the positive control) were considered resistant to the sponge extract. 

 

5.2.5 Screening of actinomycete isolates for antimicrobial activity 

Each individual colony found growing on the actinomycete isolation media was 

streaked onto a fresh ISP2 plate (without the antibiotics) to form a uniform zone of 

growth. All the sponge associated actinobacterial isolates were sent to Dr Paul 

Meyers at the Department of Molecular and Cell Biology, University of Cape Town 

for antimycobacterial screening. For screening purposes, each isolate was purified 

and maintained by repeated plate subculturing and grown in liquid culture with 

shaking as per the method of Everest et al. (2011). Incubation of isolates was 

always at 30 °C. Gram stains and streak plates were used to check purity of 

cultures.  

 

Antimycobacterial activity was determined by carrying out standard bacterial 

overlays. Actinobacterial stab inoculations were grown on a solid agar plate for 9 

days at 30 °C and overlaid with 6 ml of sloppy LB agar (0.7% w/v agar) containing 

M. aurum A+ from an overnight culture. For purposes of reproducibility and 

comparability between isolates, the volume of M. aurum A+ added to each overlay 
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was standardised using the equation: OD600 × volume to be added (in μl) = 160. In 

an attempt to induce the production of silent genes for antibiotic biosynthesis, two 

variations of five different media were used (standard recipes and versions where 

distilled water was replaced with ASW (annotated with a *)) (Kemp & Coyne 

2011). The media used were yeast extract-malt extract (YEME), Czapek Solution 

agar (CZ) at pH 7.3 (Atlas, 2004), Modified Czapek solution agar (MC) at pH 7 

(Nonomura & Ohara, 1971), Difco Middlebrook 7H9 agar prepared according to 

the manufacturer's specifications and supplemented with 10 mM glucose (albumin 

and catalase free) and R2A (Atlas, 2004). Plates were inspected and the zone of 

inhibition around the tested actinobacterial isolate was measured.  

 

 

 

 



129 

 

 
Chapter Five 

5.3 Results 

5.3.1 Antimicrobial activity of the crude sponge extract  

The pyrroloiminoquinones isolated from T. favus are well known for their cytotoxic 

properties (Antunes et al., 2004; Antunes et al., 2005) but little is known about 

their general antimicrobial properties. In previous studies, the secondary 

metabolites extracted from the sponge T. favus showed antimicrobial activity 

against the Gram-positive bacterium Bacillus subtilis (Antunes, 2003). 

 

 

 

Figure 5.1 The effect of a crude methanol extract of T. favus on the growth of a range of Gram-

positive and Gram-negative bacteria. Row 1 (clockwise starting from top left 

quadrant): S. aureus (Sa), S. marcescens (Sm), Erwinia (E), K. pneumonia (Kp); Row 

2 (clockwise starting from top left quadrant): B. subtilis (Bs), S. sonnei (Ss), E. coli 

(Ec), P. aeruginosa (Pa).  Row 3 (clockwise starting from top left quadrant): UCT-05-

011 #3 (#3), UCT-05-011 3d (3d), P. putida strain (RUKM3s) (Pp), E. coli (Ec). 

The sponge extract isolated from a May 2009 collection of T. favus, was tested for 

its general antimicrobial activity against a range of Gram-positive and Gram-

negative bacteria. All the Gram-positive bacteria tested (S. aureus, B. subtilis, 
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UCT-05-011 #3 and UCT-05-011 3d) were susceptible to the sponge extract, while 

the Gram-negative bacteria (Pseudomonas aeruginosa, Pseudomonas putida 

strain RUKM3s, Eschericia coli, Shigella sonnei, Klebsiella pneumonia, Serratia 

marcescens, with the exception of Erwinia sp.), were resistant (Figure 5.1). Thus 

the antimicrobial activity of the sponge extract appeared to inhibit the growth of 

Gram-positive bacteria, including two actinomycete strains. Thus it is not 

surprising that the Gram-negative Betaproteobacteria were numerically the most 

dominant class associated with T. favus.  

 

5.3.2 Isolation and culture of T. favus associated bacteria 

Previously, the clone library analyses of the 16S rRNA sequences of T. favus-

associated bacteria (section 3.3.3) showed that a betaproteobacterium species 

(Sp02-1) was the dominant bacterial species in T. favus. Other conserved and 

relatively dominant T. favus bacteria belonged to the Oceanospirillales 

(Gammaproteobacteria, Sp02-2) Spirochaeta (Sp02-3), Pseudovibrio 

(Alphaproteobacteria, Sp02sw-5) and Unclassified Gammproteobacteria (Sp02-9). 

The unique chemistry associated with T. favus, the conservation of species 

amongst T. favus specimens, and the knowledge that sponges harbour bacterial 

symbionts for multiple reasons including the production of secondary metabolites 

for chemical defence, motivated attempts at culturing and isolation of T. favus 

associated bacteria.   
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Figure 5.2 DGGE analysis of culturable T. favus associated bacteria.  (A) Comparison of DGGE 

profiles of dominant species in clone libraries (Sp02-9, Sp02-3, Sp02-2, Sp02sw-5 

and Sp02-1) with microbial diversity present in T. favus specimens Sp01 (1), Sp02 (2) 

and Sp03 (3).  The relative positions of conserved bands i, ii, iii and v are indicated on 

the right. (B) DGGE profile of ‗culturable‘ bacteria in T. favus on different solid and 

liquid media (Sp26BM – MA2216 broth, Sp26I – ISP2 solid medium and Sp26M – 

MA2216 solid medium) with dominant T. favus associated bands indicated on the left. 

Sp26 refers to T. favus specimen Sp26. 

A number of different media were used (see section 5.2.2) to isolate the bacteria 

associated with T. favus specimen Sp26. To investigate whether any of the 

culturable organisms seen growing in/on the respective media were the dominant 

clones, genomic DNA was isolated (as described in section 5.2.2) and  then used 

to PCR amplify 16S rRNA gene fragments that were analysed using DGGE. PCR 

products derived from recombinant plasmids containing the full-length 16S rRNA 

gene fragments of dominant OTUs associated with T. favus (Chapter 3) were used 

as markers for DGGE analysis.  The positions of these markers corresponded to 

the dominant DGGE bands obtained from PCR amplification of gDNA from the T. 

favus sponge specimens (Fig. 5.2A). This ‗marker‘ was then used to assess the 

‗culturable‘ bacteria from T. favus (Fig. 5.2B) and it appeared, based on the 

dominant DGGE bands, that at least 3 of the 5 dominant T. favus associated 
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bacteria were culturable, including the betaproteobacterium. The band 

corresponding to the betaproteobacterial clone Sp02-1 (band iii) is only clearly 

visible in the DGGE profile of colonies obtained from Sp26M (pulverised sponge 

material from T. favus specimen Sp26 spread plated onto MA2216). Further 

investigations into isolating the T. favus associated betaproteobacterium were 

therefore focused on isolates obtained from MA2216 solid medium. Despite the 

dominance of the betaproteobacterium in the 16S clone library, the corresponding 

DGGE band (iii) was quite faint in comparison to those corresponding to the other 

dominant T. favus associated bacteria.  

 

There are several potential reasons for this result.  First, the DGGE primers may 

not bind as well to the Sp02-1 sequence as to the other rRNA gene sequences 

under the PCR conditions used to produce the DGGE templates.  Alternatively the 

bacterium represented by Sp02-1 may be present in lower numbers in the sponge 

than indicated by the clone library data.  This is borne out by the data obtained 

from 454 pyrosequencing (see Chapter Four).  With respect to the DGGE analysis 

of cultured bacteria, the lower intensity of the Sp02-1 band relative to the other 

dominant bands may also be due to the possibility that the Sp02-1 isolate grew 

slower compared to the other sponge-associated bacteria. However, the 

uniqueness of the Betaproteobacteria as the dominant class within the Latrunculid 

sponges warranted further efforts to culture the Sp02-1strain focussing on 

MA2216 medium agar plates. 

 

The majority of the bacterial colonies observed growing on the MA2216 plates 

were dark brown in colour (Fig. 5.3A). The dark brown/green colour of the 

colonies, which seemed to be secreted into the surrounding medium, was similar 

to that of the pyrroloiminoquinone compounds characteristic of Tsitsikamma 

sponges. Colonies were picked and spread to single colonies on MA2216 agar to 

obtain pure cultures (confirmed by Gram-staining and light microscopy). gDNA 

was prepared from this isolate and amplified and the  sequence of the 16S rRNA 

gene fragment was  determined.  A BLAST analysis showed a 100% match with 

Pseudovibrio ascidiaceicola which belongs to the class Alphaproteobacteria.  
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Figure 5.3 (A) Colonies of P. ascidiaceicola growing on MA2216 plates. (B) 
1
H NMR of 25% 

acetone fraction of P. ascidaiceicola (purple) and T. favus (black) 

The compounds produced by P. ascidiaceicola, in both solid and liquid cultures, 

were analysed using proton NMR (Fig. 5.3B) and ESI LCMS to look for the 

presence of pyrroloiminoquinones. No pyrroloiminoquinone-like compounds were 

detected, so it was concluded that the brown pigment secreted by P. 

ascidiaceicola was not a sponge-associated pyrroloiminoquinone. However, small 

amounts of toluenediamene (TDA), a mild antimicrobial, were detected using ESI 

LCMS.  

 

Further studies were conducted to isolate and culture T. favus associated bacterial 

species. Two approaches were used. The first took into account the assumed 

numerical dominance of the betaproteobacterium Sp02-1 in T. favus (as indicated 

by the clone library analyses, Chapter Three) and so ten-fold dilutions were 

spread plated to isolate the numerically dominant culturable bacterial strains.  The 

second approach was to use minimal media to select for the betaproteobacterial 

isolate. According to Janssen et al. (2002) the use of a dilute medium (1/100 

dilution) allows for the isolation of slower growing bacterial isolates, including 

Proteobacteria (Janssen et al., 2002). As mentioned previously, DGGE analysis of 

6.86.97.07.17.27.37.47.57.67.7 ppm

A 

B 
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colonies growing on MA2216 solid medium contained a band corresponding to the 

T. favus associated betaproteobacterial clone Sp02-1 (Fig. 5.2). Glycerol stocks of 

the colonies growing on the MA2216 solid medium where serially diluted (100 – 10-

4) and spread onto a number of different media, namely 1/100 MA2216, MA2216* 

(1/100 MA2216 with 1.9% NaCl), 1/100 Nutrient Agar and Nutrient Agar* (1/100 

NA with 1.9% NaCl). The plates were incubated at 28 °C for 2 weeks and 

individual colonies were picked, inoculated into liquid media, pooled and gDNA 

extracted as described in section 5.2.2. 

 

  

Figure 5.4  DGGE profile of colonies picked from MA2216*. Each DGGE well represents 8 

individual colonies all picked from the same plate (as described in section 5.2.2). Only 

the lanes that were loaded with colonies from MA2216* are indicated because they 

alone contained a band corresponding to Sp02-1.  

DGGE analysis of the pooled colonies indicated that the minimal medium 

MA2216* gave rise to colonies that contained a band corresponding to the T. 

favus associated betaproteobacterium Sp02-1 (Fig. 5.4, lanes 2 and 4). Glycerol 

stocks of each of the16 individual colonies that were used to generate the DGGE 

profile displayed in lanes 2 and 4 (Fig. 5.4) were spread to single colonies on 
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MA2216*, incubated and monitored over 10 days using light microscopy. At 4 days 

and 10 days of growth the colonies were assessed by Gram-stain and the results 

are represented in Fig. 5.5 A and B respectively.  

 

 

Figure 5.5 An ‗Sp02-1‘ colony after 4 days (A) and 10 days (B) of growth on MA2216* at 28 °C. 

The image on the right is of the colony itself and the image on the left is a Gram-stain 

of the colony. 

At first the cells grew as small, cream, opaque colonies with smooth edges and a 

smooth surface.  After 4 days of growth (Fig. 5.5A) raised ‗spots‘ started forming 

on the surface of the colony, which gradually increased in size with time (Fig. 

5.5B, left panel). At 4 days the ‗colonies‘ contained mostly Gram-positive cocci 

(Fig. 5.5A right panel). After 10 days of growth, the ‗colonies‘ were almost 

completely dominated by Gram-negative, thin, rod-shaped cells (Fig. 5.5B, right 

panel). Betaproteobacteria are Gram-negative, and many of them are rod-shaped 

(Garrity, 2005); so it was possible that the rod-shaped bacteria observed in the 

colonies could have been the betaproteobacterium Sp02-1. Six individual colonies 

(at different stages of growth and all displaying the characteristic raised ‗spots‘) 

were picked and genomic DNA was isolated for DGGE (Fig. 5.6) and 16S rRNA 

sequence analysis, which revealed that the coccus shaped cells were closely 
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related (98% identity) to the salt tolerant Staphylococcus sp. C1FRI H-TSB-6-HA 

(JF799910.1) isolated from the east coast of India. Unfortunately, regardless of the 

dominance of the rod shaped Gram-negative bacterium (assessed by Gram-stain), 

only the Staphylococcus species was identified using 16S rRNA techniques and 

the identity of the rod-shaped bacterium could not be confirmed. The faster 

growing Staphylococcus species appeared to form a protective layer that then 

allowed the rod-shaped bacteria to grow underneath it and it is this sub-surface 

growth that appears to push the gram positive cocci upwards to form the 

protrusions that were visible as raised ‗spots‘ when viewed using a dissecting light 

microscope.  

 

Figure 5.6 DGGE profiles of 6 individual colonies (lanes 1 to 6) that were picked after re-

streaking and monitoring of the colonies containing a band corresponding to ‗Sp02-1‘ 

in the DGGE profile displayed in Fig. 5.4. Lane 7 – DGGE profile of bacteria 

associated with T. favus specimen Sp02 (Sp02), lane 8 – DGGE profile of the 

Staphylococcus sp. identified (‗Staph‖) with a ‗*‘ next to the most dominant band, lane 

9 – DGGE profile of T. favus clone Sp02-1 (Sp02-1) and lane 10 – DGGE profile of 

the dominant T. favus associated clones (Clones).  
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DGGE analysis of 6 colonies picked according to the results described above 

indicated that the 6 colonies analysed did not contain a band corresponding to the 

betaproteobacterium Sp02-1 despite the presence of the rod-shaped bacterium. 

However, a band corresponding to the most dominant band in the Staphylococcus 

sp. DGGE profile (indicated with a ‗*‘) is present in each of the 6 colonies 

analysed. The Staphylococcus species appears to be present in each of the 

colonies picked but the presence of the betaproteobacterium could not be 

confirmed.  

 

5.3.3 Isolation and culture of sponge-associated actinomycetes 

Five different media were used to isolate actinomycetes from sponge tissue.  No 

colonies were observed on the ISP5, SCN or R2A media after 2 weeks of 

incubation.  The M1 Agar plates had a few colonies while the ISP2 plates 

produced the most colonies with the greatest morphological diversity. 

Morphologically distinct colonies growing on ISP2 agar plates that stained Gram-

positive were selected for molecular identification using the sequence of the 16S 

rRNA gene. Twenty four actinomycetes isolates were identified based on BLAST 

analysis of their 16S rRNA gene sequences (Table 5.1).  
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Table 5.1: Diversity of Actinobacteria isolated from Algoa Bay sponges 

Isolate Top BLAST hit Accession no. % Similarity 

RuSp01-3a Kocuria kristinae DSM 20032 X80749 99 

RuSp01-3b Kocuria kristinae DSM 20032 X80749 99 

RuSp02-2a Kocuria kristinae DSM 20032 X80749 99 

RuSp02-2b Kocuria kristinae DSM 20032 X80749 99 

RuSp02-3a Kocuria kristinae DSM 20032 X80749 99 

RuSp02-3b Kocuria kristinae DSM 20032  X80749 99 

RuSp02-4 Streptomyces matensis NBRC 12889 AB184221 100 

RuSp02-6 Streptomyces matensis NBRC 12889 AB184221 100 

RuSp03-3 Rothia amarae JCM 11375 AY043359 99 

RuSp04-2 Streptomyces albidoflavus DSM 40455 Z76676 99 

RuSp06-2 Streptomyces viridochromogenes NBRC 3113 AB184728 99 

RU 1B-1 Tsukamurella pulmonis DSM 44142 X92981 99 

RU 1B-2 Streptomyces albidoflavus DSM 40455  Z76676 99 

RU 2B-1 Streptomyces viridochromogenes NBRC 3113  AB184728 99 

RU 3B-1 Gordonia soli CC-AB07  AY995560 97 

RU 3B-2 Micrococcus yunnanensis YIM 65004  FJ214355 100 

RU 4/5 Kocuria kristinae DSM 20032  X80749 99 

RU 6B-1b Gordonia bronchialis DSM 43247  CP001802 98 

RU-3S-3 Streptomyces glomeratus LMG 19903  AJ781754 98 

RU-3S-7 Amycolatopsis pretoriensis NRRL B-24133 AY183356 99 

Sp26 (2) Streptomyces violaceoruber NBRC 12826  AB184174 99 

Sp28 (1) Streptomyces albidoflavus DSM 40455  Z76676 99 

Sp28 (4) Rhodococcus sp. VITSNK6  FJ973466.1 91 

Sp29 (1) Streptomyces lilacinus NBRC 3944  AB184819 100 

 

The genus Streptomyces was the most well represented genus amongst the 

actinobacterial isolates. Streptomyces are aerobic, Gram-positive and filamentous 

and are morphologically diverse. They are currently the largest genus of 
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Actinobacteria with over 500 described species (Euzeby, 2008) and are most 

commonly found in soil and decaying vegetation but a number of species have 

been isolated from marine environments (Dharmaraj, 2010). They are considered 

to be the most pharmaceutically significant genus, producing over two thirds of the 

clinically useful antibiotics of natural origin (Kieser et al., 2000). Several species of 

Streptomyces were isolated from the Algoa Bay sponge specimens, including S. 

albidoflavus (RUSp04-2, Sp28 (1), RU1B-2), S. matensis (RUSp02-4, RUSp02-6), 

S. viridochromogenes (RU2B-1), S. glomeratus (RU-3S-3), S. violaceoruber (Sp26 

(2)) and S. lilacinus (Sp29 1)).  

 

The genus Kocuria was the second most well represented genus. All the Kocuria 

isolates were yellow in colour, except for RUSp02-2a and b which were pink-

yellow in colour and RUSp01-3a and b which were a very light yellow (almost 

white). The isolates all grew as individual convex powdery colonies with a rough 

surface and an uneven perimeter. According to the literature, members of the 

Kocuria genus are Gram-positive, aerobic, coccoid, non-encapsulated, 

nonhalophilic and non-endospore-forming (Kloos et al., 1974, Kocur, 1986, 

Kovacs et al., 1999). Their normal habitats include mammalian skin, soil, the 

rhizoplane and freshwater, although their occurrence in the marine environment is 

becoming more apparent. Seven species currently comprise the genus, namely 

Kocuria kristinae, Kocuria palustris, Kocuria polaris, Kocuria rhizophila, Kocuria 

rosea, Kocuria varians (Stackebrandt et al., 1995, Kovacs et al., 1999, Reddy et 

al., 2003) and the more recently discovered Kocuria marina (Kim et al., 2004).   

 

5.3.4 Antimicrobial activity of sponge-associated actinomycetes 

All of the actinomycete isolates were screened by Tarisayi Matongo in Dr Paul 

Meyer‘s laboratory (Molecular and Cell Biology Department, University of Cape 

Town) for growth inhibition of the Gram-negative Mycobacterium aurum A+, a non-

pathogenic Mycobacterium strain considered to have a similar antibiotic 

susceptibility profile to Mycobacterium tuberculosis (Chung et al., 1995). 
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Table 5.2: Antibiotic activity of Algoa Bay actinomycetes against M. aurum. The numbers indicate the zone of inhibition in 

millimetres on different actinomycete growth media as described in section 5.2.5 (taken from Matongo & Meyers, 2011). 

Isolate Species  YEME YEME* CZ CZ* MC MC* 7H9 7H9* R2A R2A* 

Sp26 (2) Streptomyces violaceoruber 553 547 298 
 

459 612 
   

88 

Sp28 (1) Streptomyces albidoflavus 
    

707 289 
    

Sp29 (1) Streptomyces lilacinus 2617 761 1298 
 

1367 452 1046 
  

283 

RUSp02-4 Streptomyces matensis 2359 851 
  

276 415 
  

1282 
 

RUSp02-6 Streptomyces matensis 
 

330 
  

327 603 
  

1708 
 

RUSp04-2 Streptomyces albidoflavus 
 

1869 
  

251 179 459 
   

RUSp06-2 Streptomyces matensis 1923 
   

339 398 
    

RU1B-2 Streptomyces albidoflavus 4365 990 
  

262 
 

459 1103 
 

731 

RU2B-1 Streptomyces viridochromogenes 5873 4423 
  

594 
     

RU3S-3 Streptomyces glomeratus 
          

RUSp01-3a Kocuria kristinae 3197 1445 
        

RUSp01-3b Kocuria kristinae 368 2919 
        

RUSp02-2a Kocuria kristinae 
          

RUSp02-2b Kocuria kristinae 
          

RUSp02-3a Kocuria kristinae 1649 >7834 
        

RUSp02-3b Kocuria kristinae 
 

>7834 
        

RUSp04/5 Kocuria kristinae 2438 901 
        

RU3B-1 Gordonia soli 
          

RU6B-1b Gordonia bronchialis 
       

38 
  

RUSp03-3 Rothia amarae 
          

RU1B-1 Tsukamurella pulmonis 2280 
         

RU3B-2 Micrococcus yunnanensis 
          

RU3S-7 Amycolatopsis pretoriensis 
 

26 
   

128 
 

51 
 

51 

Sp28 (4) Rhodococcus sp. 
    

7 7 
  

2626 
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Two of the Kocuria kristinae isolates (RUSp02-3a and RUSp02-3b) had significant 

activity against M. aurum with a zone of inhibition that cleared the plate (>7834 

mm). It is also important to note that the other Kocuria  isolates were not as active, 

and some showed no activity at all (Table 5.2), suggesting that while these 

isolates were taxonomically identical with reference to their 16S rRNA gene 

sequences, they potentially represented different strains of the same species. All 

of the Streptomyces isolates (except for S. glomeratus) showed promising activity 

against M. aurum especially Streptomyces albidoflavus isolate RU1B-2. The other 

Actinobacterial isolates displayed limited activity against M. aurum. 

 

5.4 Discussion 

The culturing of T. favus associated bacteria was approached from two directions. 

Firstly, attempts were made to culture the dominant T. favus associated bacteria, 

with particular interest in the dominant betaproteobacterium Sp02-1 (as indicated 

by the clone library analyses, Chapter Three). Several dark brown colonies were 

observed and were identified as Pseudovibrio ascidiaceicola, an 

alphaproteobacterium. Initial interest in this isolate was due to its ability to produce 

a dark brown pigment which was released into the surrounding medium. The 

pyroloiminiquinones associated with Tsitsikamma sponges are also dark brown in 

colour but ESI LCMS analysis suggested that no pyrroloiminoquinones were 

produced by P. ascidiaceicola. Instead small amounts of TDA were detected. TDA 

was recently isolated from Pseudovibrio sp. D323 and related strains and is 

proposed to have mild antimicrobial activity (Penesyan et al., 2011). Further 

attempts to culture the dominant T. favus associated betaproteobacterium (Sp02-

1) resulted in the isolation of a salt tolerant Staphylococcus species that appeared 

to be consistently associated with a rod shaped bacterium that was speculated to 

be Sp02-1. Unfortunately this could not be confirmed as subsequent DGGE 

analysis did not indicate the presence of the betaproteobacterial band. It is 

estimated that only a small percentage of the sponge-associated microorganisms 

are culturable so it was not unexpected that the betaproteobacterium would be 

difficult to culture. The Staphylococcus species belongs to the phylum Firmicutes, 

which were detected within the clonal library and within the 454 pyrosequencing 

analysis of T. favus associated bacteria (see Chapter Three).  
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The second approach involved the culturing of Actinobacteria associated with the 

Algoa Bay Latrunculid sponges. A small number of actinomycete isolates were 

cultured and of particular interest were two of the Kocuria kristinae strains 

(RUSp02-3a and RUSp02-3b) as well as the Streptomyces albidoflavus strain 

(RU1B-2) which showed significant antimicrobial activity against M. aurum. The 

discovery of a Kocuria species with antimicrobial activity is unusual because 

Kocuria species aren‘t generally renowned for their production of antimicrobial 

compounds. Conversely, S. albidoflavus is a well characterised species consisting 

of numerous sub-species and strains (Anderson & Wellington, 2001), and certain 

strains of S. albidoflavus are known to produce several bioactive compounds 

(Augustine et al., 2005; Roy et al., 2006). Further research into the secondary 

metabolite production of the K. kristinae and S. albidoflavus strains is currently 

underway. 
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Chapter Six 

GENERAL DISCUSSION AND FUTURE PROSPECTS 

 

6.1 General Discussion 

The pyrroloiminoquinone class of secondary metabolites have been found 

exclusively in sponges and microorganisms, with the exception of wakayin which 

was isolated from an Ascidian. Antunes et al. (2005) proposed a putative 

biosynthetic pathway for the pyrroloiminoquinones (Fig. 1.16) that starts with 

tryptophan as a precursor. Miyanaga et al. (2011) elucidated the biosynthetic 

pathway for the production of the pyrroloiminoquinone lymphostin in the marine 

actinobacteria Salinispora tropica and Salinispora arenicola, also using tryptophan 

as a precursor. Genome sequencing of S. tropica and S. arenicola revealed a 

unique hybrid NRPS-PKS locus that has been assigned to the production of the 

pyrrolo[4,3,2-de]quinoline core characteristic of pyrroloiminoquinone metabolites. 

T. favus, T. scurra and T. pedunculata have the discorhabdins 7,8-dehydro-3-

dihydrodiscorhabdin C, 14-bromo-3-dihydrodiscorhabdin C and 14-bromo-1-

hydroxy-discorhabdin V  in common.  According to the biosynthetic pathway, 

proposed by Antunes et al. (2005) all of the secondary metabolites isolated from 

the Tsitsikamma sponges have makaluvamines, which have been shown to have 

a microbial source (Ishibashi et al., 2001), as an intermediate. This lead to the 

hypothesis that the pyrroloiminoquinone core and/or many of the intermediates 

and/or the final secondary metabolites associated with sponges within the 

Tsitsikamma genus are produced by one or a group of closely related microbial 

symbionts.  

 

This study focused on Tsitsikamma favus, which is unique amongst members of 

the genus Tsitsikamma due to its production of tsitsikammamine A and B, as well 

as Tsitsikamma scurra which does not produce tsitsikammamine A and B.  The 

principle aim was to determine whether these two sponge species were 

associated with conserved microbial species that might be related to their 

production of secondary metabolites.  
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Tsitsikamma favus and Tsitsikamma scurra (closely associated with a yellow 

encrusting sponge) were collected from Evan‘s Peak Algoa Bay, together with a 

neighbouring and newly described Latrunculia sp. The sponge specimens were 

identified using traditional taxonomic methods coupled with molecular and 

chemotaxonomic based techniques. The bacterial community associated with 

each of the sponge specimens was then characterised using several molecular 

techniques in order to compare the bacterial populations associated with each of 

the Latrunculid sponges. Culturable sponge-associated bacteria were then 

isolated and screened for the production of bioactive compounds. 

 

 Traditional taxonomic methods identified Tsitsikamma favus, Tsitsikamma scurra 

(surrounded by a yellow encrusting sponge) and a new species of Latrunculia. 

Phylogenetic analysis, using both the COX1 and 28S rRNA gene fragments, 

confirmed the taxonomic identification and identified the yellow encrusting sponge 

as a member of the family Mycaliidae. However, the COX1 fragment was unable 

to differentiate between T. favus and T. scurra even when the extended fragment 

was used whereas the 28S rRNA gene fragment proved to be more successful. 

This highlights the need for the use of a reliable barcoding fragment (or multiple 

barcoding fragments if one is not sufficient) that are consistently used by sponge 

taxonomists. To date, there is limited data available on molecular classification of 

sponges, and what is available is spread across multiple barcoding fragments. 

This makes the characterisation of sponges using phylogenetic techniques 

unfeasible and traditional taxonomy is still the most reliable characterisation 

method. Chemotaxonomic analysis of T. scurra revealed that it contained the 

pyrroloiminoquinones 2,4-debromo-3-dihydrodiscorhabdin C, 7,8-dehydro-3-

dihydrodiscorhabdin C and 14-bromo-1-hydroxy-discorhabdin V in common with 

both Tsitsikamma favus and Tsitsikamma pedunculata (Antunes et al., 2003, 

Antunes et al., 2004; Antunes et al., 2005). However, T. scurra did not contain 

tsitsikammamine B thus reconfirming the notion that the tsitsikammamines appear 

to be characteristic of T. favus specifically.  

 

The uniqueness of the tsitsikammamines to T. favus motivated an investigation 

into the link between the unique chemistry associated with T. favus and its 

associated bacterial community. The T. favus associated bacterial community; 
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investigated using DGGE, clonal libraries of full length 16S rRNA genes, as well 

as 454 pyrosequencing; was shown to be highly conserved, stable over time and 

dominated by the class Betaproteobacteria. T. favus was found to contain a 

relatively unique distribution of bacteria compared to previous sponge-associated 

bacterial diversity studies (Li & Liu, 2006; Turque et al., 2008; Lee et al., 2009; 

Radwan et al., 2010; Hardoim et al., 2009; Wang et al., 2009; Sipkema & Blanch, 

2010; Webster et al., 2010). Interestingly, a recent and comprehensive 

phylogenetic analysis by Simister et al. (2012) on the 7 546 publicly available 

sponge derived 16S rRNA sequences revealed a number of sponge specific 

sequence clusters which were most well represented within the Chloroflexi, 

Cyanobacteria, Poribacteria, Betaproteobacteria and Acidobacteria (Simister et 

al., 2012). These phyla may not be the most dominant bacteria within previously 

investigated sponges, but they do appear to be the most conserved within sponge 

communities in general.  

 

There was a general consensus that sponges harboured a select community of 

―sponge-associated‖ bacteria and that this core community, although conserved 

within the phylum Porifera, was universal to sponges in general (Hentschel et al., 

2002; Hill et al., 2006; Olson & McCarthy, 2005). However, a number of studies 

indicate that this sponge-associated bacterial community is not as universal as 

previously thought, and that contrary to this, an increasing number of sponges 

have been shown to have highly conserved, species-specific bacterial 

communities (Erwin et al., 2011; Holmes & Blanch, 2007; Lee et al., 2009; Li et al., 

2007; Taylor et al., 2007). A theory that is gaining momentum due to advances in 

pyrosequencing capabilities is that the sponge microbiome can be classified into 

three main groups, namely species-specific, variable and core. Using currently 

available data it has been estimated that the species-specific taxa occupy 

approximately 72% of the sponge-associated microbial population whereas the 

core community is thought to occupy as little as 2% (Trindade-Silva et al., 2012). 

However, our current knowledge on sponge-symbiont interactions is derived from 

a relatively small number of host sponges given that there are at least 15 000 

sponge species worldwide (Trindade-Silva et al., 2012). Research into the 

sponge-associated microbial communities associated with unique sponge species 

from varying geographical locations is needed in order to understand the true 
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distribution and importance of these sponge symbionts from both an ecological as 

well as an application based perspective.  

 

With the development of more accessible pyrosequencing technologies comes the 

ability to analyse microbial communities associated with higher organisms far 

more holistically. As mentioned in Chapter 3, traditional Sanger sequencing 

methods are still of importance due to the longer sequencing reads obtained and 

are therefore still necessary when closely comparing species. However, in terms 

of large-scale diversity studies, the use of high throughput pyrosequencing 

provides a more accurate assessment of relative abundances of bacterial 

phylotypes and allows us to study and compare even rare microbial symbionts 

which may still be of significance. Pyrosequencing analyses of sponge-associated 

bacterial communities, to date, has been done on the Red Sea sponges Hyrtios 

erectus, Stylissa carteri and Xestospongia testudinaria (Lee et al., 2010), the 

Great Barrier Reef sponges Ianthella basta, Ircinia ramose and Rhopaloeides 

odorabile (Webster et al., 2010), the Caribbean reef sponge Axinella corrugata 

(White et al., 2012) and the Brazilian sponge Arenosclera brasiliensis (Trindade-

Silva et al., 2012). However, to our knowledge, this is the first study that uses NGS 

techniques to investigate and compare the microbial diversity associated with 

closely related marine sponges found growing in close proximity to one another 

 

The microbial community associated with T. favus appeared to be highly 

conserved, but was it species specific? Also, did the two sponges within the genus 

Tsitsikamma share similarities in their microbial communities, and if so how similar 

were they? The hypothesis was that T. favus and T. scurra would have similar 

microbial communities because they shared similarities in their secondary 

metabolite profiles. However, the exclusivity of the tsitsikammamines to T. favus 

would imply that there would be differences in the microbial distribution if the 

associated microbes were in some way linked to the secondary metabolite 

production. Additionally, Latrunculid sponges (including T. scurra, T. favus and the 

Latrunculia sp.) are known to produce pyrroloiminoquinones including 

discorhabdins. The microbial community of the Latrunculia sp. was therefore 

hypothesised to have some similarities to the Tsitsikamma sponges, whereas the 
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yellow encrusting sponge (family Mycaliidae) would have a very diiferent 

associated microbial population. 

 

Investigations into Latrunculid sponges collected in Algoa Bay, including T. scurra 

(and its associated yellow encrusting sponge) and Latrunculia sp. that grew in 

close proximity to T. favus, revealed that the bacterial communities associated 

with these sponge species were not only highly conserved but also species 

specific. Initial DGGE analysis revealed that each of the sponge species 

investigated had a distinct and conserved DGGE ‗fingerprint‘ and this became the 

most reliable molecular technique for distinguishing between sponge species. 

Further investigation into T. favus and T. scurra using NGS revealed that the 

Tsitsikamma sponges shared a dominant ‗Spirochaete‘ species (OTU003) in 

common, as well as some other dominant OTUs, albeit as different relative 

percentages of the associated bacterial population. The Latrunculia sp. was 

dominated by a single betaproteobacterial species (OTU002) that represented 

over 19% of the sponge associated bacterial community and was also present in 

T. favus (at approximately 1.8% abundance). The yellow encrusting sponge so 

closely associated with T. scurra had a different bacterial community to that of T. 

scurra (except for T. scurra specimen Sp07 and yellow encrusting sponge Sp08 

where cross contamintation between the two sponges was assumed to have 

occurred due to the difficulty involved in separating them). The Algoa Bay sponges 

investigated appeared to have conserved and species specific bacterial 

communities, with the two species within the genus Tsitsikamma sharing similar, 

yet distinct, profiles.  

 

It can be concluded that despite their close proximity, the sponge species 

investigated harboured distinct and species specific bacterial communities that 

were stable over time. This would imply that their associated bacterial community 

is not a product of their environment, but that it has been selected and conserved. 

The results for the DGGE and OTU analysis appeared to be the most congruent. 

The consistently faint DGGE band associated with the betaproteobacterial clone 

Sp02-1 would suggest that its abundance within the T. favus associated bacterial 

population is not as dominant as suggested by the clone library. However, the 

results obtained from the clone library analyses cannot be discredited as the 
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betaproteobacterial clone Sp02-1 may still play a significant role in the T. favus 

associated microbial community. 

 

The phylum Porifera is known to produce many biologically active compounds that 

have been isolated and studied since the 1950‘s (Bergmann & Feeney, 1950), 

with 287 new compounds isolated from sponges in 2009 alone (Blunt et al., 2011). 

Marine microorganisms are also proving to be an invaluable source for the 

isolation of novel pharmaceutically relevant compounds (273 new compounds 

were reported in 2009, Blunt et al., 2011). There is increasing evidence that 

sponge ‗symbionts‘ may be responsible for the biologically active compounds 

previously attributed to the sponge itself (Bewley et al., 1996; Flowers et al., 1988; 

Stierle et al., 1988; Thomas et al., 2010). Attempts were made to culture the T. 

favus associated bacterial community, with a focus on the betaproteobacterium 

Sp02-1. A Pseudomonas ascidiaceicola strain was isolated due to its dominance 

on the MA2216 plates and its ability to produce a dark brown pigment which 

resembled the dark brown colour of the pyrroloiminoquinone compounds isolated 

from Latrunculid sponges. However, fermentation studies did not indicate the 

presence of pyrroloiminoquinones and instead trace amounts of toluenediamine, a 

mild antimicrobial recently isolated from Pseudovibrio sp. D323, were detected. A 

salt tolerant Staphylococcus species was also isolated, growing in conjunction with 

what appeared to be the betaproteobacterial isolate Sp02-1, but this could not be 

confirmed and it was assumed that attempts to culture the T. favus associated 

betaproteobacterium were unsuccessful.  

 

An alternate approach involved the isolation of actinomycetes from the Latrunculid 

sponges despite their low abundance within the Algoa Bay sponges, as indicated 

by both the clone library and 454 pyrosequencing. Actinomycetes are well known 

for their production of bioactive secondary metabolites and a study by Miyanaga et 

al. (2011) revealed a unique hybrid NRPS-PKS locus that was assigned to the 

production of the pyrrolo[4,3,2-de]quinoline core characteristic of 

pyrroloiminoquinone metabolites in the marine actinomycetes S. tropica and S. 

arenicola. The actinomycete isolates were screened for antimycobacterial activity, 

with the Kocuria isolates (RUSp02-3a and RUSp02-3b) and Streptomyces isolate 

(RU1B-2) showing the most promise. A number of Kocuria strains were isolated, 
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but with varying activity against M. aurum. This reinforces the theory that it is very 

important to check the antibiotic producing profile of all isolates, even those 

belonging to the same species, as failure to do so could mean missing out on a 

strain with new and interesting antibiotic activity.  

 

The bacterium responsible for the production of the pyrroloiminoquinones and/or 

their precursors was not conclusively isolated. Perhaps a yet uninvestigated 

isolate is producing the compounds of interest and/or a number of bacteria are 

producing the compounds in unison. Alternately, maybe the conservation of the 

bacterial communitites within the Latrunculid sponges is not because they are 

responsible for the production of the pyrroloiminoquinones but rather because the 

presence of different pyrroloiminoquinone compounds within the sponge species 

is shaping their associated bacterial communities. 

 

6.2 Future Prospects 

The microbial communities associated with the Algoa Bay Latrunculid sponges 

appeared to be conserved and species specific. The 16S rDNA gene is present in 

all bacterial species and provided an indication of the total bacterial diversity 

present in the sponge. OTU analysis of the 16S rDNA gene fragment (to the 

species level) revealed which bacterial species were the most abundant, but most 

abundant does not necessarily imply that it is the most metabolically active. 

Cellular concentrations of 16S rRNA are generally correlated with growth rate and 

activity (DeLong et al., 1989; Poulsen et al., 1993) hence the rRNA itself can yield 

useful information about which community members are active. The generation of 

RNA libraries would provide insight as to which members of the complex bacterial 

community are most active, and assist in differentiating between symbiotic and 

transient bacteria with the assumption that the symbiotic bacteria would form a 

more active part of the sponge community than the transient bacteria which are 

passing through and/or being digested. 

 

Attempts at culturing the dominant T. favus associated bacteria, in an attempt to 

isolate a bacterium responsible for the production of the associated 

pyrroloiminoquinones and/or their precursors, were unsuccessful. The isolation of 
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the actinomycetes proved to be more successful from a bioprospecting point of 

view, and several of the relatively small number of actinomycetes isolated during 

this study were shown to have antimycobacterial activity. Further studies into the 

fermentation of these isolates and the extraction and elucidation of the secondary 

metabolites are currently underway.  

 

Many bacteria associated with sponges have not been cultured despite 

considerable effort. Alternative strategies, such as genomic approaches aimed at 

isolating biosynthetic genes and expressing them in surrogate hosts, are therefore 

necessary. This involves the construction and screening of metagenomic libraries, 

in which large pieces of DNA isolated from mixed populations without prior 

cultivation are cloned and screened for targeted genes. A metagenomics 

approach by Miyanaga et al. (2011) revealed a unique hybrid NRPS-PKS locus 

that has been assigned to the production of the pyrrolo[4,3,2-de]quinoline core 

characteristic of pyrroloiminoquinone metabolites in S. tropica and S. Salinispora. 

A similar study into the genes responsible for pyrroloiminoquinone production in 

Latrunculid sponges could prove to be very insightful. 

 

The South African coastline, like the country itself, is rich in species diversity and 

is also relatively underexplored. Other marine invertebrates, including Ascidians 

(phylum Chordata) and Nudibranchs (phylum Mollusca) are also prolific along this 

coastline and are of interest due to their production of biologically active 

secondary metabolites. Research into the secondary metabolite production and 

associated bacterial communities of the Porifera, Chordata and Mollusca 

discovered along the South African coastline would provide invaluable insight into 

the potential of these invertebrates, and their associated bacterial communities, as 

sources of novel compounds.  
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APPENDICES 

Appendix A1 – Media recipes 

ISP2 (International Streptomyces Project isolation media 2): Bacto yeast extract (4 

g), bacto malt extract (10 g), bacto dextrose (4 g), sodium chloride (20 g) and 

bacto agar (16 g). 

 

ISP5 (International Streptomyces Project isolation media 5): L-asparagine 

monohydrate (1 g), glycerol (10 g), potassium hydrogen phosphate (1 g), trace 

salts solution (1 ml), sodium chloride (15 g) and bacto agar (16 g). The trace salts 

solution contained iron sulphate heptahydrate (0.1 g), manganese chloride 

tetrahydrate (0.1 g), zinc sulphate heptahydrate (0.1 g), double distilled water (100 

ml). 

 

R2A: Bacto yeast extract (1 g), peptone (1 g), casamino acids (1 g), glucose (1 g), 

starch (1 g), sodium tartrate (0.6 g), potassium hydrogen phosphate (0.6 g), 

magnesium sulphate heptahydrate (0.1 g), sodium chloride (15 g) and bacto agar 

(16 g). 

 

M1 Agar: Starch (10 g), bacto yeast extract (4 g), bacto peptone (2 g), sodium 

chloride (15 g) and bacto agar (16 g). 

 

SCN (Starch Casein Nitrate agar): Starch (10 g), Casein (0.3 g), potassium nitrate 

(2 g), magnesium sulphate heptahydrate (0.05 g), calcium carbonate (0.3 g), iron 

sulphate heptahydrate (0.01 g), sodium chloride (15 g) and bacto agar (16 g).  

 

MA2216 solid media: MA2216 Broth (34 g, Difco), and bacto agar (16 g). 

 

Appendix A2 

 

Permission letters from the Editor of Marine Biotechnology to use figures and 

excerpts from Walmsley et al. (2012): Diversity of bacterial communities 

associated with the Indian Ocean sponge Tsitsikamma favus that contains the 

bioactive pyrroloiminoquinones, tsitsikammamine A and B. Marine Biotechnology, 

14:681-691. 
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