
AN INVESTIGATION INTO THE BACTERIAL COMMUNITIES

ASSOCIATED WITH PYRROLOIMINOQUINONE PRODUCING 

SOUTH AFRICAN LATRUNCULID SPONGES.

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

MASTER OF SCIENCE

of

By

STORM HANNAH HILLIAR

January 2018



Table of Contents
List of figures................................................................................................................ iii

List of Tables................................................................................................................ v

List of Abbreviations.................................................................................................... vi

Acknowledgements.....................................................................................................vii

Abstract...................................................................................................................... viii

Chapter One- Literature Review .........................................................................  1

1.1 Introduction............................................................................................................2

1.2 Sponge morphology and function.......................................................................... 4

1.3 Sponge identification and taxonomy...................................................................... 4

1.4 Diversity of sponge-associated microbial consortia...............................................6

1.5 Sponge bacterial symbionts.................................................................................11

1.6 Sponges as an important source of biologically active marine natural products 12

1.7 Bioactive marine natural products of the Latrunculiidae sponge family............... 15

1.8 Hypothesis........................................................................................................... 17

1.9 Aim....................................................................................................................... 17

1.10 Objectives.......................................................................................................... 17

Chapter two- Materials and methods................................................................. 18

2.1 Sponge collection.................................................................................................18

2.2 Morphological identification of sponge-specimens..............................................20

2.3 Genomic DNA extraction..................................................................................... 20

2.4 Molecular identification of the partial 28S rRNA gene.........................................22

2.5 Data curation and phylogenetic analysis of partial 28S rRNA gene .................. 22

2.6 16S rRNA Amplicon Pyrosequencing.................................................................. 23

pyrosequencing of bacterial 16S rRNA gene amplicons

2.7 Data curation and analysis of the gene amplicons .............................................23

vii



Chapter Three- Results..................................................................................... 24

3.1 Introduction .........................................................................................................25

3.2 Sponge taxonomy................................................................................................25

3.3 Molecular identification of sponge specimens..................................................... 26

3.4 Phylogenetic characterisation of sponge-associated versus environmental
microbial communities ............................................................................................... 30

3.5 Analysis of dominant bacterial Operational Taxonomic Units in sponge
associated and environmental microbial communities ............................................ 35

3.6 Nonmetric multidimensional scaling comparison of sponge associated vs
environmental bacterial communities ....................................................................... 37

3.6.1 Comparison of sponge-associated bacterial communities with the
environmental samples .................................................................................  37

3.6.2 Comparative analysis of sponge associated bacterial communities....38

3.6.3 Comparative analysis of Tsitsikamma sponge species associated
bacterial communitites ...................................................................................  39

3.7 Phylogenetic analysis of unique sponge associated bacterial OTUs.....42

Chapter Four- Discussion.................................................................................. 52

4.1 Taxonomic identification of sponges................................................................... 53

4.2 Characterisation of sponge-associated microbial communities.......................... 54

4.3 Closely related betaproteobacterial species dominate sponge microbiomes....55

4.4 A conserved Spirochete species in Tsitsikamma and Cyclacanthia sponges .... 57

4.5 A comparison of bacterial communitites associated with the sponges and the
surrounding environment..........................................................................................  58

4.6 Conclusions..........................................................................................................59

References.................................................................................................................60

Appendix A-Publications............................................................................................75

ii



List of Figures

Figure 2.1: Geographic location of sponge collection sites within the Agulhas 
bioregion...................................................................................................................18

Figure 3.1: Phylogeny of sponge species based on partial 28S rRNA gene 
sequences. The phylogenetic analysis was generated using MEGA7 software 
(Kumar, Stetcher and Tamura, 2016) and evolutionary history was inferred by using 
the Maximum Likelihood method based on the Tamura-Nei model (Tamura and Nei, 
1993). Initial tree(s) for the heuristic search were obtained automatically by applying 
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 
using the Maximum Composite Likelihood (MCL) approach, and then selecting the 
topology with superior log likelihood value. The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. The analysis involved 29 
nucleotide sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 629 positions in the final dataset..........................29

Figure 3.2: Phylogenetic classification (at the level of phylum and subphylum) of the 
bacterial communities found in sponges, seawater and sediment using Naive 
Bayesian classification with the SILVA bacterial database (release version 123) as 
the reference. Phylogenetic classifications are indicated by a coloured key ..........33

Figure 3.3: Classification of the top 20 dominant OTUs (at a distance of 0.03) found 
in sponges, seawater and sediment. Read abundance is indicated as the relative 
percentage of the total bacterial reads analysed for each sample. Classifications of 
the dominant bacterial OTUs are indicated by a coloured key indicated by a coloured 
key ............................................................................................................................  34

Figure 3.4: Statistical oordination of bacterial OTUs clustered at a distance of 0.03 
(A) associated with sponge specimens compared with the environmental samples 
using non-metric multidimensional scaling. Construction of Bray-Curtis resemblance 
matrix was based on partial 16S rRNA gene sequences following application of 
square root transformation to bacterial community abundance data. ESW: Seawater 
collected from Evans Peak; TSW: Seawater collected at Tsitsikamma MPA; RSW: 
Seawater collected at RIY Banks; ESED: Sediment collected at Evans Peak; TSED: 
Sediment collected at Tsitsikamma MPA; TF: Tsitsikamma favus; TP: Tsitsikamma 
pedunculata; 2: Tsitsikamma michaeli; 4: Tsitsikamma nguni; 5: Tsitsikamma sp. 
005; Ba: Cyclacanthia bellae; LA: Latrunculia algoaensis; M: Mycale sp. and Tea- 
Ted: Tethya rubra. (B) Statistical representation of the bacterial communities at the 
level of species (0.03) associated with sponge specimens compared with the

iii



environmental samples. *(p < 0.05) statistically significantly different). coloured key 
indicated by a coloured key .....................................................................................  38

Figure 3.5: Statistical oordination of bacterial OTUs clustered at a distance of 0.03 
(A) associated with latrunculid sponge species compared with the outlier sponge 
species using non-metric multidimensional scaling. Construction of Bray-Curtis 
resemblance matrix was based on partial 16S rRNA gene sequences following 
application of square root transformation to bacterial community abundance data.
TF: Tsitsikamma favus; TP: Tsitsikamma pedunculata; 2: Tsitsikamma michaeli; 4: 
Tsitsikamma nguni; 5: Tsitsikamma sp. 005; Ba: Cyclacanthia bellae; LA: Latrunculia 
algoaensis; M: Mycale sp. and Tea-Ted: Tethya rubra. (B) Statistical representation 
of the bacterial communities at the level of species (0.03) associated with latrunculid 
sponge species compared with the outlier sponge species. *(p < 0.05) statistically 
significantly different) coloured key ......................................................................... 39

Figure 3.6: Statistical ordination of bacterial communities at the level of (A) species 
(0.03) and (B) unique (0.00) associated with Tsitsikamma sponge species using non­
metric multidimensional scaling (NMDS). Construction of Bray-Curtis resemblance 
matrix was based on partial 16S rRNA gene sequences following application of 
square root transformation to bacterial community abundance data. (A: 2D stress 
value: 0.15; B: 2D stress value: 0.10). Statistically significant clustering (p < 0.05) 
was determined using ANOSIM in PRIMER7 (Quest Research Limited, Auckland, 
New Zealand). TF: Tsitsikamma favus; TP: Tsitsikamma pedunculata; 2:
Tsitsikamma michaeli; 4: Tsitsikamma nguni; 5: Tsitsikamma sp005; Ba:
Cyclacanthia bellae; LA: Latrunculia algoaensis; Ma: Mycale sp. and Tea-Ted:
Tethya rubra..............................................................................................................41

Figure 3.7: Dominant, unique (0.00) Betaproteobacteria OTUs from each sponge 
specimen. Read abundance is indicated as the relative percentage of the total 
bacterial reads analyzed for each sponge................................................................ 43

Figure 3.8: Phylogenetic relationship between dominant Betaproteobacteria OTUs 
and other sponge-associated Betaproteobacteria present in their respective sponge 
hosts. Related Betaproteobacteria sequences were obtained from GenBank with the 
corresponding accession numbers, and the phylogenetic analysis was generated 
using MEGA7 software (Kumar, Stetcher and Tamura, 2016). The evolutionary 
history was inferred by using the Maximum Likelihood method based on the Tamura- 
Nei model (Tamura and Nei, 1993). Initial tree(s) for the heuristic search were 
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix 
of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 
approach, and then selecting the topology with superior log likelihood value. The tree 
is drawn to scale, with branch lengths measured in the number of substitutions per

iv



site. The analysis involved 50 nucleotide sequences. Bootstrap values, calculated 
based on 1,000 replicates, are indicated next to the branches (Felsenstein, 1985). 
The 16S rRNA gene sequence of Escherichia coli (JO1695) was used to root the 
tree. The host of each OTU is indicated by a colour-coded circle with large versus 
small circles indicating relative dominance sponge..................................................47

Figure 3.9: Dominant, unique (0.00) Spirochaetae OTUs from each sponge 
specimen. Read abundance is indicated as the relative percentage of the total 
bacterial reads analyzed for each sponge................................................................ 48

Figure 3.10: Phylogenetic relationship between dominant latrunculid Spirochaetae 
OTUs and other Spirochaetes predominantly associated with sponges. Related 
Spirochaete sequences were obtained from GenBank with the corresponding 
accession numbers, and the phylogenetic analysis was generated using MEGA7 
software (Kumar, Stetcher and Tamura, 2016).The evolutionary history was inferred 
by using the Maximum Likelihood method based on the Tamura-Nei model (Tamura 
and Nei, 1993). Initial tree(s) for the heuristic search were obtained automatically by 
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances 
estimated using the Maximum Composite Likelihood (MCL) approach, and then 
selecting the topology with superior log likelihood value. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. The analysis 
involved 30 nucleotide sequences. Bootstrap values, calculated based on 1,000 
replicates, are indicated next to the branches (Felsenstein, 1985). The host of each 
OTU is indicated by a colour-coded circle with large versus small circles indicating 
relative dominance.................................................................................................... 49

Fig. 4.1 : Taxonomic relationship between sponge species relevant to this study 
(taken from Matcher et al., 2017) dominance........................................................... 53

List of Tables
Table 2.1: Taxonomic identification and collection data for sponge specimens used 
in this study dominance.............................................................................................. 19

Table 2.2: Collection data for the environmental (seawater and sediment) samples 
used in this study....................................................................................................... 20

Table 3.1: Voucher samples of five latrunculid sponge species collected for this 
study..........................................................................................................................  26

v



List of Abbreviations

BLAST Basic Local Alignment Sequence Tool

bp Base pairs

COX 1 Cytochrome C Oxidase subunit I gene

DNA Deoxyribonucleic acid

gDNA genomic DNA

NGS Next Generation Sequencing

OTU Operational Taxonomic Unit

PCR Polymerase Chain Reaction

ROV Remote Operated Vehicle

rRNA ribosomal RNA

SCUBA Self-contained underwater breathing apparatus

vi



Acknowledgements
I would like to first express my gratitude for the support by the SARChl grant from 

the South African National Research Foundation and the NRF African Coelacanth 

Ecosystem Programme (ACEP) without which this thesis and my postgraduate 

career would not have been attainable.

To Prof Rosemary Dorrington, thank you for the invaluable opportunity you afforded 

me to pursue my postgraduate education. Your supervision facilitated my growth as 

a scientist and I am grateful to have learnt so much along the way. You challenged 

me to always question, in your words "But wait!, there’s more”, and your expertise is 

something I look up to.

To Val, thank you for everything you do for the lab and thank you thank you to lab 

417 for being my work home.

To Gwynn and Mez, thank you academically and as friends. You are exceptional 

human beings and researchers and I am grateful to have been able to learn from you 

both.

To Shirley, thank you for your valuable contribution to this research and your 

skilfulness in the ocean.

To Sam, thank you for the countless glasses of wine, lunches shared in the sun 

outside the department, lounge chats and all your support both academically and as 

a friend.

Thank you so much to my family, especially to my Mom, my late Grandmother, my 

Brother and my Grandparents for your constant support, encouragement and faith in 

me.

And to my partner, Marc, thank you so much for your unwavering support, love and 

positivity. Thank you for your comfort and help through the tough days of my 

autoimmune flares and for everything in between. I appreciate you so much and am 

so looking forward to what our future holds.

vii



Abstract

Marine sponges belonging to the family Latrunculiidae are known for their production 

of cytotoxic pyrroloiminoquinone alkaloids and the South African coast provides a 

unique environment for the exploitation of these potent bioactive compounds. The 

isolation of structurally similar pyrroloiminoquinone compounds from unrelated, non 

poriferan sources has led to the suggestion that South African latrunculid 

pyrroloiminoquinones may be secondary metabolites produced by sponge 

associated microbial symbionts. Previous studies investigating the bacterial 

communities of South African latrunculid sponges have shown the conservation of 

distinct microbial populations with unusual bacterial taxa dominated by a novel 

betaproteobacterial and spirochete species. This study describes the further 

investigation into these associated bacterial communities, their conservation and 

sponge microbiome comparisons across spatial, temporal and environmental scales. 

The bacterial communities associated with seven latrunculid species representing 

three genera (Tsitsikamma, Cyclacanthia and Latrunculia) were characterized as 
well as a Mycale and Tethya rubra species. Latrunculid sponge microbiomes were 

significantly different from those associated with sympatric outlier sponge species 

and the surrounding environment. The bacterial communities associated with 

latrunculid sponges appear host specific with the conservation of two dominant 

bacterial symbionts which mirror the phylogeny of their host species.
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Chapter One
Literature review

1.1 Introduction

The marine environment covers two thirds of the earth’s surface, which presents 

extensive, largely unexplored biologically diverse ecosystems encompassing vast 

biodiversity and varied environmental conditions (Costello and Chaudhary, 2017). 

The oceans are home to a multitude of macro- and microorganisms each with 

different physiology and capacity to adapt to their environment (Abdelmohsen et al., 

2014). Some marine organisms not only survive, but have developed the ability to 

produce unique secondary metabolites making the marine environment an 

exceptional storehouse of novel bioactive natural compounds (Malve, 2016). With 

diminishing terrestrial resources and the increasing prevalence of human diseases, 

the ocean is a promising source for new drug development and human therapeutic 

applications by harnessing bioactive natural compounds whose structurally and 

chemically unique features are generally not found in terrestrially derived natural 

products (Malve, 2016). The discovery of marine natural products has accelerated 

over the last two decades and among the marine organisms investigated, sessile 

filter feeding animals, in particular, are the most promising organisms from which 

bioactive compounds can be sourced due to their exposure to a host of specific 

physiological, predatory and ecological challenges (Muller, 2004).

Sponges (phylum Porifera) are recognized as prolific sources of bioactive small 

molecules contributing nearly 30 % of all marine natural products since the first 

formally reported bioactive nucleoside derivatives isolated from the sponge, Tethya 

crypta, by Bergmann and Feeney in the 1950s (Bergmann and Feeney, 1951). 

Sponges are considered to be among the most primitive animal lineages with 

evolutionary roots dating back to over 700 million years ago (Brain et al., 2012; 

Maloof et al., 2010). Of these earliest metazoans, modern day sponges are sessile, 

aquatic organisms which, despite a simple body plan lacking in differentiation and
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specialized organs, are remarkably efficient at filtering nutrients from the surrounding 

seawater (Van Soest et al., 2012).

According to the World Porifera Database (Van Soest et al., 2016), more than 8500 

species have been reported, with the majority classified within the class 

Demospongiae (demosponges), and the remaining species belonging to the classes 

Hexactinellida (glass sponges), Calcarea (calcareous sponges) and

Homoscleromorpha (previously within Demospongia) according to their body plan 

and skeletal composition. Sponges are found globally inhabiting a wide variety of 

marine and freshwater systems throughout tropical, temperate and polar regions 

(Hooper and van Soest, 2002), and it is the adaptability of their body plan to changes 

in environmental characteristics and competing biota which is believed to be the link 

in the continued survival of these exclusively aquatic animals (Muller, 2003).

1.2 Sponge morphology and function

The sponge body plan is regarded as morphologically ultra-conservative as it 

consists of a basic level of cellular organization that has not changed significantly 

over the centuries (Hooper & van Soest, 2002). The sponge body is hollow with its 

organization centred around a system of pores, ostia, canals and chambers in order 

to pump high volumes of water through its tissues for the supply of all essential 

exchanges (Van Soest et al., 2012). Sponges lack specialized circulatory, nervous, 

muscular, digestive, endocrine, reproductive, respiratory and excretory systems as 

seen in higher organisms, however instead consist of a collection of different cell 

types and unifying features that are characteristic of the phylum Porifera (Hooper & 

van Soest, 2002; Funayama, 2010). Beyond the basic body plan sponge morphology 

is highly diverse due to the presence of species related siliceous or calcareous 

spicules (Erpenbeck et al., 2006) which make up the skeletal component and aid in 

sponge taxonomy, in combination with collagenous tissues such as spongin which 
aid in structural support (Taylor et al., 2007).

The sponge basic body plan consists of layers of several different cell types shared 

among all species (Van Soest et al., 2012). The outermost surface or unicellular 

exopinacoderm layer, the ectosome, is composed of pinacocytes, which serve as an
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epithelial layer covering the sponge exterior. Some of these epithelial cells form 

small ostia, or external pores, through which water passes into the sponge, and 

others form larger oscules through which water is expelled (Riisgard and Larsen, 

2010). Inside the sponge, the choanosome or inner canal system is lined with single­

layered, loosely associated porocytes forming the endopinacoderm which serves as 

a physical barrier separating the inner sponge matrix from the surrounding seawater 

(Van Soest et al., 2012). Along these canals and inner body wall, ‘water pumping 

stations’ lined by specialised, flagellated choanocytes are found which drive the 

unidirectional pumping of water throughout the organism (Leys et al., 2011). This 

process generates a current that traps food particles, allows the extraction of 

nutrients and oxygen from incoming water and expels waste products into the 

excurrent canals (Riisgard and Larsen, 2010; Leys et al., 2011). The inner, 

gelatinous matrix bound on all sides by the endopinacoderm is referred to as the 

mesohyl and is considered the connective tissue of the sponge.

The mesohyl is an acellular matrix of collagen protein with an organic skeleton 

composed of flexible spongin fibres and/or an inorganic skeleton composed of 

mineral spicules that provides the structural integrity of sponges and allows for their 

unique differentiation (Van Soest et al., 2012). Within the mesohyl motile totipotent 

cells are also found including archaeocytes which digest trapped food particles 

(including bacteria, microalgae and fungi) via phagocytosis as well other specialised 

cells such as collencytes, which produce fibres and sclerocytes which produce 

characteristic spicules (Funayama, 2010).

The phylum Porifera is a paraphyletic grouping subdivided into four classes: 

Calcarea, Hexactinellida, Homoscleromorpha and Demospongiae, the largest 

sponge class including 81% of all living sponges worldwide. According to Hooper & 

Van Soest (2002) the Class Demospongiae was reported to contain three 

subclasses namely Tetractinomorpha, Ceractinomorpha and Homoscleromorpha. 

However in later years, Homoscleromorpha was recognized to be distinct from 

Demospongiae forming the fourth major sponge lineage (Gazave et al., 2010). 

Furthermore, phylogenetic analyses based on nuclear and mitochondrial markers 

resulted in the subdivision of Homoscleromorpha into two clades including the
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Plankinidae and Oscarellidae (Gazave et al., 2010). Demospongiae is considered 

the most numerous and diverse class of sponges producing a mineral skeleton 

generally made up of siliceous spicules and secrete spongin (Erpenbeck and 

Worheide, 2007). The Class Calcarea contains two subclasses namely Calcinea and 

Calcaronea which have calcareous spicules and comprise exclusively marine 

species (Sethmann and Worheide, 2008). The class Hexactinellida, often referred to 

as glass sponges, contains two subclasses, Amphidiscophora and Hexasterophora, 

and like the Demospongiae, are composed of siliceous spicules. However, the 

Hexactinellida differ in the number of symmetry axes of their megascleres and 

comprise mostly-deep sea sponges (Uriz et al., 2003). Regardless of the Class to 

which sponges belong, secretion of mineral or proteinaceous structures gives these 

organisms their variety of three-dimensional shapes (Uriz et al., 2003). The variety of 

mineral skeletons consisting of calcite, aragonite and/ or silica secreted by sponges 

confers strength, protection from physical perturbation and maximizes the number of 

cells in contact with the surrounding seawater, minimizing the metabolic cost of 

water exchange (Uriz, 2006; Riisgard and Larsen, 2010). The size and shape of 

present day sponge spicules are relatively constant within species and although the 

evolution of all spicule features is not fully understood (Erpenbeck et al., 2006), the 

identification of same spicule morphologies across geological times indicates the 

beneficial adaptation of spicules to the various environmental conditions 

encountered by sponges.

1.3 Sponge identification and taxonomy

Spicule size, type, shape, combination and skeletal arrangement are unique to 

sponge species and form the foundation of sponge systematics (Erpenbeck et al., 

2006). The unambiguous identification of sponge morphological characters for 

comparative morphology is known to be scarce and difficult even for taxonomic 

experts (Worheide et al., 2008). Homoplasies, ecological plasticity and the highly 

variable nature of sponge morphology make many species notoriously difficult to 

identify and present great difficulties for systematics and the classification of 

sponges (Muricy et al., 1996; Worheide et al., 2008). While the use of fixed 

differences in skeletal or diagnostic characters typical of conventional morphological 

taxonomy have been practical and served reasonably well to catalogue diversity, it is
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questionable that such a typological system reflects the real biological diversity 

(Worheide et al., 2008). Sponge shape, colour, texture or surface often depend on 

microhabitat conditions or season or are present in situ only (Jones, 1984), and 

although the mineral elements have been studied extensively (Jones, 1997; Hooper 

and van Soest, 2002; Uriz et al. 2003) these characteristics still appear inefficient in 

addressing broader phylogenetic questions. Challenges especially arise in the 

grouping of morphologically similar sponges and the inability to correctly distinguish 

closely related but evolutionary distinct sponge lineages. As an opportunity to 

overcome the shortcomings in conventional morphology based taxonomy, DNA has 

provided a considerable amount of additional phylogenetic information with a 

growing body of literature in Porifera DNA generated data.

The utilization of additional characters such as DNA barcodes has been established 

as an aid to complement conventional taxonomy and increase the speed and 

accuracy of sponge identification included in the Sponge Barcoding Project. This 

was the first worldwide barcoding effort to provide a comprehensive repository 

spanning the taxonomic range of Porifera (Erpenbeck et al., 2007 and Worheide et 
al., 2008). In animals, the mitochondrial cytochrome oxidase subunit 1(C01) gene is 

the most commonly used region for molecular identification as it is among the most 

conserved protein-coding genes within the mitochondrial genome (Deagle et al., 

2014). Primers derived from conserved regions are used for polymerase chain 
reaction (PCR) amplification of the approximately 700-bp C01 fragment generating 

informative sequences for phylogenetic analyses (Folmer et al., 1994). The C01 

gene is one of the most popular markers for population genetic and phylogeographic 

studies, however, has been found to have limited phylogenetic resolution at the 

species level, with the potential that individual mitochondrial genes might provide 

misleading evolutionary inferences (Carella et al., 2016). A number of other genes 

have also been proposed for barcoding purposes and include the cytoplasmic 28S 

and 18s ribosomal ribonucleic acid (rRNA) gene fragments and the nuclear protein 

elongation factor 1-a (EF1-a) (Deagle et al., 2014). From bacteria to vertebrates, the 

conserved nature of ribosomal RNA’s due their role in protein synthesis, has made 

these molecules the favourable choice for the reconstruction of molecular 

phylogenies (Deagle et al., 2014).
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Early sequence comparisons of 5S and 5.8S rRNA molecules used in the first 

phylogenetic studies of sponges and other metazoans appeared to uphold the 

metazoan nature of Porifera (Dams et al., 1982; Komiya et al., 1983). However, the 

highly conserved 5S and 5.8S rRNA sequences were recognized to be too short and 

the level of saturation too high to provide a signal suitable enough to unambiguously 

resolve phylogenetic relationships (Halanych, 1991). In later years, the 18S rRNA 

and 28S rRNA genes with longer sequences, were compared to re-evaluate the 

phylogenetic relationships between sponge genera, families, orders and classes 

(Kelly-Borges et al., 1991; Christen et al., 1991). Among the partial 18S rRNA 

sequences used in an attempt to resolve phylogenetic relationships within the 

Hadromerida and Lithistid sponges belonging to Demospongiae, many were found to 

be too short (~200-500 bases) with few overlapping regions and the low variability of 

the partial sequences were not enough to obtain conclusive results limiting their 

value in sponge phylogeny (Kelly-Borges et al., 1991 and Kelly-Borges & Pomponi, 

2004). The data provided by the partial 18S rRNA sequencing showed support for 

Porifera being true metazoans, but did not provide enough information to resolve 

relationships between genera, families or orders. Alternatively, the 5’ terminal 

domain of the 28S rRNA molecule was more informative, providing greater variability 

with the resolution of the 28S rRNA phylogenetic trees higher than that obtained with 

the 18S rRNA sequences (Christen et al., 1991 and Lafay et al., 1992). At the 5’ 

extremity of the 28S rRNA the divergent D2 domain was found to be better suited for 

resolving phylogenetic relationships between genera and families and the more 

conservative C1, D1 and C2 domains better at the order or class level (Chombard et 

al., 1998). Since the review of 75 28S rRNA partial sequences by Borchiellini et al. in 

2000 over 2400 28S rRNA sequences assigned to Porifera are present in Genbank 

(Thacker et al., 2013). However, despite this fast progress public data sets still 

remain, to a large extent, incomplete.

1.4 Diversity of sponge-associated microbial consortia

Most marine sponges have established persistent associations with a wide variety of 

microorganisms, predominantly bacteria but also including archaea and fungi 

providing a preferable ecological niche over the nutrient-poor seawater (Schmitt et 

al., 2012; Webster and Taylor, 2012; Moitinho-Silva et al., 2017). In addition to
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transient microorganisms acquired from the surrounding water as a food source, 

sponges harbour large quantities of bacteria which can constitute up to 40% of the 

host sponge biomass at densities in excess of 109 microbial cells per cubic 

centimetre of sponge tissue (Taylor et al., 2007; Vacelet and Donadey, 1997; 

Webster and Taylor, 2012). This is two to four orders of magnitude greater than the 

density typically found in the surrounding seawater and while sponges can host 

enormous densities of microbial symbionts, not all species harbour such high 

microbial abundance (Weisz et al., 2008). Based on the density of the microbial 

communities they host, sponges can be divided into high microbial abundance HMA 

and low microbial abundance LMA species each with different implications for 

sponge biology, physiology and ecology (Weisz et al., 2008; Taylor, 2007).

Bacterial load within sponges is considered to be proportionally correlated with the 

irrigation status of the sponge which is affected by parameters such as complexity 

and size of the canal system, ostia size and length, as well as surface:volume ratio 

(Wilkinson, 1978). Poorly irrigated sponges, such as HMA species, create internal 

environments that foster microbial diversity and high microbial abundance due to 

their dense mesohyl body plan and complex aquaferous system of longer, narrower 

canals, which necessitates slower seawater filtration rates, increasing contact time 

with particulate organic matter (POM) (Boury-Esnault et al., 1990; Vacelet and 

Donadey, 1997; Weisz et al., 2008). In contrast, the well-irrigated LMA sponge body 

plan moves large quantities of water through their porous tissues rapidly acquiring 

POM independent of associated microorganisms (Boury-Esnault et al., 1990; 

Hentschel et al., 2003; Weisz et al., 2008). The two evolutionary patterns of 

morphological and physiological differences, have led to two different life strategies 

involving or independent of close associations with microbial symbionts illustrating 

how sponge bacterial symbionts can potentially have substantial effects on host 

evolution (Wilkinson, 1983; Hentschel et al., 2003; Weisz et al., 2008).

Collectively, marine sponges and their associated microbial consortia are described 

as ‘holobionts’ and the complexity of these relationships can range from one single 

dominant symbiont to associations with hundreds of symbiont species (Webster and 

Taylor, 2012). Sponge-associated microbial populations generally occupy the 

sponge extracellular matrix or mesohyl, however, some symbionts exist
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intracellularly inhabiting cell types within the body of the sponge (Vacelet and 

Donadey, 1977; Wilkinson, 1978; Hentschel et al., 2002 and Taylor et al., 2007; 

Garate et al., 2017). Bacterial distribution follows a general pattern within every 

sponge, photosynthetically active cyanobacteria and eukaryotic algae are usually 

located in the light exposed or outer tissue layers of the sponge, whereas 

heterotrophic, and possibly autotrophic, microorganisms colonize the inner core of 

the sponge (Hentschel et al., 2003; Keren et al., 2017). These microbial symbionts 

make important contributions to many aspects of the sponge’s physiology and 

ecology, including nutrient acquisition (Reiswig, 1975; Vacelet et al., 1995; Wehrl et 

al., 2007; Thomas et al., 2010), processing of metabolic waste (Bergquist, 1978; 

Beer and Ilan, 1998; Hentschel, 2002), skeletal support (Hentschel, 2002), and 

secondary metabolite production in the form of chemical defence (Bewley et al., 

1996; Schmidt et al., 2000; Unson et al., 1994; Taylor, 2007; Macintyre et al., 2014; 

Mohan et al., 2016). Sponge nutrition and health rely on these symbiotic 

microorganisms, which in turn, receive a nutrient rich habitat with oxygen and 

organic compounds as well as protection provided by the sponge host (Wilkinson, 

1978; Olson and McCarthy, 2005).

The mesohyl is both a site for digestion of microorganisms and a home to extensive 

symbiotic communities. The presence of these symbionts within this niche is 

believed to indicate either protection of symbiont microbes against digestion, or the 

recognition of certain microbial types by the sponge cells (Vacelet and Donadey, 

1977; Wilkinson, 1978; Wehrl et al., 2007). Thickened bacterial cell walls and slime 

capsules revealed by electron microscopy studies were thought to serve as barriers 

in preventing phagocytosis by sponge archaeocytes (Friedrich et al., 1999). 

However, a study investigating the uptake rates of bacterial isolates in the sponge 

Aplysina aerophoba, revealed the ability to distinguish between food bacteria and 

bacterial symbionts by the sponge host itself (Friedrich et al., 1999; Wilkinson et al., 

1984; Wehrl et al., 2007). Symbiont proteins containing eukaryotic domains have 

been recognized as potential molecular mechanisms in the mediation of sponge- 

symbiont interactions including the establishment of an intracellular lifestyle (Nguyen 

et al., 2013). These eukaryotic-like protein (ELP) domains are considered to mediate 

the protein-protein interactions in many biological processes, and metagenomic 

analyses have shown sponge microbial symbionts to contain an abundance of genes
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encoding ELPs. Ankyrin repeat proteins (ARPs), tetratricopeptide repeat proteins 

(TPRs), and leucine-rich repeat proteins (LRPs) are amongst the abundant ELP 

encoding genes contained by sponge microbial symbionts,

Cultivation of bacteria provides access to genetic and biochemical characteristics of 

sponge symbionts, however most symbionts are challenging to culture independently 

from their sponge host rendering investigations regarding the nature of these 

symbiotic relationships and their exact functional roles difficult to fully determine 

(Handelsman, 2004). Physiologically and phylogenetically diverse sponge- 

associated microbes have been identified using cultivation-dependent methods 

however, these methods have largely been limited in the contribution to microbial 

diversity due to cultivation processes and the concern of bias selection under 

artificial culture conditions (Webster and Hill, 2001; Hentschel et al., 2001).

Since the majority of microorganisms seem unable to grow under artificial conditions, 

the use of molecular tools such as 16S rRNA has provided a culture-independent 

means to assess diversity. Widely recognised as the ‘gold standard’ for bacterial 

identification, the 16S rRNA genes comprise of highly conserved and hypervariable 

regions whose substitution rate and genetic differences serve as reliable 

phylogenetic markers for the assessment of relatedness between sponge-associated 

microbes (Rzhetsky, 1995; Bansal and Meyer, 2002). Cloning and sequencing of 

16S rRNA genes provides data used to describe complete microbial community 

compositions making it possible to obtain detailed phylogenetic information on the 

complex microbial consortia associated with sponges (Hentschel et al., 2002). Based 

on both cultivation- independent and dependent techniques, 28 bacterial phyla 

including formally described and candidate phyla have been recorded to be 

associated with sponges (Simister et al., 2012; Hentschel et al., 2002).

Studies that compared microbial communities from closely related sponges found at 

different locations, and phylogenetically distant sponges found in the same location, 

confirmed a ‘core microbial community’ consistently present under various 

environmental and time conditions (Hentschel et al., 2002; Webster et al., 2010; 

Schmitt et al., 2012; Jeong et al., 2013; Montalvo et al., 2014; Matcher et al., 2017). 

This core microbial community includes Proteobacteria (Alpha, Beta, Gamma and
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Delta), Planctomycetes, Actinobacteria, Acidobacteria, Bacteriodetes, Chloroflexi, 

Cyanobacteria, Nitospira and firmicutes and the degree to which these 

microorganisms seem host specific varies greatly among phyla (Vacelet and 

Donadey, 1977; Webster et al., 2001; Simister et al., 2012; Hentschel et al., 2012; 

Walmsley, 2012).

The term ‘sponge-specific’ was described by Hentschel et al., (2002) who showed 

conservation among sponge-associated bacterial communities regardless of their 

origin host sponge and/or sampling location. A particular study by Althoff et al., 
(1998) involving specimens of the marine sponge Halichondria panacea found to be 

common to the North Sea, Adriatic Sea and the Baltic Sea, collected at these 

different locations, found housed within the mesohyl the same genera of bacteria 

dominated by the genus Rhodobacter suggesting symbiotic relations between the 

bacteria and host . Both cultivation-based and molecular methods have further 

reported the phylogenetic signature of the sponge-associated microbial consortium is 

distinctly different from that of open seawater, with many known sponge-associated 

microbes only occurring within sponges (Wilkinson, 1978; Santavy and Colwell, 

1990; Hentschel et al., 2002; Olson and McCarthy, 2005; Hill et al., 2006; Taylor et 

al., 2007; Waterworth et al., 2017).

Spatially and temporally stable microbial communities in multiple sponge species 

across geographic distances, seasonal times and depth appear to indicate that 

sponge-associated microbial communities are indeed unique and at least partially 

sponge specific (Hentschel et al., 2002; Lafi et al., 2009; Montalvo et al., 2005; 

Webster et al., 2010). Microbial communities differ in both quantitative and 

qualitative composition, and although the numbers of 16S rRNA gene sequences 

have increased since the sponge-derived clusters defined by Hentschel et al., 

(2002), this number only reflects a minor proportion of the expected microbial 

diversity. Sponge derived 16S rRNA sequences are usually deposited in public 

databases making the quality of the 16S rRNA comparative sequence analyses, and 

the resulting phylogenetic affiliation, highly dependent and in many cases limited by 

the dataset available. Gene sequences encoding rRNAs have however, provided a 

basis for estimating microbial phylogenetic diversity in turn generating taxonomic 

inventories of marine microbial populations.
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The development of next generation sequencing technologies such as 454 

pyrosequencing has provided greater insight into the immensely diverse sponge- 

associated bacterial communities with its ability to generate extremely large amounts 

of sequence information. A study by Sogin et al., (2006) indicated that true microbial 

diversity has been underestimated by previous molecular methods, and that 

dominant populations have often masked the detection and diversity of low- 

abundance Operational taxonomic units (OTUs). More recently, analysis of deep 

sequence datasets by Taylor et al., (2013) reported ‘sponge-specific’ clusters 

present in marine seawater and sediments, although at significantly lower 

abundances. In addition to providing evidence for the presence of ‘so-called sponge- 

specific’ bacteria in other marine environments Taylor et al., (2013) further confirmed 

more than half of the previously defined sponge-specific clusters were indeed 

putatively sponge-specific. Even with the assistance of molecular techniques it can 

be extremely difficult to distinguish between seawater-derived contaminants and true 

‘sponge-associated bacteria’, and the detection of an organisms DNA in a sample 

does not necessarily equate with in situ activity but may in theory reflect inactive 

dispersal stages for these bacteria (Webster 2010; Taylor et al., 2013).

1.5 Sponge bacterial symbionts

So how do sponges acquire the majority of their symbionts? Symbioses through host 

generations are maintained by symbiont transmission, which has a pivotal role in 

their evolution. Sponges can reproduce both sexually and asexually and many of 

these sponge symbiotic bacteria are believed to be obtained both from mother 

sponge to their offspring via vertical transmission, as well as from the surrounding 

environment via horizontal transmission (Webster and Thomas, 2016). Documented 

studies (Sciscioli et al., 1994; Schmidtt et al., 2007; Sharp et al., 2007; Steger et al., 

2008; Waterworth et al., 2017) highlighted vertical transmission as a mechanism of 

maintaining microbial assemblages. Fragmentation, budding or the production of 

gemmules can effectively transfer sponge symbionts of the asexual parent sponge to 

their progeny in contrast to the release of gametes or fully developed larvae in 

respective viviparous and oviparous sponges who reproduce sexually (Hentschel et 

al., 2002; Sciscioli et al., 1994; Ereskovsky et al., 2005; Schmidtt et al., 2007).
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Vertical transmission provides the host with symbiont assurance necessary for 

fitness however this may result in the reduction of the symbiont genome and 

potential metabolic activity, which may affect progeny whose larval distribution 

settles in a habitat which is suboptimal for the symbiont (Moran, 2002). In addition to, 

or as an alternative, sponge hosts may acquire their symbionts from their 

surrounding environment via horizontal transmission (Taylor et al., 2007; Sipkema et 

al., 2015). Sponges seem to be particularly fit for environmental acquisition of their 

associated microorganisms, although this method poses risks including availability of 

symbionts within the surrounding environment and exploitation by infectious or 

pathogenic strains (Taylor et al., 2007; Schmitt et al., 2012). As previously 

mentioned, shared microbiomes have been found in distantly related sponges across 

isolated geographical regions, and while combined vertical and horizontal symbiont 

transmission may aid in explaining this occurrence it is unclear as to what degree 

each method acts upon the hologenome, or the additional contribution by the 

symbionts themselves in establishing and maintaining these relationships (Webster 

and Thomas, 2016).

1.6 Sponges as an important source of biologically active marine natural 
products

Natural products have played crucial roles in healthcare and therapeutics throughout 

history and have been the most successful source of potential drug leads due to their 

unique structural diversity. The majority of current natural product-derived 

therapeutics from aspirin to morphine have terrestrial origins however, extensive 

exploration of the terrestrial environment has emphasized the need for novel sources 

of biologically active natural products (Newman and Cragg, 2012; Malve, 2016). The 

unique adaptations harnessed by marine life in addition to the genetically and 

chemically diverse ecological resources of the sea, provides a promising source for 

new drug development (Malve, 2016). In sharp contrast to the terrestrial environment 

where production of bioactive natural products by plants far exceeds that of animals, 

natural products from the marine environment, under clinical evaluation, are 

predominantly produced by invertebrates such as sponges, bryozoans, tunicates and 

molluscs, and not by algae (Newman and Cragg, 2012). The wealth of bioactive 

metabolites isolated from soft-bodied, sessile or slow-moving marine invertebrates
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who lack physical defence structures is no co-incidence, but rather a reflection of the 

ecological importance potent chemical defence mechanisms play in their survival 

(Taylor et al., 2007; Montaser and Luesch, 2011; Dias et al., 2012).

Pioneer work by the researchers Bergmann and Feeney in 1951 initiated marine 

natural product chemistry with the search for biologically active marine natural 

products, and by the early 1960s, chemical studies were the focus of marine natural 

product research with few compounds tested for any relevant biological activity 

(Bergmann and Feeney, 1951; Weinheimer and Spraggins, 1969; Carte, 1996). A 

decade later, the biomedical potential of marine natural products became apparent 

and in the 1980s the first marine metabolites entered preclinical studies and clinical 

trials after effective collaborations between marine chemists and pharmacologists 

(Tachibana et al., 1981; Faulkner, 1984; Carte, 1996; Munro et al., 1999).

The antitumor, antimicrobial, antiviral, anti-inflammatory and cytotoxic properties of 

marine natural products highlights their importance as lead compounds for the 

pharmaceutical industry with two lead drugs developed in the nineteenth century still 

in use today for the treatment of leukemia, lymphoma and as an antiviral (Murti and 

Agrawal, 2010; Christensen and Martin, 2016). The discovery of marine natural 

products has accelerated over the past two decades producing promising active anti­

cancer compounds including sarcodictyin (Stonlonigeran coral), eleutherobin 

(Eleutherobia corals), bryostatins (bryozoan- Bugula neritine), cytarabine (sponge- 

tectitethya crypta) and eribulin (sponge- Halichondria) (Murti and Agrawal, 2010; 

Newman and Cragg 2012) and the high level of cytotoxicity exhibited by these 

compounds has made marine invertebrates a preferred source of bioactive natural 

products (Munro et al., 1999; Huyck, 2011).

Since the 1960s over 20 000 marine natural products have been discovered 

including various terpenoids, steroids, alkaloids, ethers, phenols and peptides 

(Simmons et al., 2005; Hu et al., 2011). These chemicals are generally secondary 

metabolites which are uniquely produced with a variety of bound halogen atoms, 

such as bromine and chlorine, which are believed to be readily available within the 

surrounding seawater (Simmons et al., 2005). Most of these biologically active 

compounds have been isolated from sponges (Faulkner, 2000; Taylor et al, 2007;
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Leal et al., 2012; Mehbub et al., 2014), with more than 200 new compounds reported 

each year for the last decade, contributing to nearly 30% of all marine natural 

products discovered so far. SCUBA and new diving techniques, including remote 

operated machines, have made previously inaccessible depths routinely available 

aiding in the isolation of thousands of structurally unique bioactive compounds 

(Newman and Cragg, 2012). However, although promising activity against human 

infection and diseases has been shown in a number of these compounds from 

marine sponges as potential drug candidates, further development has been largely 

restricted due to limitations in natural product supply (Prosksch et al., 2002; Gerwick 

et al., 2012; Newman and Cragg, 2012; Mehbub et al., 2014).

Chemical extractions of natural products often yield low quantities below milligrams 

per kilogram of invertebrate mass, which may be sufficient for chemical 

characterization and preliminary evaluation, although not sustainable for 

pharmacological assays or clinical trials (Thoms and Schupp, 2005; Gerwick et al., 

2012). An example of this was seen in the production of halichondrins isolated from 

the marine sponge Halichondria okadai which were identified as potent antitumor 

compounds with enormous potential (Hirata and Uemura, 1986). It was estimated 

that in order to obtain a 300mg sample of the halichondrin analogs over 1 ton of 

sponge biomass was needed to be harvested which, in addition to the environmental 

impact of harvesting vast amounts of sponge material from the ocean, was simply 

not feasible (Munro et al., 1999; Hart et al., 2000; Prosksch et al., 2002). Alternative 

strategies to address the supply problem have included chemical synthesis, ex situ 

culture and mariculture which have involved various challenges including molecular 

complexity and economic feasibility, inability to replicate optimum cultivation 

parameters and control of environmental parameters respectively (Proksch et al., 

2003; Sipkema et al., 2004; Thoms and Schupp, 2005).

For many years the presence of microorganisms in marine invertebrates was known 

except considered to be of little significance until observations by Perry et al. (1988) 

suggested the toxin pederin isolated from the South American beetle Paederus 

fucipes shared similarities with the antiviral compound mycalamide A and B from the 

New Zealand sponge Mycale hentscheli (Perry et al., 1988). These findings showed 

remarkably close similarity between compounds from completely different taxa which
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led to the suggestion of a common microbial origin (Perry et al., 1988). Striking 

structural similarities between natural products from marine invertebrates such as 

sponges and known microbial metabolites further suggested that microorganisms 

were the true sources of such products, or are at least involved in their biosynthesis, 

which could have far reaching consequences for the development of sustainable 
fermentation-based drug candidates (Fenical, 1993; Bernan et al., 1997; Prosksch et 

al., 2002; Clardy, 2005; Newman and Hill, 2005; Thomas et al., 2010).

1.7 Bioactive marine natural products of the Latrunculiidae sponge family

Sponges belonging to the family Latrunculiidae (Demospongiae, Poecilosclerida) are 

known for their production of bioactive pyrroloiminoquinone alkaloids (Antunes et al., 

2005). The family comprises five genera, four of which, Strongylodesma, 

Latrunculia, Cyclacanthia and Tsitsikamma are endemic to the south-eastern coast 

of South Africa (Antunes et al., 2004; van Soest, 2015). Latrunculid sponges are 

characterised as large, encrusting, hemispherical, spherical or pedunculated 

sponges with slightly raised, lightened and rounded areas known as areolate 

porefields (Parker-nance unpublished data). These sponges are described to have a 

leathery texture and range in colour from brownish black with tinges of green or blue 

to dark brown and even pale beige (Parker-nance unpublished data). Latrunculid 

sponges are found in polar and warm temperate regions and their distribution ranges 

from coastal sublittoral zones which are exposed to sunlight and significant tidal 

flows to the bathybenthic or deep sea zone (Samaai and Kelly, 2002). Southern 

hemisphere latrunculid sponges are typically are found in cold waters among 

sheltered rocky reef environments down to a depth of 50m are seen to be abundant 

off the temperate South African coastline which is rich in species diversity and 

largely unexplored (Antunes, 2004).

Latrunculid sponges are known for their production of various pyrroloiminoquinone 

alkaloids including discorhabdins, makaluvamines and tsitsikammamines which are 

of great interest due to their therapeutic potential (Antunes et al., 2005). The unique 

fused ring skeletons of these alkaloids carry interesting properties and a variety of 

biological activities including inhibition of topoisomerase I and II, antifungal and
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antimicrobial properties, as well as cytotoxicity against various tumour cell lines (Sun 

et al., 1990; Ding et al., 1999; Antunes et al., 2005; Gunasekera et al., 2003; Dijoux 

et a., 2005; Davis et al., 2012). Endemic to the coast of South Africa, the sponge 

genus Tsitsikamma comprised of Tstitsikamma favus, Tsitsikamma scurra and 
Tsitsikamma pedunculata that produce pyrroloiminoquinone secondary metabolites 

(Antunes et al., 2004). Whilst discorhabdins are common throughout the 

Latrunculiidae sponges, Tsitsikamma favus has been found to be the only sponge 

species from which Tsitsikammamines have been isolated (Antunes et al., 2004; 

Walmsley, 2012). The presence of pyrroloiminoquinones has not only been limited to 

latrunculid sponges but has in fact, been reported in other non-sponge sources. A 

related bis-pyrroloiminiquinone, Wakayin, with structural similarity to the 

Tsitsikammamines, was isolated from the Fijian ascidian Clavelina sp, and other 

non-sponge isolated pyrroloiminoquinones such as Makaluvamine A, isolated from 
the myxomycete Didymnium bahiense and lymphostin isolated from Streptomyces 

spp. and Salinispora spp. have suggested a microbial biosynthetic origin (Nagata et 

al., 1997; Ishibashi et al., 2001; Copp et al., 2002; Hughs et al., 2009; Miyanaga et 

al., 2011).

A study by Walmsley et al. (2012) hypothesized one or a group of closely related 

sponge-associated microbial symbionts are the producers of the pyrroloiminiquinone 

secondary metabolites, tsitsikammamines. Denaturing gradient gel electrophoresis 
(DGGE) analyses revealed that Tsitsikamma favus contained a highly conserved 

bacterial community which was confirmed by both clonal libraries of full length 16S 

rRNA and 454 pyrosequencing Walmsley et al. (2012). Tsitsikamma favus was also 

dominated by a unique Betaproteobacterium with a microbial community that largely 

did not cluster with other sponge-associated sequences. Previous characterization of 

the bacterial communities associated with six latrunculid species in a study by 

Matcher et al. (2017) showed the unprecedented conservation of dominant 

Betaproteobacteria and Spirochaetae symbionts within the Latrunculiidae family of 

marine sponges. Furthermore, Matcher et al. (2017) provided experimental evidence 

supporting the proposal that the microbiomes associated with different latrunculid 

sponge taxa were species specific. The abovementioned studies provided motivation 

for this study and these reported findings emphasised the need to expand the 
datasets to incorporate more Tsitsikamma species, and to further investigate the
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unique and unusual bacterial communities associated with latrunculid sponges in 

comparison to their surrounding environment and outlier sponge species.

1.8 Hypothesis

Latrunculid sponge species producing related secondary metabolites are associated 

with conserved microbial communities.

1.8 Aim

The aim of the research presented in this thesis was to investigate and characterize 

the bacterial communities associated with South African latrunculid sponges.

1.10 Research Objectives

1. To collect and taxonomically identify latrunculid sponge species native to the 

Agulhas bioregion

2. To characterise the latrunculid sponge-associated bacterial communities and 

compare them with their surrounding environment

3. To compare the bacterial communities associated with latrunculid sponges 

versus outlier sponge species
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Chapter Two
Methodology and materials

2.1 Sponge collection

Marine sponge specimens were collected by Self-Contained Underwater Breathing 

Apparatus (SCUBA) diving or Remote Operated Vehicle (ROV) provided by the 

African Coelacanth Ecosystem Programme (ACEP) Infrastructure Platform within the 

Agulhas Bioregion, South Africa. Specimens were collected between May 2009 and 

June 2016 from Evans Peak, RIY Banks reefs in Algoa Bay and Rheeders Reef in 

the Tsitsikamma Marine Protected Area (Fig. 2.1.). Sponge specimens were 

collected at depths of 20-50 m (Table 2.1.) each in a separate Ziploc bag. Seawater 

and sediment samples were collected from their immediate vicinity (Table 2.2.). 

Individual sponge samples were stored at 4°C before being processed in the 

laboratory within 3 hours of collection.

Figure 2.1: Geographic location of sponge collection sites within the Agulhas 

bioregion.
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Table 2.1: Taxonomic identification and collection data for sponge specimens used in this study.

T a x o n o m ic  Id e n tifica tio n C o lle c tio n
n u m b e r

C o lle c tio n  s ite C o lle c tio n  d a te  
(year)

D epth
(m )

D N A
ex tra c tio n

m etho d

T s its ikam m a favu s T IC 2 0 1 5 -0 1 3 E vans P ea k  3 3 °9 9 .8 1 7 S ;2 5 °7 0 .9 8 8 E A u g -1 5 20 1
T IC 2 0 1 5-0 25 E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E S ep -15 30 1
T IC 2 0 1 5-0 26 E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E S ep -15 30 1
T IC 2 0 1 5-0 27 E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E S ep -15 30 1

T IC 2 0 1 6 -0 5 0 A E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E Jun -16 20 1
T IC 2 0 0 9 -0 0 2 a E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E M ay-09 30 2
T IC 2 0 1 2 -0 5 7 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E D e c-12 30 2
T IC 2014-001 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E A u g -1 4 30 2

T s its ikam m a m ic h a e li T IC 2015-201 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 5-2 02 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 5-2 03 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 5-2 04 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 1 -1 0 2 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E A p r-1 1 30 2

T s its ikam m a n g u n i T IC 2 0 1 5 -0 0 3 R h e e d e rs  R e e f 3 4 °0 2 .7 3 5 S ;2 3 °9 0 .4 6 8 E Jun -15 20 1
T IC 2 0 1 5-0 06 R h e e d e rs  R e e f 3 4 °0 2 .8 9 2 S ;2 3 °9 2 .9 2 8 E Jun -15 20 1
T IC 2 0 1 0 -2 B E va n ’s P e a k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E M ay-10 30 2

T s its ikam m a p e d u n cu la ta T IC 2 0 1 5-2 05 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 5-2 06 E vans P ea k  3 3 °8 4 .4 1 8 S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 5 -2 1 7 E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E N ov-15 34 -38 1
T IC 2 0 1 5 -2 1 8 E vans P ea k  3 3 °8 4 .5 4 8 S ;2 5 °8 1 .6 6 3 E N ov-15 34 -38 1

T s its ikam m a  sp. 005 T IC 2 0 0 9 -0 7 0 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E M ay-10 30 2

M yca le  sp. T IC 2 0 1 5 -2 0 4 B E va n ’s P e a k 3 3 °8 4 .4 2  S ;2 5 °8 1 .5 2 2 E O ct-1 5 30 1
T IC 2 0 1 0 -0 3 0 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E M ay-10 30 2

C y c la ca n th ia  be lla e T IC 2 0 1 2-0 56 R IY  B an ks  3 3 °5 9 .9 6 0 S ;2 5 °5 8 .7 6 4 E D e c-12 2 5 -3 0 1
L a tru n cu lia  a lg o a e n s is D T IC 2010-031 E vans P ea k  3 3 °5 0 .5 7 8 S ;2 5 °4 8 .9 8 8 E M ay-10 30 1
T e thya  ru b ra T IC 2015-221 E va n s  P e a k  3 3 °5 0 .7 2 9 S ;2 5 °4 8 .9 9 8 E N ov-15 30 1

T IC 2 0 1 5-2 22 E va n s  P e a k  3 3 °5 0 .7 2 9 S ;2 5 °4 8 .9 9 8 E N ov-15 30 1
T IC 2016-001 R IY  B an ks  3 4 °0 0 .0 9 9 S ;2 5 °5 1 .3 7 E F eb-1 6 51 1
T IC 2 0 1 6 -0 0 3 R IY  B an ks  3 4 °0 0 .0 9 9 S ;2 5 °5 1 .3 7 3 E F eb-1 6 51 1

1. ZR Soil Microbe DNA MiniPrep Kit (Zymo D6001)
2. Guanidine thiocyanate (Walmsley et al., 2012)
a) Previously identified as Tsitsikamma favus by Walmsley et al. (2012).
b) Morphological description published in Samaai et al. (2012). Collection details in Samaai et al. (2012) are incorrect, corrected in Fig. 2.1 above.
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Table 2.2: Collection data for the environmental (seawater and sediment) samples

used in this study.

Id e n tifica tio n S a m p le  key C o lle c tio n  s ite C o lle c tio n  d a te  (ye ar) D epth  (m )

ESW 1 E van s P ea k A u g -1 4 30

E S W 2 E van s P ea k Jun -16 20

E S W 3 E van s P ea k Jun -16 20

S e a w a te r
E S W 4 E van s P ea k A u g -1 4 30

E S W 5 E van s P ea k N ov-15 34

RSW 1 R IY  B anks M ar-16 51

TSW 1 R h e e d e rs  R e e f Jun -15 20

T S W 2 R h e e d e rs  R e e f Jun -15 20

ESED1 E van s P ea k N ov-15 38

S e d im e n t
E S E D 2 E van s P ea k A u g -1 4 39

TSED 1 R h e e d e rs  R e e f Jun -16 20

Each sponge specimen was rinsed with sterile artificial seawater buffer (ASW: 24.6 

g NaCl, 0.67 g KCl, 1.36 g CaCh.2H2O, 6.29 g MgSO4.7H2O, 4.66 g MgCh.6H2O 
and 0.18 g NaHCO3 made up to 1 litre with distilled water) for the removal of 

transient microorganisms as described in Walmsley et al. (2012). A wedge, 

extending from the centre to the perimeter of individual sponge specimens, was 

aseptically cut for genomic DNA extraction. The sediment samples were preserved 

in RNA-Later™ (ThermoFisher Scientific, Johannesburg, South Africa) and stored at 

-80°C for further processing. Marine microbial biomass was collected through 

filtration of 2 L seawater through a 0.2 qm polyethersulfone (PES) filter. The filters 

were preserved in RNA-Later™ and stored at -80°C.

2.2 Morphological identification of sponge-specimens

Sponge specimens were morphologically identified by Dr Shirley Parker-Nance of 

the South African Environmental Observation Network (SAEON) Elwandle Coastal 

Node, Port Elizabeth. Voucher samples, preserved in ethanol, were deposited at the 

South African Institute for Aquatic Biodiversity (SAIAB) in Grahamstown, South 

Africa. The taxonomic identification of sponge specimens was based on the physical 

morphological characteristics including size, shape, colour, distribution and shape of
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the oscules and aerolate porefields, as well as the type of spicules found within the 

sponge tissue (Parker-Nance, Hilliar et al., Manuscript submitted). Photographic 

records of the in situ, freshly collected and preserved specimens were collected and 

archived with voucher samples. Type specimens and reference material were lodged 

at the SAIAB.

2.3 Genomic DNA extraction

Sponge samples (1 gram) were homogenized individually using a sterile mortar and 

pestle with 3 ml ASW for 5 min to release the sponge-associated microorganisms. 

The homogenized sponge tissue was transferred to separate 1.5 ml Eppendorf tubes 

and pelleted by centrifugation at 15 000 x g for 1 min to be used for gDNA 

extractions. Total genomic DNA (gDNA) was extracted from the homogenized 

sponge samples using the ZR Soil Microbe DNA MiniPrep kit (Zymo Research, Cat. 

no. D6001) according to the manufacturers protocol yielding on average 100 ^l 

purified gDNA for use in PCR amplification. Microbial DNA from each seawater and 

sediment sample collected was extracted using the PowerWater DNA Isolation kit 

(MoBio, San Diego, CA, USA, Cat. No. 14900-S) and the ZR Soil Microbe DNA 

MiniPrep kit (Zymo Research) respectively. Quality and quantity of extractions were 

assessed by measuring DNA concentrations and optical absorbance ratios (260 nm) 

using a NanoDrop lite spectrophotometer (Thermo Scientific), as well as by 

visualizing an aliquot of the extraction following agarose gel electrophoresis (1% 

TAE agarose gel).

2.4 Molecular identification of the partial 28S rRNA gene

The molecular identification of each sponge specimen was confirmed by analysis of 

the 28S rRNA gene sequences. The primers RD3A (forward) (5‘-GAC CCG TCT 

TGA AAC ACG A-3‘) and RD5B2 (reverse) (5‘-ACA CAC TCC TTA GCG GA-3‘) 

(Walmsley et al., 2012) were used to amplify the 625 nt D3 - D5 region of the 28S 

rRNA gene. Each PCR amplification was performed using 0.5 U Kapa HiFi HotStart 

Taq Polymerase (KAPA Biosystems) in a total reaction volume of 25 ^l, including 0.3 

^M of each primer, 0.75 ^M dNTPs, 1X Buffer with MgCl2, and 20 ng of DNA
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template. The thermal cycling parameters were as follows: initial denaturation at 95 

°C for 5 min; followed by 35 cycles at 94 °C for 30 sec, 45 °C for 20 sec, and 72 °C 

for 1 min, with a final extension of 72 °C for 10 min. PCR fragments were ligated into 

the pDrive cloning vector (Qiagen) and transformed into Escherichia coli DH5a 

competent cells. Recombinant plasmids were selected based on restriction analysis 
using Bam HI, Hind III and Sma I restriction enzymes to select for clones containing 

inserts, before Sanger sequencing.

2.5 Data curation and phylogenetic analysis of the partial 28S rRNA gene 

sequences

The 28S rRNA nucleotide sequence of each sponge specimen was aligned using 

ClustalW (Larkin et al., 2007) and examined for nucleotide polymorphisms between 

individual samples within the same species and between species. Phylogenetic trees 

based on the partial 28S rRNA gene sequences were constructed using the 

Molecular Evolutionary Genetics Analysis (MEGA) 7.0.21 software (Kumar et al., 

2016) and the phylogeny was inferred using the Maximum-Likelihood method, with 

1000 bootstrap replicates. The analysis involved 29 nucleotide sequences with a 

total of 629 positions in the final dataset. Comparative sponge sequences were 

acquired from the NCBI nucleotide database (http://www.ncbi.nlm.nih.gov/). 

Resultant gene sequences were submitted to Genbank with the accession numbers 

MG203890, MG203892, KU695576, MG203888, KU695575, MG203888,

MG203891, MG203893, MG203894, MG203895, KU695577, KU695579, KU695580, 

MG203897, MG203896 and KU695578.

2.6 16S rRNA Amplicon Pyrosequencing

For investigation into the bacterial diversity present within each sponge specimen, 

PCR amplicon libraries of the V4 - V5 hypervariable regions of the 16S rRNA gene 

were created using the primer pair E517F (5’-CAG CAG CCG CGG TAA-3’) and 

E969-984 (5’-GTA AGG TTC YTC GCG T-3’) (Wang et al., 2007; Wang and Qian, 

2009) with relevant multiplex identifier (MID) tags for 454 pyrosequencing. 

Amplification was performed using KAPA HiFi HotStart Taq (KAPA Biosystems), in a 

reaction volume of 25 ^L as per the manufacturer’s specifications. Each reaction
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included 5-10 ng extracted gDNA, 0.3 ^M of each primer with PCR buffer containing 

2mM additional MgCl2, 10 ^M dNTP’s and 0.5 units KAPA HiFi HotStart DNA
polymerase. Cycling parameters were as follows: Initial denaturation and enzyme

0 0 0 0 

activation at 98 C for 5 min, 5 cycles of 98 C for 45 sec, 45 C for 30 sec, 72 C for
0 0 0

45 sec, followed by 18 cycles of 98 C for 30 sec, 50 C for 30 sec, 72 C for 45 sec.
o

A final extension was done at 72 C for 5 min. Difficulties in obtaining PCR products 

from the sponge DNA were frequently experienced possibly due to chemical 

compounds within the sponge samples that inhibited the PCR process. This was 

overcome by multiple attempts with adjustments to DNA template concentrations 

and annealing temperatures. PCR amplification library products were purified using 

Agencourt AMPure XP beads (Beckman Coulter). Amplicon libraries were 

sequenced using the GS Junior Titanium Sequencing platform (454 Life Sciences, 

Roche) as per the manufacturer’s specifications.

2.7 Data curation and analysis of the 16S rRNA gene amplicons

Curation of the amplicon library sequence datasets was performed using the Mothur 

software v.1.34.4 (Schloss et al., 2009) as described in Matcher et al., 2017. Low- 

quality reads shorter than 250 nt in length, reads including homopolymeric runs 

greater than 7 nucleotides or ambiguous nucleotides were removed from the 

respective datasets. The UCHIME algorithm was used for the identification and 

removal of chimeric reads (Edgar et al., 2011). The Naive Bayesian classifier was 

used against the SILVA Bacterial Database (Release version 123) for the 

classification of sequence reads and the removal of those classified as unknown, 

chloroplast, mitochondrial, or eukaryotic DNA. Sequence reads were clustered into 

operational taxonomic units at distance values of 0.03, and unique (i.e. distance 

value of zero) using a distance matrix (cut-off at 0.15) generated in Mothur. All OTUs 

with a relative percentage greater than 0.5% of the total bacterial reads were plotted 

as dominant bacterial populations. PRIMER7 (Quest Research Limited, Auckland, 

New Zealand) was used to generate the non-metric multidimensional scale (NMDS) 

plots using count table abundance data (generated using Mothur). This data 

underwent a square root transformation prior to Bray-Curtis resemblance and 

ANOSIM analysis (Quest Research Limited, Auckland, New Zealand).
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Chapter Three
Results

3.1 Introduction

Sponge species differ in shape, colour, texture and size typical of their morphological 

plasticity, and even individuals of the same species can differ in their appearance 

between geographic areas and habitats (Erpenbeck et al., 2006; Worheide et al., 

2008). Sponge identification can be a difficult task given this variability and whilst 

fixed differences in macro- and micro- morphotraits typical of conventional 

morphological taxonomy have been the most reliable method of sponge taxonomy, 

inclusion of molecular identification has aimed to address these challenges and 

improve the reliability of sponge systematics.

The Latrunculiidae are a family of cold water sponges and four out of the five genera 

including Strongylodesma, Latrunculia, Cyclacanthia and Tsitsikamma include 

species endemic to the south-eastern coast of South Africa (Antunes et al., 2004; 

van Soest et al., 2015). Latrunculid sponges contain an abundance of bioactive 

secondary metabolites including makaluvamines, discorhabdins, damirones, 

batzellines and tsitsikammamines, which include a distinct pyrroloiminoquinone 

substructure (Antunes et al., 2004). These pyrroloiminoquinone secondary 

metabolites are of particular interest due to their potential in therapeutics and the 

South African coast provides a unique environment for the exploitation of these 

potent bioactive compounds (Antunes et al., 2005). The genus Tsitsikamma is 

known to be a rich source of the pyrroloiminoquinone bioactive secondary 

metabolites known as tsitsikammamines which mediate cytotoxicity as inhibitors of 

topoisomerase I (Antunes et al., 2004; Antunes et al., 2005; Walmsley et al., 2012). 

Tsitsikamamine A and B have consistently been isolated as the major secondary 
metabolites unique to Tsitsikamma favus sponges and have served as 

chemotaxonomic markers for this sponge species (Antunes et al., 2005; Walmsley et 

al., 2012; Kalinski and Dorrington unpublished data).
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Microbial genome sequencing and genome mining have revealed the genomes of 

microbial organisms to have great capacity for secondary metabolite biosynthesis 

and many previously identified marine sponge secondary metabolites have been 

indicated to be of microbial origin (Ishibashi et al., 2001; Copp et al., 2002; Antunes 

et al., 2005; Piel, 2006; Muscholl-Silberhorn et al., 2008; Walmsley et al., 2012; Xi et 

al., 2012; Jordan and Moore et al., 2016). The isolation of the pyrroloiminoquinones 

Wakayin and Makaluvamine A from sources other than Porifera (Copp et al., 2002; 

Antunes et al., 2005), in addition to their structural similarity to tsitsikammamines has 

raised the possibility that pyrroloiminiquinones may be secondary metabolites 

produced by sponge-associated microbial symbionts.

Key studies by Walmsley et al. (2012) and Matcher et al. (2017), focused on 

characterising the microbial diversity associated with members of the Tsitsikamma 

genus, which provided motivation for this study. These studies emphasised the need 

to expand the datasets to incorporate more Tsitsikamma species to further 

investigate the unique and unusual bacterial communities associated with latrunculid 

sponges.

3.2 Sponge taxonomy

At the outset of this study, the genus Tsitsikamma comprised three species, namely 

T. favus, T. pedunculata and T. scurra. Eight T. favus and four T. pedunculata 

specimens were collected from Evans Peak in Algoa Bay at depths between 20m to 

38m. Freshly collected T. favus sponge specimens were firm, hemispherical and 

dark brown in colour with a tough, leather-like ectosome and cylindrical lance­

shaped oscules (Table 3.1.). The choanosome was divided into convoluted, 

honeycomb-like chambers reinforced by thick tracts which penetrate and divide the 

sponge interior. Once in ethanol the dark colouration intensified lending the 

preservative a deep brown/black colouration. T. pedunculata sponge specimens 

were pedunculated with a well-defined head and elongated stalk (Table 3.1.). 

Specimens were pink brown with sparse, cone shaped oscules on the head. The 

inner choanosome was soft, the stalk dense and once preserved in ethanol T. 

pedunculata remained a cream to tan colour.
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Table 3.1: Voucher samples of five latrunculid sponge species collected for this 

study.

Ejpfjaris

Scale: 50um

Tsitsikamma
favus

Tsitsikamma 
michaeli 
(with yellow 
encrusting 
Mycale sp.)

Tsitsikamma
nguni

Tsitsikamma
pedunculata

Cyclacanthia
bellae

1. Sponge 
specimen

2. In situ 3. Sponge 
spicule

'^ •/ .

Shiriey Porker-Nance

b  Eric Isemonger

Sponge specimen photographic images were taken after sponge collection, and in 

situ images were taken of each sponge species whilst in their natural habitat. 

Sponge photographic images and spicule analysis was performed by Dr Shirley 

Parker-Nance of the South African Environmental Observation Network (SAEON) 

Elwandle Coastal Node, Port Elizabeth.
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In this study two new Tsitsikamma species, namely T. michaeli and T. nguni, were 

identified. The T. michaeli sponge specimens collected from Evans Peak at a depth 

of 30m, were smaller, rounded and dark green in colour with a firm resilient 

ectosome and small pointed oscules (Table 3.1.). The inner choanosome lacked 

reinforced tracts, was bright green and once in ethanol, was preserved to an olive to 
tan colour. T. michaeli specimens were often found encrusted with a yellow Mycale 

sp. sponge also known to be found on the surface of some T. pedunculata sponges. 

The Mycale sp. specimen was fibrous in texture and easily compressed with 

furrowed grooves on the surface of the sponge (Table 3.1.). Tsitsikamma sp. 005 

specimen (Photographic and spicule image unavailable), provisionally considered to 

be a separate species belonging to the Tsitsikamma genus, was forest-green and 

brown with a tough ectosome similar in appearance to T. michaeli.

A second novel Tsitsikamma species, T. nguni, was also collected and identified 

during the course of this project. T. nguni sponge specimens were rigid, encrusting 

and irregular shaped with a dark grey/olive- brown exterior covered small knob 

shaped oscules (Table 3.1.). The softer, olive brown choanosome was divided by 

thick, cartilaginous-like reinforcing tracts dividing the sponge interior into uneven 

elongated chambers. Once preserved in ethanol T. nguni remained a uniform dark 

brown colour. Like T. favus, T. nguni sponge specimens shared similar partitioning 

however, the size and shape of the oscules and differing spicule sizes allowed for 

differentiation.

A specimen from the Cyclacanthia genus, C. bellae, was also collected. C. bellae 

specimens were compressible, slightly felt-like in texture and emerald green with 

small, crowded conical oscules (Table 3.1.). Specimens were thin, encrusting and 

the choanosome interior was brown, remaining so once preserved in ethanol. All 

species possessed the characteristic "chessman” spicules pertaining to 

Latrunculiidae shown by the straight shaft, thickened at regular intervals which grow 

into whorls of spined lobes (Table 3.1.).

Other sponge species, collected by other members of the research group that were 

included in this study include the Tethya rubra (TIC2015-221; TIC2015-222; 

TIC2016-001; TIC2016-003) (Waterworth et al., 2017), and Latrunculia algoaensis
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(TIC2010-031) (Samaai et al., 2012; Matcher et al., 2017) specimens collected from 
Evans Peak and RIY Banks reefs. T.rubra specimens were spherical in shape, with 

an inner choanosome surrounded by a distinct cortex region consisting of large 

radial megascleres (Waterworth et al., 2017). These sponges were bright orange 

and contained distinct bright yellow embryos visible against the red coloured 
endosome. T. rubra specimens were firm and incompressible encrusted by 

ephibionts. The L. algoaensis specimen collected at Evans Peak was green, 

hemispherical in shape, with thick areolate porefields (Samaai et al., 2012).

3.3 Molecular identification of sponge specimens

Alignment of 28S rRNA sequences and phylogenetic analysis showed that all 

sponge specimens morphologically identified as species within the Tsitsikamma 

genus were clustered together (Fig. 3.1.). The 28S rRNA phylogenetic tree showed 

that T. favus and T. nguni are closely related, which is expected as no differences 

between their nucleotide sequences were observed in the partial 28S rRNA 

sequences used for this analysis. Similarly, T. michaeli and T. pedunculata also 

clustered together in a single clade, with no apparent discrepancies in their 28S 

rRNA sequences (Fig. 3.1.). Tsitsikamma sp. 005 (TIC2015-070), and C. bellae 

(TIC2015-056) cluster with the Tsitsikamma species. Cyclacanthia is more closely 

related to species within the Tsitsikamma genus, however L. algoaensis was more 

closely related to the Tsitsikamma sponges than the outlier T. rubra and Mycale spp. 

The outlier sponges T. rubra and Mycale sp., belonging to the families Tethyidae and 

Mycalidae respectively, form distinct external branches completely separate from the 

sponges belonging to Latrunculiidae, representing the different evolutionary 
lineages. T. rubra specimens were included in this study were found to be growing in 

close proximity to the Tsitsikamma sponges and like sponges belonging to the family 

Latrunculiidae, they have been shown to produce bioactive secondary metabolites 

(Waterworth et al., 2017) . The Mycale specimens were found to be encrusting 

sponges upon both T. michaeli and T. pedunculata sponge specimens.
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Figure 3.1: Phylogeny of sponge species based on partial 28S rRNA gene sequences. The 
phylogenetic analysis was generated using MEGA7 software (Kumar, Stetcher and Tamura, 2016) 
and evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura- 
Nei model (Tamura and Nei, 1993). Initial tree(s) for the heuristic search were obtained automatically 
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 
Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log 
likelihood value. The tree is drawn to scale, with branch lengths measured in the number of 
substitutions per site. The analysis involved 29 nucleotide sequences. All positions containing gaps 
and missing data were eliminated. There were a total of 629 positions in the final dataset.
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3.4 Phylogenetic characterisation of sponge-associated versus environmental 
microbial communities

A study by Walmsley et al. (2012) in particular, which focused on characterising the 

microbial diversity associated with T. favus, showed that specimens of this sponge 

species contained a distinct and conserved microbial population that was stable over 

time and dominated by a unique Betaproteobacterium species. The microbial 

community associated with this species was considered unusual and a study by 

Matcher et al. (2016) confirmed this finding by expanding the scope to six latrunculid 
species from the genera Tsitsikamma, Cyclacanthia and Latrunculia. The bacterial 

communities of 29 sponge specimens, 8 seawater and 3 sediment samples were 

analysed in this thesis to expand upon the dataset of 9 sponge specimens and 2 

environmental samples used in the dataset by Matcher et al., (2016).
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Figure 3.2: Phylogenetic classification (at the level of phylum and subphylum) of the bacterial 
communities found in sponges, seawater and sediment using Naive Bayesian classification with the 
SILVA bacterial database (release version 123) as the reference. Phylogenetic classifications are 
indicated by a coloured key.

31



A total of 276 882 sequence reads, spanning the V4-V5 regions of the bacterial 16S 

rRNA gene of bacterial taxa associated with sponges and the surrounding seawater 

and sediment, were analysed. Phylogenetic classification of the bacterial 

communities illustrated a striking difference between the sponge-associated bacterial 

communities and those in the surrounding seawater and sediment (Fig. 3.2.). The 

environmental samples, comprising the seawater and sediment, were dominated by 

Gammaproteobacteria and Bacteroidetes with a high abundance of 

Alphaproteobacteria. The bacterial community profiles between the seawater and 

sediment samples were similar due to the presence of shared Bacteroidetes, 

Gammaproteobacteria and Alphaproteobacteria phyla, however the higher 

abundance of Planctomycetes present in the sediment samples served as a 

distinguishing feature between the two environments.

Dominance of the Betaproteobacteria, Spirochaetae and unclassified Proteobacteria 

("Other Proteobacteria”) phyla in the sponge samples illustrated the distinction of 

sponges from their environment. Betaproteobacteria were dominant in all three 

Latrunculiidae genera as well as the Mycale sp. sponge associated bacterial 

communities, accounting for 10% to 93% of the sequence reads obtained. This 

Betaproteobacterial phylum was absent from the water column and sediment. 

Distinct from the latrunculid and Mycale sp. sponges, T. rubra, was dominated by 

unclassified Proteobacteria with observed similarity with the surrounding 

environment (Fig. 3.2.). While Betaproteobacteria dominated the majority of 

Tsitsikamma bacterial assemblages, Spirochaetae were also found in high 

abundance, accounting for 6% to 65% of the reads. Spirochaetae were also found as 

a dominant phylum in the Tsitsikamma and C. bellae sponge associated microbiota, 

but absent in the L. algoaensis specimen. Bacteroidetes and Gammaproteobacteria 

were present to some extent in all sponge associated microbial communities with 

relatively high abundances of Gammaproteobacteria present in the T. pedunculata 

specimens. Reads classified as Bacteroidetes, Gammaproteobacteria and 

Alphaproteobacteria were ubiquitous among both sponge and environmental 

samples (Fig. 3.2.).

The T. rubra specimens were dominated by unclassified Proteobacteria ("Other 

Proteobacteria”) based on the classification using SILVA Bacterial Database
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(Release version 123) (Fig. 3.2.). However, analysis of the bacterial community 
sequence reads clustered into OTUs associated with two T. rubra populations in a 

study by Waterworth et al. (2017), identified the reads classified by the SILVA 

database (Release version 123) as Other Proteobacteria to be a 

Betaproteobacterium OTU. This finding highlighted the limitations when using a 

database for bacterial classification and formed part of the motivation to investigate 

the bacterial communities at the level of OTU in this study. Unlike Genbank, a 

publicly annotated sequence database, the SILVA Bacterial Database is regularly 

updated with curated classifications. A challenge with using an online database such 

as the SILVA Bacterial Database (Release version 123) is that the depth of the 

database is limited by the number of entries often resulting in the overlooked 

grouping of "unclassified bacteria”, due to the absence of corresponding sequences 

to match query sequences. It should be noted that classification according to 

taxonomic rankings does not necessarily accurately represent the potential diversity 

present within the particular environment.
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Figure 3.3: Classification of the top 20 dominant OTUs (at a distance of 0.03) found in sponges, 
seawater and sediment. Read abundance is indicated as the relative percentage of the total bacterial 
reads analysed for each sample. Classifications of the dominant bacterial OTUs are indicated by a 
coloured key.
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3.5 Analysis of dominant bacterial Operational Taxonomic Units in sponge 

associated and environmental microbial communities

A total of 286 065 reads were assigned to OTUs at a distance value of 3%. The 

diversity of bacterial species associated with sponge species was characterized 

through classification of the top 20 dominant bacterial OTUs (clustered at a distance 

of 0.03) (Fig. 3.3.). The OTU analysis revealed a similar pattern to that which was 

observed in the phylogenetic classification. The seawater samples were dominated 

by the Alphaproteobacteria_2, Bacteroidetes_1 and Gammaproteobacteria_4 OTUs 

(Fig. 3.3.). The Alphaproteobacteria_2 OTU, accounting for 22% of the reads in the 

Evans Peak ESW1 seawater sample, was identified as the highly abundant aquatic 

Pelagibacter ubique. Alphaproteobacteria_2 OTU was present in all of the seawater 

samples, with high abundances in the seawater samples collected from Evans Peak. 

A low abundance of the Alphaproteobacteria_2 OTU was found to be present in a 

few sponge specimens from the Tethya and Tsitsikamma genera. 

Alphaproteobacteria_2 OTU was completely absent from the sediment samples. A 

separate Alphaproteobacteria_1 OTU was found to be present in high abundance in 
the T. rubra sponge specimens which, was not present in any other sponge or 

environmental samples (Fig. 3.3.).

The Gammaproteobacteria_4 OTU was present in all of the seawater samples and 
T. rubra sponge specimens, however absent in both the sediment and remaining 

sponge species. High abundances of three Gammaproteobacterial OTUs, 

Gammaproteobacteria_1, Gammaproteobacteria_2 and Gammaproteobacteria_3, 

were observed in the T. pedunculata sponge specimens (Fig. 3.3.). These 

Gammaproteobacterial OTUs were also found to be present in the remaining 

Tsitsikamma sponge species however in very low abundances. 

Gammaproteobacteria_1, Gammaproteobacteria_2 and Gammaproteobacteria_3 

were absent from both the seawater and sediment samples, indicating they are 

sponge specific and different from the Gammaproteobacteria_4 OTU present in the 

seawater samples. Two Bacteroidetes OTUs, Bacteroidetes_1 and Bacteroidetes_2, 

were present in the seawater samples and Tethya rubra sponge specimens, 

however absent from the sediment samples (Fig. 3.3.). Bacteroidetes_1 and 

Bacteroidetes_2 were observed in few specimens belonging to the remaining
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sponge species however, at very low levels. Bacteroidetes_3 and 

Gammaproteobacteria_5 OTUs, which dominated the sediment samples, were 

observed to be sediment specific as they were absent from all of seawater samples 

and sponge specimens.

Numerically, the sponges belonging to Latrunculiidae were dominated by the same 

betaproteobacterial OTU (B_OTU1) accounting for 13% to 72% in T. nguni and 17% 

to 66% of the sequence reads from specimens of T. favus (Fig. 3.3.). Generally 

B_OTU1 was less abundant in T. michaeli and T. pedunculata specimens, but very 

dominant in the Tsitsikamma sp. 005 and L. algoaensis specimens (54% and 92%, 

respectively). B_OTU1 was absent in the sediment samples, however it was found to 

be present in one seawater sample at a low levels below the 0.5% read cut off for 

this analysis. It is believed that the seawater sample was contaminated by T. favus 

sponge material during sampling (Matcher et al., 2017).

A second Betaproteobacteria OTU (B_OTU2) was dominant in the two Mycale sp. 

specimens, accounting for 39% and 84% of the reads, respectively. B_OTU2 shared 

95% sequence identity with B_OTU1. B_OTU2 reads were also detected in the 

Tsitsikamma sp. 005 specimen and specimens from T. michaeli and T. pedunculata 

(Fig. 3.3.). Since B_OTU2 was only found in T. pedunculata and T. michaeli sponge 

specimens that had been collected with the Mycale sp. encrusting sponge, it is likely 

that the presence of this OTU is due to contamination that occurred during 

processing of sponge specimens after collection. A Betaproteobacteria OTU 

(TethBeta_OTU1) was dominant in the T. rubra sponges. With the exception of a 

single water sample collected with the T. favus sponge specimen TIC2014-001, no 

reads corresponding to the three betaproteobacterial OTUs, B_OTU1, B_OTU2 and 

TethBeta_OTU1, found in the latrunculid and T. rubra sponge specimens 

respectively, were detected in the seawater and sediment samples indicating they 

are sponge specific (Fig. 3.3.). Furthermore, the Betaproteobacterial OTUs, B_OTU1 

and TethBeta_OTU1, appear to be specific to latrunculid and Tethya sponges 

respectively.

In the sponges, the Spirochaetae were represented by a single OTU that were 
dominant in Tsitsikamma and Cyclacanthia species (Fig. 3.3.). This OTU accounted
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for between 12% to 45% in T. nguni specimens, 6% to 36% in T. favus 

specimens,8% to 62% in T. michaeli specimens, 12% to 24% in T. pedunculata 

specimens and 30% in C. bellae. The shared OTU present in the Tsitsikamma and 

Cyclacanthia sponges represents a special relationship which may likely be 

representative of a specialized function in the bacterial communities associated with 

these sponges.

3.6 Nonmetric multidimensional scaling comparison of sponge associated vs 

environmental bacterial communities

A previous study by Matcher et al. (2017) showed that all latrunculid sponge 

microbial community profiles investigated were associated with distinct bacterial 

OTUs which motivated for the closer examination of the bacterial communities 

associated with the sponge, seawater ad sediment samples. To compare the 

sponge-associated bacterial communities with those of the environmental samples, 

the distribution of OTUs was analysed using nonmetric multidimensional scaling 

(NMDS) ordination plots followed by ANOSIM analysis at a distance of 0.03 and 

0.00.

3.6.1 Comparison of sponge-associated bacterial communities with the 

environmental samples

An NMDS ordination plot of pairwise distances was generated to compare the 

bacterial communities associated with sponge specimens and environmental 

samples. The global R statistic as calculated using ANOSIM was 0.707 with a 

p<0.05 (0.001) demonstrating that the overall difference between the sponge- 

associated bacterial communities and the seawater and sediment was reliable and 

statistically highly significant (Fig. 3.4.). Pairwise comparisons showed that the 

bacterial communities of the seawater and sediment environmental samples were 

also significantly different (Fig. 3.4.).
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Figure 3.4: Statistical oordination of bacterial OTUs clustered at a distance of 0.03 (A) associated 

with sponge specimens compared with the environmental samples using non-metric multidimensional 

scaling. Construction of Bray-Curtis resemblance matrix was based on partial 16S rRNA gene 

sequences following application of square root transformation to bacterial community abundance 

data. ESW: Seawater collected from Evans Peak; TSW: Seawater collected at Tsitsikamma MPA; 

RSW: Seawater collected at RIY Banks; ESED: Sediment collected at Evans Peak; TSED: Sediment 
collected at Tsitsikamma MPA; TF: Tsitsikamma favus; TP: Tsitsikamma pedunculata; 2: Tsitsikamma 

michaeli; 4: Tsitsikamma nguni; 5: Tsitsikamma sp. 005; Ba: Cyclacanthia bellae; LA; Latrunculia 

algoaensis; M: Mycale sp. and Tea-Ted: Tethya rubra. (B) Statistical representation of the bacterial 

communities at the level of species (0.03) associated with sponge specimens compared with the 
environmental samples. *(p < 0.05) statistically significantly different).

3.6.2 Comparative analysis of sponge associated bacterial communities
Having shown that the sponge associated bacterial communities were distinct from 

those in the associated seawater and sediment, the next step was to determine 

whether sponge-associated microbiomes were species specific. An NMDS plot 

ordination of pairwise distances was generated to compare the bacterial
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communities at the level of species (0.03) associated with latrunculid and outlier 

sponge species (Fig. 3.5.). Statistical analysis with a global R value of 0.792 and 

significance of p < 0.05 (0.001) demonstrated that overall, there was a significant 

difference between the sponge species associated bacterial communities.
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L. algoaensis vs T. rubra 1.000 0.200

Figure 3.5: Statistical oordination of bacterial OTUs clustered at a distance of 0.03 (A) associated 

with latrunculid sponge species compared with the outlier sponge species using non-metric 

multidimensional scaling. Construction of Bray-Curtis resemblance matrix was based on partial 16S 

rRNA gene sequences following application of square root transformation to bacterial community 

abundance data. TF: Tsitsikamma favus; TP: Tsitsikamma pedunculata; 2: Tsitsikamma michaeli; 4: 

Tsitsikamma nguni; 5: Tsitsikamma sp. 005; Ba: Cyclacanthia bellae; LA; Latrunculia algoaensis; M: 

Mycale sp. and Tea-Ted: Tethya rubra. (B) Statistical representation of the bacterial communities at
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the level of species (0.03) associated with latrunculid sponge species compared with the outlier 
sponge species. *(p < 0.05) statistically significantly different).

A previous study by Matcher et al. (2017) provided experimental evidence supporting 

the proposal that the microbiomes associated with different latrunculid sponge taxa 

were species specific. Pairwise comparisons were used to test the significance of the 

ANOSIM statistic between the sponge species associated bacterial communities. 

The results showed that the bacterial communities associated with the Tsitsikamma 

species were significantly different p < 0.05 (0.001) from the Mycale sp. sponge, L. 

algoaensis and T. rubra (Fig. 3.5.). The Tsitsikamma species were identified as not 

significantly different p > 0.05 from C. bellae however, the R value of 0.399 in 

addition to the low permutations lead to this result as statistically unreliable and was 

interpreted with caution.

3.6.3 Comparative analysis of Tsitsikamma sponge species associated 

bacterial communities

Matcher et al. (2017) showed that there were unique OTUs (0.00) associated with 

specific latrunculid sponge species. An NMDS ordination plot of pairwise distances 

showed that there was a significant difference with p < 0.05 (0.001) between unique 

OTUs associated with different Tsitsikamma species and the R value 0.718 

confirmed the reliability of this result (Fig. 3.6.). A pairwise comparison between 
Tsitsikamma species revealed the bacterial communities associated with species 

within the Tsitsikamma genus were not uniformly different. The bacterial 

communities associated with both T. nguni and T. favus, which were not significantly 

different (p > 0.05, Low R statistic supported by high permutations) from one 

another, were significantly different (p < 0.05) from those associated with T. michaeli 

and T. pedunculata. Conversely, the bacterial communities associated with 

Tsitsikamma sp. 005 were not significantly different (p > 0.05) from T. nguni, T. 

favus, T. michaeli and T. pedunculata. The bacterial communities associated with T. 

michaeli and T. pedunuculata were significantly different (p >0.05) (Fig3.6.)
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Figure 3.6: Statistical ordination of bacterial communities at the level of (A) species (0.03) and (B) 
unique (0.00) associated with Tsitsikamma sponge species using non-metric multidimensional scaling 

(NMDS). Construction of Bray-Curtis resemblance matrix was based on partial 16S rRNA gene 

sequences following application of square root transformation to bacterial community abundance 
data. (A: 2D stress value: 0.15; B: 2D stress value: 0.10). Statistically significant clustering (p < 0.05) 

was determined using ANOSIM in PRIMER7 (Quest Research Limited, Auckland, New Zealand). TF: 

Tsitsikamma favus; TP: Tsitsikamma pedunculata; 2: Tsitsikamma michaeli; 4: Tsitsikamma nguni; 5: 

Tsitsikamma sp005; Ba: Cyclacanthia bellae; LA; Latrunculia algoaensis; Ma: Mycale sp. and Tea- 

Ted: Tethya rubra.
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3.7 Phylogenetic analysis of unique sponge associated bacterial OTUs

Previous characterization of the bacterial communities associated with six latrunculid 

species in a study by Matcher et al. (2017) showed the unprecedented conservation 

of two dominant bacterial symbionts within the Latrunculiidae family of marine 

sponges. Betaproteobacteria OTUs observed in the different latrunculid sponges 

were closely related and their phylogenetic relationship followed that of their hosts 

whereas the Spirochaetae OTU was observed to be present in only two genera, 

Tsitsikamma and Cyclacanthia. Given the production of pyrroloiminoquinone 

secondary metabolites, their potent biological activity and the unusual dominant 

bacterial symbionts associated with sponges belonging to the Latrunculiidae family, it 

was decided to determine whether the bacterial conservation was also true for the 

sponges investigated in this study.
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Figure 3.7: Dominant, unique (0.00) Betaproteobacteria OTUs from each sponge specimen. Read 

abundance is indicated as the relative percentage of the total bacterial reads analyzed for each 

sponge.
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All T. favus sponges were associated with a common dominant unique OTU, 

B_OTU5. B_OTU5 was also dominant in the two closely related T. nguni sponge 

specimens (TIC2015-003 and TIC2015-006), collected at Rheeder’s reef at 

Stormsriver mouth but not in the T. nguni specimen TIC2010-2B from Evans Peak, 

which harbored a second dominant betaproteobacterial OTU, B_OTU8 (Fig. 3.7.). 
Betaproteobacterium B_OTU5 was also dominant in T. pedunculata along with a 

second dominant betaproteobacterial OTU, B_OTU9 found only in the T. 

pedunculata sponges.

The dominant Betaproteobacterium in T. michaeli sponges was B_OTU6, which was 

also present in Tsitsikamma sp. 005 as well as the Mycale sp. found as an 

encrusting sponge on T. michaeli (TIC2015-204). L. algoaensis and C. bellae 

specimens were associated with betaproteobacterial OTUs, B_OTU4 and B_OTU3, 

respectively, neither of which were not identified in any Tsitsikamma sponges (Fig. 

3.7.).

B_OTU1 and B_OTU2, representing different betaproteobacterial species from that 

associated with the latrunculid sponges, were the dominant OTUs associated with 

the two Mycale sp. sponges. This OTU was present at low levels in Tsitsikamma sp. 

005, two T. michaeli sponge specimens (TIC2015-202 and TIC2015-204) and two T. 

pedunculata sponge specimens (TIC2015-206 and TIC2015-218) (Fig. 3.7.). The 

Mycale sp. TIC2010-030 and TIC2015-204B were found to be encrusting sponges 

on TIC2010-070 Tsitsikamma sp.005 and TIC2015-204 T. michaeli sponge 

specimens respectively. Mycale sp. sponges were also growing upon T. pedunculata 

sponge specimens TIC2015-206 and TIC2015-218 and the T. michaeli sponge 

TIC2015-202. The presence of B_OTU1 and B_OTU2 in the Tsitsikamma sponge 

specimens therefore could likely be due to cross-contamination during the removal of 

the encrusting Mycale sponge tissue as Tsitsikamma sponges not harboring the 

Mycale sp. did not contain B_OTU1 and B_OTU2 (Fig. 3.7.). B_OTU6, which is 

dominant in T. michaeli and Tsitsikamma sp. 005 sponge samples, was present at 

very low levels in one Mycale sp. sponge specimen (TIC2015-204B) which could be 

due to cross-contamination during the removal of the encrusting Mycale tissue.

T. rubra sponges were associated with three betaproteobacterial OTUs including 

B_OTU11 (dominant in all four specimens), B_OTU12 and B_OTU13, found in three
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of the four specimens (Fig. 3.7.). The T. rubra sponges were collected from two 

different reefs in Algoa Bay and a previous study has shown that sponges from the 

different locations have distinct microbiomes (Waterworth et al., 2017). However, the 

association with their betaproteobacterial OTUs does not appear to be location 

dependent (Fig. 3.7.). Each T. rubra betaproteobacterial OTU was also not found in 

any other sponge species.

Analysis of the phylogenetic relationship between the dominant betaproteobacterial 

OTUs identified in this study and other sponge-associated Betaproteobacteria 

revealed the presence of two large monophyletic clusters, designated Group I and II 

(Fig. 3.8). Both sponge-associated and free-living bacterial species were included in 

Group I, which included members of the Nitrospira genus known as ammonia- 

oxidizing sponge-associated taxa and for their adaptability to different ecological 

niches (Prosser, Head, & Stein, 2014). A Betaproteobacterium OTU represented by 

the clone Sp02-5 from the 16S rRNA clone library generated in a previous study of 

T. favus specimen TIC2009-002 (Walmsley et al., 2012), clustered within this 

Nitrospira genus.

Betaproteobacterial OTUs identified in this study were included in Group II, which is 

comprised of uncultured sponge-associated bacterial taxa. The latrunculid OTUs 

conserved in T. favus, T. nguni, and T. pedunculata sponges form a cluster with the 

dominant OTU T. favus clone Sp02-1 from the 16S rRNA clone library generated by 

Walmsley et al., (2012) and two uncultured proteobacteria from Latrunculia apicalis. 

B_OTU8 present in T. nguni and B_OTU5 present in T. nguni, T. favus and T. 

pedunculata, form a cluster and are closely related to B_OTU4 from L. algoaensis 

with a sequence identity greater than 99%. Similarly, B_OTU7 present in 

Tsitsikamma sp. 005 and B_OTU6 present in Tsitsikamma sp. 005 and T. michaeli, 

are also very closely related, clustering together with B_OTU3 which is the dominant 

OTU present in C. bellae (Fig. 3.8). In a separate clade with Betaproteobacteria 

associated with Crambe crambe and Antho chartacea, the T. rubra 

betaproteobacterial OTUs were all closely related to uncultured betaproteobacterial 

sequences from Tethya californiana and the dominant betaproteobacterial OTUs 

from the Mycale sp. were found to be most closely related to an uncultured 

betaproteobacterial sequence from Mycale acerata (Fig. 3.8.)
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Figure 3.8: Phylogenetic relationship between dominant Betaproteobacteria OTUs and other sponge- 

associated Betaproteobacteria present in their respective sponge hosts. Related Betaproteobacteria 
sequences were obtained from GenBank with the corresponding accession numbers, and the 

phylogenetic analysis was generated using MEGA7 software (Kumar, Stetcher and Tamura, 2016). 

The evolutionary history was inferred by using the Maximum Likelihood method based on the 

Tamura-Nei model (Tamura and Nei, 1993). Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances 

estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology 

with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the 

number of substitutions per site. The analysis involved 50 nucleotide sequences. Bootstrap values, 
calculated based on 1,000 replicates, are indicated next to the branches (Felsenstein, 1985). The 16S 

rRNA gene sequence of Escherichia coli (JO1695) was used to root the tree. The host of each OTU is 

indicated by a colour-coded circle with large versus small circles indicating relative dominance.
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Figure 3.9: Dominant, unique (0.00) Spirochaetae OTUs from each sponge specimen. Read 

abundance is indicated as the relative percentage of the total bacterial reads analyzed for each 

sponge.

Sequence reads classified within the Spirochaetae phylum formed a significant 

proportion of the bacterial populations within Tsitsikamma sponge species and in the 

C. bellae. A single unique Spirochaetae taxon S_OTU1, was dominant in and unique 

to C. bellae. In Tsitsikamma sponges, there were three unique Spirochaetae OTUs, 

with the relative abundance and distribution of one OTU appearing to be species 

related (Fig 3.9.). S_OTU4 was present but not dominant in all of the Tsitsikamma 

species. This OTU was dominant in T. michaeli sponges and in the closely related 

Tsitsikamma sp.005 specimen. A very small number of S_OTU4 reads were 

observed in one Mycale sp. sponge specimen (TIC2015-204B) which, as mentioned 

above, could be due to cross-contamination from the removal of the encrusting 
Mycale tissue from the T. michaeli (TIC2015-204) sponge sample.
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The dominant Spirochaetae in all T. favus sponge specimens, S_OTU2, was also 

dominant in the T. nguni specimens, TIC2015-003 and TIC2015-006, collected in the 

Tsitsikamma Marine National Park (MPA) (Fig 3.9.). However, while S_OTU2 was 

present in T. nguni TIC2010-2B, S_OTU5 was dominant. S_OTU2 was absent in the 

remaining Tsitsikamma sponge species. S_OTU3 was present, but not dominant, in 

the majority of Tsitsikamma sponges, with the dominance of S_OTU3 being confined 

to T. pedunculata sponges (Fig 3.9.). S_OTU5 was dominant in the Algoa Bay T. 

nguni sponge, TIC2010-2B, but not in the specimens collected in the Tsitsikamma 

MPA. These differences mirror similar observations with betaproteobacterial OTUs in 
the T. nguni sponges suggesting that the sponge populations in the Tsitsikamma 

MPA and Algoa Bay may have descended from different lineages or may be in the 

process of evolving into two new species.
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Figure 3.10: Phylogenetic relationship between dominant latrunculid Spirochaetae OTUs and other 

Spirochaetes predominantly associated with sponges. Related Spirochaete sequences were obtained 
from GenBank with the corresponding accession numbers, and the phylogenetic analysis was 

generated using MEGA7 software (Kumar, Stetcher and Tamura, 2016).The evolutionary history was 

inferred by using the Maximum Likelihood method based on the Tamura-Nei model (Tamura and Nei, 

1993). Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join 

and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite 

Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. The
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tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The 

analysis involved 30 nucleotide sequences. Bootstrap values, calculated based on 1,000 replicates, 
are indicated next to the branches (Felsenstein, 1985). The host of each OTU is indicated by a colour- 

coded circle with large versus small circles indicating relative dominance.

The phylogenetic tree (Fig. 3.10) revealed that based upon their partial 16S rRNA 

sequences, the Tsitsikamma Spirochaetae OTUs comprising of S_OTU3, S_OTU6, 

S_OTU2, S_OTU5, S_OTU4 and S_OTU7 are extremely closely related, indicated 

by the clustering with the dominant Spirochaetae 16S rRNA gene sequence (Sp02- 

3) obtained from a clone library of T. favus (Walmsley et al., 2012). Belonging to a 

different genus within the family Latrunculiidae, the sponge specimen C. bellae 

harboured a dominant Spirochaetae, S_OTU1, which was shown to be less closely 

related to the Tsitsikamma OTUs. A BLAST analysis of the Sp02-3 16S rRNA 

sequence showed a strain of Salinispira pacifica, with a 93% sequence identity, to be 

the closest relative which was isolated from hypersaline microbial mats (Ben Hania 

et al., 2015). The nearest phylogenetic relative to the latrunculid sponge-associated 

spirochaete OTUs was associated with sponges belonging to the genus Clathrina 

with >90% sequence identity. The distinct and separate group of closely related 

OTUs observed in the latrunculid sponges, highlights a very different interaction 

which may represent a well adapted symbiotic relationship between members of a 

new family of specialized sponge-bacterial symbionts and their hosts.
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Chapter Four
Discussion

Sponges produce a plethora of chemical compounds with highly diverse carbon 

skeletons and the biological properties of alkaloids bearing a pyrroloiminoquinone 

ring system have attracted considerable attraction due to their potential in 

pharmaceutical applications and therapeutics (Goey et al., 2016; Lin et al., 2017; 
Botic et al., 2017). Isolation of pyrroloiminoquinones, wakayin and makaluvamine, 
from phylogenetically unrelated species including ascidians, myxomycetes and 

actinomycetes indicated these metabolites are not confined to sponges, tentatively 

suggesting the biosynthetic origin of latrunculid pyrroloiminoquinones may likely be 

microbial (Ishibashi et al., 2001; Copp et al., 2002; Hughes et al., 2009; Miyanga et 
al., 2011 and Davis et al., 2012).

The aim of the research presented in this thesis was to investigate the conservation 

of bacterial communities associated with South African latrunculid sponge species 

native to the Agulhas bioregion. It was hypothesised that latrunculid sponge species 

producing related secondary metabolites would be associated with conserved 

microbial communities. To test this hypothesis, the diversity of microbiomes 

associated with latrunculid sponges, other sponge species and their environment, 
was investigated. This study focused on the bacterial communities associated with 

23 latrunculid sponge specimens representing three endemic genera, Tsitsikamma, 

Cyclacanthia and latrunculia (Fig. 4.1) all of which are known to produce 

pyrroloiminoquinone alkaloids (Antunes et al., 2005). Six additional outlier sponge 
specimens representing two species: Mycale sp., a member of the Mycaliidae family 

classified within the same order (Poecidosclerida) as the Latrunculiidae and T. rubra, 

a member of the Tethyidae family within the Tethyda order (Fig. 4.1). In addition, 11 
environmental samples, comprised of both seawater and sediment, were included in 

this study.
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Fig. 4.1 : Taxonomic relationship between sponge species relevant to this study (taken from Matcher 

et al., 2017).

4.1 Taxonomic identification of sponges

Taxonomy is crucially important in marine natural product studies as taxonomic 

uncertainties amongst the Porifera can lead to consequential confusion regarding 

sponge sources of interesting chemistry. The first objective was to collect and 

identify latrunculid and outlier sponge specimens native to the Agulhas bioregion. 

The sponge specimens were identified using traditional taxonomic methods coupled 

with molecular based techniques. The study identified two new Tsitsikamma species, 

namely T. nguni and T. michaeli. Morphologically, T. favus and T. nguni specimens 

were found to be highly similar with slight differences in their porefields and spicules 

that set the two apart (Parker-Nance, Hilliar et al., Manuscript submitted. Appendix 

A.). A review of archived voucher samples found that this morphological similarity 

has resulted in their identification as a single species (Parker-Nance, personal 

communication). The close relationship between these two sponge species was also 

reflected in their 28S rRNA gene sequences, which were identical in the region used 

for molecular taxonomy.
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A comparison of the pyrroloiminoquinone compounds produced by T. favus and T. 

nguni confirmed the two species are very closely related, both producing 

maklauvamines and tsitsikammamines but in different amounts (Jarmo Kalinski, 

Dorrington Laboratory, personal communication). Interestingly, there were three 

specimens identified as T. favus, which had significantly different 28S rRNA gene 

sequences compared to those of other T. favus and T. nguni sponges. These 

differences were not reflected in the diversity of their overall microbial communities. 

Further chemical analysis on these specimens may provide a means of resolving 

their classification.

Morphologically, T. michaeli resembles T. pedunculata however, is distinct by colour 

and the absence of a reinforced stalk (Parker-Nance, Hilliar et al., Manuscript 

submitted. Appendix A.). A close phylogenetic relationship was observed between 
morphologically distinct specimens, T. michaeli and T. pedunculata. T. michaeli and 

T. pedunculata also clustered together in a single clade with no polymorphisms in 

the 28S rRNA sequence surveyed in this study. Based on the chemical analysis, T. 

pedunculata was found to produce a suite of metabolites that are distinct from those 

of T. favus, T. nguni and T. michaeli and all four Tsitsikamma species were found to 

produce a compound with the same mass as makaluvic acid C (180.1) (Jarmo 

Kalinski, Dorrington Laboratory, personal communication of unpublished data). 

Collectively, novel, uncharacterised brominated compounds likely to be 
pyrroloiminoquinones were isolated from all Tsitsikamma sponge species and 

differences in the chemistry associated with each species motivated the further 

investigation into the associated bacterial communities.

Tsitsikamma sp. 005 was morphologically identified as a potentially novel species 

belonging to the Tsitsikamma genus, which was confirmed by phylogenetic analysis 

using the 28S rRNA partial gene sequence. Tsitsikamma sp. 005 was observed to 

be more closely related to T. michaeli and T. pedunculata than T. favus and T. nguni 

specimens. However, as only one Tsitsikamma sp. 005 specimen was used in this 

study analysis of multiple specimens would be required to better provide insight into 

the classification and phylogeny of this species with relation to other members in the 

Tsitsikamma genus. In relation to the Tsitsikamma genus, phylogenetic analysis of 

the remaining latrunculid sponges in this study revealed C. bellae to be a closer
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relative than L. algoaensis. L. algoaensis however, was more closely related to the 

Tsitsikamma and C. bellae sponges than the outlier genera, Mycale and Tethya. Due 

to the limitations of the 28S rRNA gene sequence separation below the level of 

genus in this study, PCR amplification of the larger 28S rRNA gene fragment, as 

reported in Thacker et al. (2013), was attempted however did not result in suitable 

products to be used in further phylogenetic analyses. To overcome this limitation, 

further attempts to PCR amplify the longer 28S rRNA gene fragment with adjusted 

PCR parameters should be attempted as well as a multi-loci approach with 

amplification of multiple gene markers to better aid sponge specimen identification, 

especially between closely related latruculid sponges.

4.2 Characterisation of sponge-associated microbial communities

Following the identification of sponge specimens, the next objective was to 

characterise sponge-associated bacterial communities. The data showed that 

latrunculid sponge microbiomes were different from those of the sympatric sponges 

and that sponge associated bacteria were distinct from those in the environment. 

Statistical oordination and ANOSIM analysis of bacterial OTUs revealed that 

latrunculid sponges were highly significantly different from the surrounding 

environment. Similarities between the bacterial communities associated with Tethya 

sponges and the environment were observed. However, closer analysis identified an 

Alphaproteobacteria OTU that was absent from both the seawater and sediment. 

Different Gammproteobacteria and Bacteroidetes OTUs were specific to the 

sediment. Conservation of a high abundance of other different

Gammaproteobacteria OTUs in the T. pedunculata sponge specimens warrants 

further investigation considering T. pedunclata sponges produce a suite of 

secondary metabolites distinct from those produced by other Tsitsikamma sponge 

species.

4.3 Closely related betaproteobacterial species dominate sponge microbiomes

Taxa belonging to the Betaproteobacteria phylum dominated the bacterial 

communities associated with all sponges but were absent in the environmental 

samples, leading to the conclusion that these bacteria are sponge-specific. The data
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revealed the conservation of a single dominant Betaproteobacterial OTU within the 
microbiomes of latrunculid sponge species including T. nguni, T. favus, T. michaeli, 

T. pedunculata, Tsitsikamma sp.005, C. bellae and L. algoaensis. A different, but 
closely related Betaproteobacterium species was conserved in the T. rubra and 

Mycale sp. sponges.

Analysis of OTUs (clustered at a distance of 0.00) revealed that, remarkably, each 

sponge species hosts a unique Betaproteobacterium strain that is conserved in 

multiple specimens of the same species. Phylogenetic analysis of unique 

Betaproteobacteria OTUs showed that these bacteria mirror the phylogeny of their 

host species. A study by Waterworth et al. (2017) provided evidence showing that 

this Betaproteobacterial symbiont is vertically transmitted from one T. rubra sponge 

generation to the next. reported to not only be found in the sponges but also within 
the embryos of several Tethya sponge specimens. This may also be the case for the 

Betaproteobacterial OTUs conserved in the latrunculid species.

The latrunculid betaproteobacterial OTUs were phylogenetically closely related to 
dominant OTUs in a 16S rRNA clone library derived from L. apicalis collected near 

Antarctica. This shows that the presence of a dominant Betaproteobacterium species 

is restricted to latrunculid sponges collected from the same geographical location 

(Matcher et al., 2017). Bacterial communities dominated by Betaproteobacterial 

symbionts are also found in sponges belonging to the Crambeidae, Microcionidae 

and Mycalidae families (Matcher et al., 2017). The two dominant Betaproteobacterial 

OTUs (B_OTU1 and B_OTU2) identified in the Mycale sp. clustered with 16S rRNA 

clone sequences derived from the Antarctic sponge Mycale acerata, so it is likely 

that M. acerata sponge also harbours a dominant Betaproteobacterium. Related 

Betaproteobacteria are found in other sponge species include Crambe-crambe 

which, is dominated by a single Betaproteobacterial symbiont (Croue et al., 2013) 

and Antho chartacea in which several closely related OTUs have been reported from 

Taylor et al. (2007).

The general conservation of dominant Betaproteobacteria in the microbiomes of 

many sponge families raises interesting questions about their function as sponge 

symbionts. A recent metagenomic study revealed a dominant Betaproteobacterium,
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with a reduced genome from Amphimedon queenslandica sponge, native to the 

Great Barrier Reef (Gauthier et al., 2016). A reduced genome is a common feature 

among endosymbiotic bacteria and the data suggest that the Betaproteobacterium is 
likely to be an obligate symbiont, which may provide an important functional role in 

ammonia assimilation for the host sponge (Gauthier et al., 2016).

The functional roles of conserved bacteria within sponge hosts is a constantly 

speculated topic in the investigation of sponge -  symbiont interactions and based on 

BLAST sequence analysis of the 16S rRNA genes, dominant Betaproteobacterial 
strains identified in this study were associated with the ammonia oxidizing 

Nitrosomonadaceae family. The presence of nitrifying microbial symbionts has been 

suggested in the mesohyl of several sponge species which are able to excrete 

nitrate and/ or nitrite, and it is postulated that Nitrospira are involved in the 

nitrification of sponges (Jimenez and Ribes, 2007; Bayer et al., 2008 and Hoffman 

et al., 2009). The Nitrosomonadaceae strains in the latrunculid sponges in this study 

were numerically dominant suggesting these symbionts may play a role in the 

bioavailability of nitrogen for their sponge hosts.

4.4 A conserved Spirochete species in Tsitsikamma and Cyclacanthia sponges

In Tsitsikamma and Cycalcanthia species, there is a dominant Spirochaetae OTU 
that is not found in the other sponge species including L. algoaensis suggesting that 
at least in the context of this study, this species is specific to these two latrunculid 

genera. Phylogenetic analysis revealed that Tsitsikamma Spirochaetae OTUs are 

closely related. These OTUs formed a distinct clade clustering with a Spirochaetae 

clone previously isolated from T. favus TIC2009-009 (Walmsley et al., 2009). 
S_OTU1, the dominant OTU from C. bellae was found to be less closely related than 

the Tsitsikamma OTUs. BLAST analysis showed that the closest relative to the 

Spirochaetae clone previously isolated from T. favus was a strain of Salinispira 

pacifica isolated from hypersaline microbial mats (Ben Hania et al., 2015). The 

Tsitsikamma and Cyclacanthia Spirochaetae OTUs are phylogenetically closely 

related however, only distantly related to other sponge associated Spirochaetae.
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The occurrence of Spirochaetae species within sponge microbiomes have been 

reported by several studies (Hentschel et al., 2002; Taylor et al., 2007 and Walmsley 

et al., 2012). Studies by Isaacs et al. (2009), Neulinger et al. (2010) and Fiore et al. 
(2013) reported Spirochete symbionts in Xestospongia muta, Clathria prolifera and 

Clathrina clathrus sponge species. In particular, Spirochaetae were found to be 

highly abundant throughout the mesohyl of two morphotypes of the calcareous 

sponge, Clathrina clathrus, and similarities between the sequences identities of the 

Spirochaetae associated with C. clathrus and four additional Spirochaetae OTUs 

from another Clathrina species based on 16S rRNA gene sequences, indicated all of 
the associated OTUs were distantly related to each other (Neulinger et al., 2010). 
Species in the family Latrunculiidae from a study by Matcher et al., (2017) are 

currently the only reported sponges with a conserved, dominant Spirochete.

4.5 Comparison of bacterial communities associated with the sponges and the 

surrounding environment

Previous research by Matcher et al. (2017) identified distinct bacterial OTUs which 

were conserved in the microbial community profiles associated with latrunculid 

sponges of the same genera, collected in geographically distinct locations (Algoa 

Bay and Tsitsikamma National Park). These reported findings motivated the closer 
examination into the bacterial communities associated with these sponges, raising 

the question whether they were consistently different from the bacterial communities 

associated with their surrounding environment and outlier sponges belonging to the 

families Tethyidae and Mycalidae. Statistical oordination and ANOSIM analysis of 
bacterial OTUs revealed that the latrunculid sponges were highly significantly 
different (p < 0.05) from the surrounding environment, including both the seawater 
and sediment. Furthermore, an investigation into the bacterial communities 

associated with individual sponge species revealed the Tsitsikamma sponge 

associated bacterial communities were significantly different (p < 0.05) from both the 

Mycale and Tethya outlier species. Comparatively, the bacterial communities 

associated with species belonging to the family Latrunculiidae, showed Tsitsikamma 

sponge associated bacterial communities were significantly different (p < 0.05) from 

the L. algoaensis associated bacterial communities. The low R statistic and 

corresponding low permutations for the bacterial community statistic between
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Tsitsikamma species and C. bellae was considered statistically unreliable and 

interpreted with caution.

Association of unique OTUs (0.00) with specific latrunculid sponge species was 

reported by Matcher et al. (2017) which motivated the investigation into the bacterial 
communities associated with Tsitsikamma sponge species in this study. Statistical 
oordination and ANOSIM analysis of bacterial OTUs showed that there was a 

significant difference (p > 0.05) between unique OTUs associated with the different 
Tsitsikamma species which further supports the data by Matcher et al. (2017).

4.6 Conclusions

The data presented in this study revealed that bacterial communities associated with 

latrunculid sponges were significantly different from those associated with the 

environment and outlier sponge species. Conservation of bacterial communities 

associated with the same genera collected in geographically distinct locations 

including Algoa Bay and Tsitsikamma National Park were observed. The bacterial 
communities associated with latrunculid sponges appear host specific and 

conservation of Betaproteobacteria and Spirochete populations in this expanded 

study remained consistent with the findings in previous studies by Walmsley et al., 
(2012) and Matcher et al., (2017). The Betaproteobacteria associated with latrunculid 

sponges appear to have co-evolved with their hosts from an ancient symbiosis, and 

conserved Spirochete OTUs found to be exclusively in Tsitsikamma and 

Cyclacanthia suggests a symbiosis that may have been established more recently. 
Conservation of a dominant Spirochete symbiont in the latrunculid sponges suggests 

these bacteria may be involved in a specialized function within these closely related 

sponge genera. The conservation of dominant bacterial symbionts within sponges 

belonging to the Latrunculiidae family raises interesting questions regarding the 

interaction of this symbiosis and whether potential involvement by these symbionts in 

the biosynthesis of the associated pyrroloiminoquinone secondary metabolites that 
characterize this sponge family exists.
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Appendix A
New species in the genus Tsitsikamma (Poecilosclerida, Latrunculiidae) from South 
Africa.
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Department of Biotechnology, Vaal University of Technology, Vanderbijlpark, South Africa. 
^Department of Zoology, Nelson Mandela University, University Way, Summerstrand, Port 
Elizabeth, South Africa

Abstract
Three species of the genus Tsitsikamma (Latrunculiidae) are known from the South African 
coast: Tsitsikamma favus collected from the Garden Route National Park, Tsitsikamma 
Marine Protected Area (MPA), T. pedunculata collected off Cape Recife in St. Francis Bay 
and T. scurra from a wreck site in a small bay west of Hout Bay on the west coast of South 
Africa. Two new species: Tsitsikamma michaeli, a characteristic small green purse-like 
species from Algoa Bay and Tsitsikamma ngunii, from The Garden Route National Park, 
Tsitsikamma MPA are described. Supplementary morphological characteristics, spicule 
morphology and distribution records are supplied for T. favus and T. pedunculata from Algoa 
Bay. The phylogenetic relationship of these five Tsitsikamma species is investigated.

Key words:
28S rDNA, Algoa Bay, Latranculiidae, South Africa, St. Francis Bay, Tsitsikamma,
Western Indian Ocean

Introduction
The family Latrunculiidae Topsent, 1922 consists of seven genera; Bomba Reiswig and 
Samaai, 2016, Cyclacanthia Samaai, Govender and Kelly, 2004, Latrunclava Kelly, Reiswig 
and Samaai, 2016, Latrunculia du Bocage, 1869, Sceptrella Schmidt, 1870, Strongylodesma 
Levi, 1969 and Tsitsikamma Samaai and Kelly, 2002. The genus Latrunculia incorporates 
three sub-genera Biannulata Samaai et al., 2006, Latrunculia du Bogage, 1969 (Samaai et al. 
2003, 2006, 2012) and Uniannulata Kelly, Reiswig and Samaai, 2016 (Kelly et al. 2016). The 
genera Cyclacanthia, Latrunculia, Strongylodesma and Tsitsikamma have known South 
African species. The genus Tsitsikamma, named after the type locality Tsitsikamma, a 
Marine Protected Area that forms part of The Garden Route National Park, includes three 
known species; Tsitsikamma favus from Tsitsikamma MPA, T. pedunculata from St. Francis 
Bay, western Indian Ocean, and T. scurra collected west of Hout Bay on the Atlantic side of 
the Cape Peninsula.
The two different morphologically growth forms within this genus are also phylogenetically 
distinct (Fig. 6). The ‘favus group’ represent thick encrusting or hemispherical species with 
large attachment areas and a choanosome structurally reinforced by interior tracts (Samaai 
and Kelly 2002). The ‘pedunculata group’ represents species that are attached to the bottom 
by a narrow peduncle supporting a rounded head without any reinforcing tracts subdividing
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the interior. In general, the genus is characterized by cone shaped oscules and areolate 
porefields distributed over the sponge surface. The interior choanosome is airy and contrasts 
heavily with the densely spiculate ectosome and, when present, the internal tracts that 
penetrate and divide the interior choanosome into smaller chambers. Anisostyle megascleres 
and chiadiscorhabd microscleres are the characteristic skeletal components.

Material and methods
Collections were made using SCUBA or Remote Operated Vehicle (ROV). All new 
collections are from the Agulhas Ecoregion, along the Western Cape and Eastern Cape 
Province coasts of South Africa, between depths of 18-40 meters. All sponges collected were 
preserved in 70 % ethanol or frozen. Photographic records were collected of in situ, freshly 
collected and preserved specimens where possible. Type specimens and reference material 
are lodged with the South African Institute for Aquatic Biodiversity (SAIAB). All specimens 
were collected by Shirley Parker-Nance except where otherwise indicated. Table 1 provides 
supplementary collection locality information.

Chiadiscorhabd microsclere morphology changes as the spicules develop (Samaai and Kelly 
2002) and vary intra and interspecifically. Measurement of the spicule shaft length and width, 
the apical whorl and manubrium optical diameter and the total length of the spicules were 
made to quantify differences. The largest of 40 megascleres and 20 microsclere present in 20 
images taken from permanent prepared slides were used to define size attributes. A 
distinction is made between the smaller apical terminal whorls and a larger manubrium or 
basal whorl and both are provided for the microscleres measured.

Sequences were constructed of approximately 629 base pair fragments of 28S nuclear 
ribosomal genes using primers SP18cF and SP18dR. Multiple sequences were aligned using 
Clustal Omega (Sievers et al. 2011) and molecular phylogenetic analysis was done by the 
maximum likelihood method based on the Jukes-Cantor model (Junks and Cantor, 1969). The 
percentage of trees in which the associated taxa clustered together is shown next to the 
branches. Initial tree(s) were obtained by applying Neighbor-Join and BioNJ algorithms using 
the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with 
superior log likelihood value. The tree is drawn to scale, the analysis involved 13 nucleotide 
sequences, there were a total of 599 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA7 (Kumar et al 2016). Table 2 provides catalogue information of material 
used in phylogenetic tree contraction.

Taxonomy
Class Demospongiae Sollas, 1885 
Order Poecilosclerida Topsent, 1928 
Family Latrunculiidae, Topsent, 1922 
Genus Tsitsikamma Samaai and Kelly, 2002 
The favus group

Tsitsikamma favus Samaai and Kelly, 2002 
Tsitsikamma ngunii Parker-Nance, sp. nov.

Tsitsikamma scurra Gibbons, Kelly and Davies-Coleman, 2003 
The pedunculata group

Tsitsikamma pedunculata Samaai, Gibbons, Kelly and Davies-Coleman, 2003 
Tsitsikamma michaeli Parker-Nance, sp. nov.

Tsitsikamma favus Samaai and Kelly, 2002
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(Fig. 1a-p)

Tsitsikamma favus Samaai and Kelly, 2002: p. 718, Fig. 6 A-G. Samaai, Gibbons, Kelly & 
Davies-Coleman, 2003: p. 19.

Type-locality
Western Cape Province, Garden Route National Park, Tsitsikamma, Rheeders Reef, 
BMNH1997.7.3.2, 1995, 22 m depth, collected by Philip Coetzee, Holotype; BMNH, several 
specimens from Rheeders Reef.
Western Cape Province, Garden Route National Park, Tsitsikamma, The Knoll, Tsitsikamma 
National Park, as per Samaai and Kelly, 2002, Paratypes.

Material examined
Western Cape Province, Garden Route National Park, Tsitsikamma, The Knoll: SAIAB 
141112, 2 May 1993, 18 m depth, collected by Colin Buxton, 3 specimens.
Western Cape Province, Garden Route National Park, Tsitsikamma, Rheeders Reef: 
TIC1994-219, 25 May 1994, 30 m depth, collected by John Allen and Steve Brower, 9 
specimens; SAIAB141356, 18 March 1995, 22 m depth, collected by Rob Palmer, Brad Carte 
and Philip Coetzee, 2 specimens, material collected at same locality and time as type 
material; TIC1994-216A and TIC1994-218A, 25 May 1994, 25-30 m depth, collected by 
John Allen and Steve Brower.
Eastern Cape Province, Algoa Bay, Bell Buoy Reef, Shark Alley: TIC2016-054, 5 June 2016,
9- 10 m depth.
Eastern Cape Province, Algoa Bay, Whitesands Reef: TIC2001-080, 18 May 2001, 20 m 
depth; TIC2002-476, 20 March 2002, 15 m depth, collected by Scripps.
Eastern Cape Province, Algoa Bay, Evans Peak: TIC2009-004A, TIC2009-005A, TIC2009- 
007A and TIC2009-008, 15 May 2009, 25-30 m depth; TIC2009-070A, May 2009, 30 m 
depth; TIC2010-003 to 004, 10 October 2010, 25-33 m depth; TIC2014-001, 3 August 2014, 
22-30 m depth, 10 specimens; TIC2015-025 and TIC2015-026, 6 September 2015, 30 m 
depth; TIC2016-050, 2 June 2016, 15-20 m depth, collected by Thomas Bornman, Shaun 
Deyzel and Shirley Parker-Nance, several specimens.
Eastern Cape Province, Algoa Bay, RIY Banks: TIC1999-535 and TIC1999-536, 23 
February 1999, 28m, collected by CRRF; TIC2012-053 to 055, 057 and 058, 14 December 
2012, 25-30 m depth.

Additional material included
Western Cape Province, Plettenberg Bay, Grootbank Reef: 0CDN7241-G, 22 March 2000,
10- 13 m, collected by CRRF, identified by Michelle Kelly.
Eastern Cape Province, Algoa Bay, Table Top Reef: 0CDN6068-Y, 4 October 1998, 16 m 
depth, collected by CRRF, identified by Michelle Kelly.
Eastern Cape Province, Algoa Bay, White Sands Reef, 0CDN6384-X, 14 February 1999, 14 
m depth, collected by CRRF, identified by Lori J Bell Colin.

Description
Firm, dark brown hemispherical sponge, up to 15 cm high and 20 cm in diameter, sessile with 
a large area of attachment. Surface smooth and firm although undulant presenting a folded 
appearance is some specimens (Fig. 1a-c). Oscules are lance, triangular or volcano shaped 
with a wide base, laterally flattened and tapering to a small opening, 2-8 mm high and 1.5-8 
mm wide at the base, laterally flattened in collected and preserved specimens, are located on 
the upper half of the sponge. The stalked areolate porefields, mushroom shaped in situ, are 1-
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10 mm high and 2-14 mm in diameter (Fig. 1d). Chiadiscorhabds line the outer surface of the 
extosome mostly arranged perpendicular to the underling megascleres (Fig. 1e). The 
extosome 660(430-1120) p,m thick, reinforced by styles is generally thinner than the tracts 
that penetrate and divide the interior choanosome. The tracts are 1200(740-1780) p,m and 
form elaborate chambers of 5110(3610-8460) p,m in diameter, of soft choanosome (Fig.1f).

Megascleres are irregularly arranged within the choanosome to form the elliptical shaped 
meshes 255-300 p,m in diameter. Slightly sinuous styles, hastate, mucronate or blunt, 
occasionally tylote are present in two categories; long thick centrally thickened styles 
570(420-788) x 14(9-19) ^m and long very thin styles 598(449-907) x 10(3-16) p,m (Fig. 1g- 
j) (n = 520). Short thick anisotrongyles 494(139-751) x 13(8-21) p,m, may be present (Fig.1k) 
(n = 42). Microcleres consist of chiadiscorhabds with a total length of 53(40-68) p,m. The 
shaft is 43(29-59) p,m long and 9(6-14) p,m thick. Chiadiscorhabds, generally have three, but 
can have up to five complete whorls, with many intermediate forms. The terminal end may or 
may not have a similar tubercle arrangement (Fig. 1l-p). Typically the manubrium is 26(19- 
37) p,m and the apical whorl is 24(17-34) p,m (n = 280) in optical transverse section. 
Chiadiscorhabds with the terminal tubercles arranged in such a way to give a flattened 
appearance are also present (basal whorl in Fig. 1o).

Distribution: Plettenberg Bay, Tsitsikamma Marine Protected Area and Algoa Bay, 9-33 m. 

Discussion
Examined material compares well with the type description given by Samaai and Kelly 
(2002). Re-examination of the duplicate type material and additional material collected from 
a wider geographical distribution and depth range confirm intraspecific variation in the shape 
and size of the chiadiscorhabds. Deviation from the more symmetrically formed microscleres 
or isochiadiscorhabds, as described by Samaai and Kelly (2002), to chiadiscorhabds with 
apical and basal whorl that differ in size and tubercle arrangement seem to occur particularly 
in specimens collected over the summer months, in Algoa Bay. This may be a response to 
various environmental factors such as localized upwelling (Uriz et al. 2003).

Live or freshly collected specimens are dark brown, olive or army green in colour and may be 
heavily encrusted with soft corals, hydroids, ascidians and other encrusting sponges with the 
oscules and porefields protruding through the surface epibionts. As freshly collected 
specimens are preserved, the extract dye the preservative (70%) a deep brown colour, this 
intensifies to almost black while the tissue lightens, long exposure to the stained preservative 
darkens the tissue again. Successive preservative changes (long-term curated specimens) 
removes the pigment and the specimens are beige in colour. Frozen material may be dark 
slate green to tan externally, the tracks are prominently tan and the choanosome dark brown.

Tsitsikamma ngunii Parker-Nance, sp. n.
(Fig. 2)

Type material examined
Western Cape Province, Garden Route National Park, Tsitsikamma, Rheeders Reef: 
TIC2015-003B, 8 June 2015, 20 - 21 m depth, Holotype; TIC2015-006B, 9 June 2015, 20 - 
21 m depth, Paratype.

Material examined
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Western Cape Province, Garden Route National Park, Tsitsikamma, Rheeders Reef: 
TIC2015-003A, TIC2015-006A, 8 June 2015, 20-21 m depth.
Western Cape Province, Garden Route National Park, Tsitsikamma, The Knoll: TIC1993- 
100, 2 May 1993, 18 m, collected Colin Buxton.

Description
Thick large encrusting or sessile hemispherical or convex cushions, dark slate-coloured when 
alive but black brown to black in preservative. The sponge is very firm and rigid, 3-6 cm high 
and 3-10 cm in diameter (Fig. 2a-d). The upper third to half of the sponge surface is 
dominated by small short, blunt rounded knob shaped or button-like oscules, 2-5 mm high 
and 2.5-5 mm wide at the base. The surface surrounding the upper osculate area, the shoulder 
and upper side of the sponge, has well-spaced small round almost slightly elevated or sessile 
porefields. These gradually merge to form larger round porefields that join together to form 
irregular or blotch shaped structures. In general porefields are 1-4 mm high and 3-14mm in 
diameter. The ectosome is 780(430-1560) qm thick guarded externally by a prominent 
palisade of microscleres arranged perpendicularly to the prominent inner style layer. The 
softer choanosome is divided into small uneven circular to oval shaped chambers 6640(2290- 
19770) qm in diameter by reinforcing tracts, 1410(530-3200) qm thick (Fig. 2e). Sand 
particles and shell fragments may be incorporated in the sponge tissue.

Megascleres are slightly sinuous or curved, hastate or mucronate styles, in two size 
categories. The thick styles are robust and conspicuously centrally thickened 555(428-672) x 
14(10-19) qm while the thinner styles may be very long 561(449-832) x10(3-14) qm (Fig. 2f- 
g). Occasionally short thick strongyles or anisostrongyles are present 463(287-552) x 14(7- 
21) qm (Fig. 2h). Microscleres are chiadiscorhabds generally with three whorls, although 
intermediate partial whorls or tubercular projections are not uncommon and spicules with two 
intermediate whorls also present. Chiadiscorhabds are 51(40-60) qm in total length, with a 
shaft measuring 42(34-54) x 9(6-13) qm. The basal whorl (manubrium) measures 25(18-37) 
qm and the apical whorls 23(16-32) qm in optical transverse section (Fig. 2i-l). Whorls are 
constructed of acanthoses cone shaped tubercles arranged in groups of two to four, the apical 
whorl and manubrium differ in size and generally in arrangement of the tubercles.

Etymology
The Nguni is a cattle breed unique to southern Africa with characteristic dappled colour and 
blotchy patterns on the hide. This uneven patterning evident in the shape of the elaborate 
blotch-shape areolate porefields is typical of this species and most prevalent in larger 
specimens.

Distribution
Tsitsikamma Marine Protected Area, 18-21m.

Discussion,
In life the sponge appears a dark slate or grey colour. Freshly collected specimens consist of 
the dark olive brown exterior with dark brown surface structures. The interior tracts are light 
olive cartilaginous with softer withdrawn olive brown choanosome. Preserved specimens are 
a uniform dark brown in colour with the preservative (70% ethanol) a deep rich brown almost 
black colour. Tsitsikamma favus and T. ngunii have similar partitioning of the choanosome 
and although that of T. ngunii forms larger more regular chambers with generally thicker 
tracks and the sponge is notably firmer, it is the slender stalked porefields of T. favus in
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contrast to the large sessile often elaborate porefields and generally smooth clean surface 
appearance that sets T. ngunii apart.

Tsitsikamma pedunculata Samaai, Gibbons, Kelly and Davies-Coleman, 2003
(Fig. 3)

Type Locality
Eastern Cape Province, St. Francis Bay, Thunderbolt Reef off Cape Recife, 25 February 
1999, -34.05237, 25.68925, 40 m, collected by P.L. Colin, CRRF 0CDN 6451-V, BMNH 
2003.1.10.2 (Samaai et al. 2003).

Material examined
Eastern Cape Province, Algoa Bay, Evans Peak. TIC2015-205, TIC2015-206 (30 October 
2015, 34-38 m, collected by Ryan Palmer and Shirley-Parker-Nance, SeaEye ROV from the 
uKwabelana research vessel, TIC2015-216, TIC2015-217, TIC2015-218, TIC2015-219, 12 
November 2015, 30-34 m, collected by Ryan Palmer and Shirley-Parker-Nance, SeaEye 
ROV from the uKwabelana research vessel, Algoa Bay / St. Francis Bay, TIC2002-550, 5 
November 2002, specific collection site unknown.

Description
Characteristic dirty pink, pink brown pedunculate species with well-defined head up to 7 cm 
in diameter on a narrow stalk, 1-3 cm wide and up to 7 cm long. Living sponges appear dirty 
pink although this is often obscured by epibionts, especially the yellow encrusting Mycale 
(Mycale) sponge also found growing on other members of this genus (Fig. 3a-b). Freshly 
collected material is a dusty pink to pink brown to dark purple while preserved material has 
an olive green, cream to tan colour (Fig. 3c). Small well-spaced cone-shaped oscules 1.5-2 
mm high and 1.5-3 mm in diameter are present over the upper part of the head gradually 
replaced by small to bigger elevated areolate porefields, 1-4.5 mm high and 2-7.5 mm in 
diameter, toward the base where the stalk is attached. In preserved specimens the oscules 
retain their shape but the upper border of the porefields contracts inwards giving it a button 
like appearance. The resistant ectosome 818(200-1800) p,m encapsulate soft choanosome 
with delicate tracts (Samaai et al. 2003) (Fig. 3d-e). The stalk consists of densely arranged 
spicules and has a vascular appearance in section (Fig. 3f).

Spicules
The skeletal structure of the sponge consists of two classes of styles slightly sinuous, robust 
centrally thickened, acerate, conical, hastate or somewhat blunt even mucronate styles, 
636(541-788) x 15(12-17) ^m and thin conspicuously sinuous and sometimes conspicuously 
thickened centrally styles 673(562-798) x 11(4-15) p,m, n = 160 (Fig. 3g-h). Chiadiscorhabds 
have only two terminal whorls and a total length of 29(26-34) p,m and a shaft length of 
19(16-24) x 7(5-9) p,m. The large manubrium measures 23(19-27) p,m and the conspicuously 
smaller apex whorl is 19(12-24) p,m in optical transverse section. The tubercles are acanthose 
and arranged in a pincushion-like manner on the apical head of the microsclere (Fig. 3i-l).

Distribution. Algoa Bay and St. Francis Bay deep reef systems, 34-40 m deep.

Discussion
The shape of the sponge, the long peduncle, round head, colour and the shape of the 
microscleres set this species well apart from any other species in this genus. All specimens
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collected were attached to rock on the sides of medium profile reef adjacent to sandy gullies 
at a depth between 33-40 m.

Tsisikamma michaeli Parker-Nance, sp. n.
(Fig. 4)

Type material
Holotype. Eastern Cape Province, Algoa Bay. Evans Peak, TIC2015-210, 12 November 
2015, 30-34 m, Paratype. Eastern Cape Province, Algoa Bay, Evans Peak, TIC2009-009, 15 
May 2009, 25-30 m.

Material examined
Eastern Cape Province, Algoa Bay; Evans Peak. TIC2010-001, TIC2010-002, 10 October 
2010, 25-33 m; TIC2015-201A, TIC2015-202A, TIC2015-203, TIC2015 -  204, 30 October 
2015, 30-34 m, TIC2011-102, Algoa Bay/St. Francis Bay specific collection site unknown, 
April 2011, 30 m, TIC2002-552, 5 November 2002.

Description
Small olive green, purse shaped sponge up to 5 cm high (2cm stalk and 3 cm rounded head) 
or sessile, 5-10 cm in diameter. In some cases the large sponge may be loosely subdivided 
into sections (Fig. 4a-c). The soft delicate, bright green, interior choanosome is encapsulated 
by a protected firm resilient green ectosome 1000(200-1500) p,m thick (Fig. 4d-e). The 
attachment area or short stalk is represented by a thickening of the ectosome. No reinforced 
tracts are present though the interior. Small cone shaped oscules, 2.5-4 mm high and 1.8-5.5 
mm wide at the base narrows to a point and may be laterally flattened in preserved material. 
The particularly large stalked cauliform porefields are 3-7mm high and 3-6.5 mm wide, with 
the porefields over spilling the supporting stalk. The freshly collected sponge is a dark to 
olive green with light cream tipped oscules and darker brown green areolate porefields. The 
interior choanosome is bright green. Preserved specimens are olive to tan in colour.
Spicules. The skeletal component for this species consists of acerate, hastate or blunt styles 
that are prominently centrally thickened to a great extent 713(537-935) x 21 (12-30) p,m. The 
balance of styles are long and slender 622(439-769) x 9(4-13) p,m and short thick 
anisostrongyles (Fig. 4f-h). The microsclere are chiadiscorhabds 38(34-44) p,m in length 
with 3 to 4 whorls. The shaft is 30(19-37) x 6(4-8) p,m. The terminal whorls consist of a 
clearly larger manubrium 19(14-23) p,m and apical whorls 16(13-21) p,m in optician 
transection. The acanthose tubercle arranges in sets of two to four radiating from the terminal 
ends (Fig. 4i-n).
The sponge is often encrusted by a yellow sponge Mycale (Mycale) sp. also found on the 
surface of T. pedunculata (Fig. 3b-c and Fig. 4b, d).

Etymology
Tsitsikamma michaeli is named in recognition of the numerous contributions made by 
Michael T Davies-Coleman to our ever growing knowledge of the South African marine 
fauna. He is proof that one man can make a difference.

Distribution
Algoa Bay, 33-38 m.

Discussion
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Sac or purse like sponge, green colour with well-spaced oscules and porefields is 
characteristic. This species resembles T. pedunculata but differs in the colour and the absence 
of a reinforced stalk. The microsclere of these two species have similarly composed terminal 
whols, T. pedunculata does not have a median whorl while T. michaeli may have up to two 
median whorls.

Tsitsikamma scurra Samaai, Gibbons, Kelly and Davies-Coleman, 2003
(Figure 5)

Type Locality
Holotype. Western Cape Province, Hout Bay. 28m, CRRF 0CDN 7364-O, BMNH 
2003.1.10.3, 31 March 2000, near the wreck of British “The Maori”, collected by Pat. L. 
Colin; Paratype, SAM H-4971, 25 January 2003, 28m, near the wreck of British “The Maori, 
collected by L. West.

Material examined
Western Cape Province, west of Hout Bay, TIC2003-465, TIC2003-462, 25 January 2003, 
28m, near the wreck of British “The Maori, collected by L. West.

Description
Globular, thick encrusting sponge with narrow long stalked areolate porefields and small thin 
cone-shaped oscules distributed over the folded surface. The porefields may appear strap-like 
in preserved specimens and are mounted on a small globular swellings forming the surface of 
the sponge (Fig. 5a-d). The porefields are 7-9 mm high, 2.5-5 mm in diameter, the pear­
shaped oscules present on the examined material were 2-5.5 mm high and 1-1.5 mm in 
diameter. The extosome 530(380-880) p,m is thin with a fine sand papery feel and seems to 
continue and fold within the interior of large specimens to form smaller subunits or internal 
chambers 150(100-230) ^m in diameter (Fig. 5e). The choanosome is soft and may contain 
varying amount of sand, shell and other foreign material (Fig. 5d).

Sinuous styles in two size classes, large thick anisostyles 702(480-884) x 19(14-27) p,m 
which are conspicuously centrally thickened sinuous sometimes with basal bend as well as 
long thin megascleres 692(518-821) p,m (Fig. 5f-h). The chiadiscorhabds are 43(41-48) ^m in 
total length with a shaft length of 37(19-41) p,m. The median whorl is polar and situated 
closer to the apex whorl 20(19-22) p,m than to the slightly larger manubrium 22(19-25) ^m, 
between the apical whorl and the centre of the spicule, but more centrally situated in larger 
microscleres. The acanthose tubercle are generally arranges in pairs have similar pairwise 
arrangement (Fig. 5i-k).

Distribution
West of Hout Bay, a local area known as Maori Bay along the Western Cape Province coast 
at a depth of 28m.

Discussion
The specimens examined compared well with the description given by Samaai et al. 2003 
although Samaai et al. (2003) describe the colour in life of the type specimen as lime green 
while colour photographs taken of the freshly collected specimen indicate a more brownish 
colouration. Preserved specimens are a medium to dark brown colour in ethanol. Tstsikamma 
scurra differs from all other known Tsitsikamma species in the folded globular thick 
encrusting growth structure with thin sandpaper-like ectosome. Epifauna may be present on
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the sponge surface and the interior may contain a substantial amount of sand particles and 
shell fragments.

Phylogeny
In an attempt to understand and explain the relationships of the species within this genus 
further, 28S nuclear ribosomal gene analysis was done to construct a molecular phylogenetic 
tree. Although little information to support species autonomy was obtained within the genus 
Tsitsikamma. The “favus growth form” consisting of T. favus, T. ngunii and T. scurra and the 
“pedunculated growth form” consisting of T. pedunculata and T. michaeli form two district 
clades within the tree (Fig. 6).
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Figure 1: Tsitsikamma favus a) in situ TIC2016-054; b) collected specimens TIC2016-054 
scale: 5cm, c) collected SAF1995-001 scale: 5cm, d) section through preserved specimen 
SAF1995-001 scale: 1cm, e) isochiadiscorhabds arrangement on the surface of the ectosome, 
f) section of ectosome with underlying choanosome TIC1995-109 scale: 1000p,m g-h) thin 
sinuous style, i) large sinuous centrally thickened style, j) occasionally tylote styles, k) rare 
short thick strongyles, (all megascleres TIC1993-006 scale: 100 p,m), ; l-o) 
isochiadiscorhabds TIC2010-004 SEM scale: 20 p,m and p) acanthose tubercles TIC2010-003 
scale: 20 p,m scale .

Figure 2: Tsitsikamma nguni: a-b) in situ TIC2015-006, TIC2015-003; c) collected 
specimens TIC2015-003 scale: 5cm, d) preserved specimen TIC1993-100 scale: 5cm, e) 
section of ectosome with underlying choanosome TIC2015-003A scale: 1000p,m f-g) sinuous 
style, two size classes sometime tylote, h) short thick strongyles, (scale: 100 p,m), i) 
collection of chiadiscorhabds scale: 20 p,m and j-k) acanthose tubercles visible on SEM 
image chiadiscorhabds, l) developing chiadiscorhabds (TIC2015-006A scale: 20 p,m scale) .

Figure 3: Tsitsikamma pedunculata: a-b) in situ (b, scale = 6 cm); c) collected specimens 
showing vascular stalk scale and covered with sponge epibiont Mycale (Mycale) sp., d) 
section of ectosome with underlying choanosome scale: 1000p,m, e) outer section of 
ectomose with chiadiscorhabds in a dense layer externally, f) secton through the stalk 
showing luman of vascular-interior, g-h) various sinuous style (scale: 100 p,m), i-j) collection 
of SEM images of chiadiscorhabds scale: 20 p,m and k-l) light microscope image of 
chiadiscorhabds (scale: 20 p,m scale) .

Figure 4: Tsitsikamma michaeli: a-c) in situ laser point distance = 6 cm; d) collected 
specimens with yellow encrusting Mycale (Mycale) sp. short stalk visible TIC2010-001 scale 
= 5 cm. e) section through the ectosome with underlying choanosome TIC2009-009 scale = 
1000 p,m, f) robust centrally thickened sinuous style TIC2015-210 scale = 100 p,m, g ) thin 
slightly ventrally thickened sinuous style TIC2015-203 scale = 100 p,m, I-l) SEM images of 
chiadiscorhabds TIC2010-001 scale = 20 p,m and m-n) light microscope images of 
chiadiscorhabds TIC2010-001 and TIC2010-009 scale = 20 p,m.

Figure 5: Tsitsikamma scurra: a-b) freshly collected TIC2000-484 and TIC2003-465, c-d) 
preserves specimens TIC2003-462 scale = 2.5 cm and TIC2003-465 scale = 5cm, e) section 
of ectosome with underlying choanosome TIC2003-462 scale = 1000p,m, f-g) robust 
centrally thickened sinuous style TIC2003-465 scale: 100 p,m, g) thin slightly centrally 
thickened sinuous style TIC2003-465 scale = 100 p,m, i-k) light microscope image of 
chiadiscorhabds i-j, TIC2003-465 k, TIC2003-462 scale: 20 p,m scale .

Figure 6: Molecular phylogenetic based on 28S nuclear ribosomal gene. Numbers below 
branches indicate bootstrap values for Maximum Likelihood.

Table 1: Locality for specimens when available.

Table 2: List of species, specimen numbers and GenBank accession numbers
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