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Abstract 

The work completed in this PhD thesis investigates and compares the chemical 

and biological variation of marine sponges. A comprehensive literature review of 

compounds isolated from the family Mycalidae was completed to characterise the known 

chemical diversity of the family. In total 190 compounds were reported from 40 taxa 

comprising a range of structure classes that include alkaloids, polyketides, terpene 

endoperoxides, peptides, and lipids. The family is identified as a good target for 

biodiscovery; macrocyclic polyketides display potent cytotoxicity (LC50 <1 μM), and 

alkaloids (pyrrole derivatives) moderate cytotoxicity (LC50 1 – 20 μM). The pyrrole 

alkaloids and cyclic peroxides are phylogenetically restricted to sponges and could 

provide a good candidate for chemotaxonomic markers. 

Morphological taxonomy of sponges is complicated by a lack of clear diagnostic 

morphological characters, and chemical compounds are a useful set of characters that 

can be explored. A 2D 1H-13C HSQC spectroscopic profiling technique was developed to 

assess the chemical variation of sponge extracts. HSQC spectroscopic profiles (n=28) 

comprising 6 species of three sponge families (Microcionidae, Mycalidae, and 

Raspailiidae) showed consistent chemical profiles within family and over geographic 

scales ranging from approximately 30 to 1700 km. Comparison of chemical shift values 

to the literature resulted in the identification of chemical compounds that contain 

chemical moieties indicated by the diagnostic H-C signals. LC-MS/MS enabled 

identification of 22 known compounds, of which one, mycalamide A, was a sponge 

natural product. HSQC spectroscopic profiling provides a powerful technique to 

characterise the chemical moiety diversity that can be applied to both sponge taxonomy 

and natural products discovery.  

Molecular approaches have also been applied for the identification of sponge 

species. Three mitochondrial markers (CO1, SP1, and SP2) were amplified for a 

collection of sponges (n=144) from the Great Barrier Reef, Australia to group samples 

into sets that share genetic similarity. This resulted in the establishment 34 molecular 

operational taxonomic units (MOTUs) and 27 of these MOTUs were assigned order-level 

identifications using phylogenetic reconstructions. Initially low amplification rates across 

all three markers (ranging from 17.9 – 34.0 %) were improved after cleaning DNA 

extracts with phenol-chloroform and reattempting amplification (increased to 60.4 – 75.5 

%) for a subset of samples (n=106) indicating the presence of chemical inhibitors. 

Integrative taxonomic approaches combining multiple datasets have been 

proposed to assist sponge taxonomy. The developed HSQC spectroscopic profiling 
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approach was applied to a subset (n=56) of the same samples collected from the Great 

Barrier Reef. Analysis of spectroscopic profiles allowed the identification of three 

chemical operational taxonomic units (ChOTUs) that displayed high chemical similarity. 

Searching the literature resulted in the identification of chemical compounds that contain 

chemical moieties indicated by the distinguishing H-C signals. The morphological 

operational taxonomic units (OTUs) established at time of collection, and the MOTUs 

and ChOTUs established here, were used to propose three putative taxa as a first step 

in species delimitation. 

Overall this thesis proposes a HSQC spectroscopic profiling method that can be 

applied to sponge taxonomy as well as to natural products discovery efforts. 

Spectroscopic profiles can be used to de-replicate samples and target samples 

possessing unique chemical profiles. Through this process sponge families were shown 

to display consistent spectroscopic profiles over large geographic scales; an important 

finding for both sponge chemical taxonomy and biodiscovery projects. Additionally, this 

thesis results in the proposal of three putative taxa on the basis of comparing chemical, 

morphological, and molecular variation. 

  



 iii 

Statement of Originality 

This work has not previously been submitted for a degree or diploma in any 

university. To the best of my knowledge and belief, the thesis contains no material 

previously published or written by another person except where due reference is made 

in the thesis itself. 

 

 

 

(Signed) ______________________________ (Date) ___________ 

Leesa Jane Habener 

 

  



 iv 

Table of Contents 

Abstract .................................................................................................................................................... i 
Statement of Originality ........................................................................................................................ iii 
Table of Contents .................................................................................................................................. iv 
All Papers Included are Co-authored ................................................................................................. vii 
Additional Relevant Publications ........................................................................................................ ix 
Abbreviations ......................................................................................................................................... x 
Acknowledgements .............................................................................................................................. xii 
CHAPTER 1: An introduction to the chemical and biological diversity of the phylum Porifera ..... 1 

1.1 Significance of the study ...................................................................................................... 1 

1.2 Morphological diversity of phylum Porifera ........................................................................... 3 

1.2.1 The phylum Porifera ....................................................................................................... 3 
1.2.2 Morphometric approaches to sponge taxonomy ............................................................. 5 

1.3 Genetic diversity of the phylum Porifera ............................................................................... 7 

1.3.1 Molecular approaches to sponge taxonomy ................................................................... 7 
1.3.2 Challenges and suitability of mitochondrial DNA for sponge taxonomy ......................... 9 
1.3.3 Limitations of molecular approaches ............................................................................ 11 

1.4 Chemical diversity of the phylum Porifera .......................................................................... 12 

1.4.1 Chemical approaches to sponge taxonomy .................................................................. 13 
1.4.2 Geographic and seasonal variation of sponge natural products ................................... 15 
1.4.3 Analytical techniques for chemical profiling .................................................................. 16 

1.5 Relationship between chemical and biological diversity ..................................................... 20 

1.5.1 Integrative approaches to sponge taxonomy ................................................................ 20 

1.6 Chemistry and biology of the families Microcionidae, Mycalidae, and Raspailiidae ........... 21 

1.7 Objectives and aims ........................................................................................................... 22 

1.7.1 Content and structure of the thesis ............................................................................... 23 

1.8 References ......................................................................................................................... 25 

PART A:  Exploring, detecting, and characterising the chemical variation of marine         
sponges (phylum Porifera) ........................................................................................... 28 

CHAPTER 2: Chemical and biological aspects of marine sponges from the family Mycalidae ... 29 
CHAPTER 3: Chemical profiling of marine sponges (phylum Porifera) using 1H-13C HSQC           

NMR spectroscopy and LC-MS/MS .............................................................................. 47 
3.1 Introduction ...................................................................................................................... 48 

3.1.1 Chemical profiling of the phylum Porifera ..................................................................... 48 
3.1.2 Chemical diversity of the families Microcionidae, Mycalidae, and Raspailiidae ........... 49 
3.1.3 Aims and objectives of this project ............................................................................... 52 

3.2 Experimental section ....................................................................................................... 52 

3.2.1 Sponge material ............................................................................................................ 52 
3.2.2 Chemical extraction and sample preparation ............................................................... 53 
3.2.3 1H-13C HSQC NMR spectroscopy ................................................................................. 54 
3.2.4 Principal components analysis (PCA) of HSQC NMR .................................................. 55 
3.2.5 Liquid chromatography with tandem mass spectrometry (LC-MS/MS) ........................ 55 
3.2.6 Molecular networking and principal coordinate analysis (PCoA) of LC-MS/MS ........... 56 

3.3 Results and discussion .................................................................................................... 57 

3.3.1 Optimisation of sample preparation .............................................................................. 57 
3.3.2 Optimisation of 1H-13C HSQC experimental parameters .............................................. 58 
3.3.3 Processing of 1H-13C HSQC NMR spectroscopy for the chemical profiling of                 

crude extracts ............................................................................................................... 61 
3.3.4 HSQC spectroscopic similarity within taxa and over spatial scales .............................. 63 



 v 

3.3.5 Identification of distinguishing H-C signals and associated chemical moieties ............ 69 
3.3.6 LC-MS/MS chemical profiling and molecular networking ............................................. 73 
3.3.7 Comparing chemical variation using NMR and LC-MS/MS based methods ................ 78 
3.3.8 Future potential of NMR spectroscopy for chemical profiling ....................................... 82 

3.4 Conclusion ....................................................................................................................... 84 

3.5 References ...................................................................................................................... 85 

PART B:  Connecting and comparing the chemical moiety, molecular, and morphological 
variation of marine sponges (Phylum Porifera) from the Great Barrier Reef,      
Australia ......................................................................................................................... 87 

CHAPTER 4: Molecular approaches to the identification of Porifera specimens from the          
seabed of the Great Barrier Reef, Australia ................................................................ 88 

4.1 Introduction ...................................................................................................................... 89 

4.1.1 Molecular approaches to delimiting sponge species .................................................... 89 
4.1.2 Factors affecting amplification and sequencing success .............................................. 90 
4.1.3 Aims and objectives ...................................................................................................... 92 

4.2 Experimental section ....................................................................................................... 93 

4.2.1 Sponge samples ........................................................................................................... 93 
4.2.2 DNA extraction .............................................................................................................. 94 
4.2.3 Marker amplification and sequencing ........................................................................... 95 
4.2.4 Assignment of haplotypes and molecular operational taxonomic units (MOTUs) ........ 96 
4.2.5 Sequence alignments ................................................................................................... 97 
4.2.6 Phylogenetic reconstructions ........................................................................................ 97 
4.2.7 Structure of intergenic spacers in sponge mitochondrial genomes .............................. 98 
4.2.8 Amplification success and chemical inhibitors .............................................................. 99 

4.3 Results and discussion .................................................................................................... 99 

4.3.1 Determination of haplotypes and molecular operational taxonomic units (MOTUs) ..... 99 
4.3.2 Phylogenetic reconstructions ...................................................................................... 104 
4.3.3 Description of Molecular species ................................................................................ 111 
4.3.4 Structure of intergenic spacers in sponge mitochondrial genomes ............................ 112 
4.3.5 Comparison of the CO1 marker and the intergenic spacers, SP1 and SP2, for              

order assignment of sponge species .......................................................................... 119 
4.3.6 Amplification success and chemical inhibitors ............................................................ 120 
4.3.7 Moving forward in sponge molecular taxonomy ......................................................... 123 

4.4 Conclusion ..................................................................................................................... 125 

4.5 References .................................................................................................................... 126 

CHAPTER 5: 1H-13C HSQC NMR spectroscopic profiling and integrative approaches for the 
identification of Porifera specimens from the seabed of the Great Barrier Reef, 
Australia ....................................................................................................................... 127 

5.1 Introduction .................................................................................................................... 128 

5.1.1 Potential application of chemical characters in sponge taxonomy ............................. 128 
5.1.2 Integrative approaches to sponges taxonomy ............................................................ 128 
5.1.3 Seabed biodiversity project ......................................................................................... 129 
5.1.4 Aims and objectives of this chapter ............................................................................ 130 

5.2 Experimental section ..................................................................................................... 131 

5.2.1 Sponge material .......................................................................................................... 131 
5.2.2 Chemical extraction, sample preparation, and 1H-13C HSQC NMR spectroscopy ... 132 
5.2.3 Identification of chemical operational taxonomic units (ChOTUs) .............................. 132 
5.2.4 Integration of molecular, morphological, and chemical operational taxonomic                

units for identification of putative taxa ......................................................................... 133 

5.3 Results and discussion .................................................................................................. 133 

5.3.1 Chemical profiling and identification of chemical operational taxonomic                         
units (ChOTUs) ........................................................................................................... 133 



 vi 

5.3.2 Distinguishing chemical signals and putative compound identifications ..................... 136 
5.3.3 Comparing chemical and biological variation ............................................................. 143 
5.3.4 Geographic variation of chemical operational taxonomic units ................................... 147 
5.3.5 Combining chemical, molecular, and morphological datasets for species             

delimitation .................................................................................................................. 148 
5.3.6 Further directions ........................................................................................................ 151 

5.4 Conclusions ................................................................................................................... 152 

5.5 References .................................................................................................................... 154 

CHAPTER 6: Summary of thesis work, future recommendations, and contributions ................. 155 
6.1 General discussion and conclusions ............................................................................. 155 

6.1.1 Phylum Porifera – a primitive taxon providing a prolific source of natural products ... 155 
6.1.2 Exploring, detecting, and characterising chemical diversity ....................................... 156 
6.1.3 Connecting and comparing chemical and biological variation .................................... 158 

6.2 Remarks and future directions ....................................................................................... 159 

6.2.1 Reflection on thesis aims ............................................................................................ 159 
6.2.2 Future work and further applications of HSQC spectroscopic profiling ...................... 160 
6.2.3 Improving the approach – the future potential of NMR spectroscopic profiling .......... 160 

6.3 Conclusions and contribution of thesis .......................................................................... 162 

6.3.1 Contributions to NMR metabolomics for sponge taxonomy and natural                       
products discovery ...................................................................................................... 162 

6.3.2 Conclusion .................................................................................................................. 163 

6.4 References .................................................................................................................... 164 

Appendix I ........................................................................................................................................... 165 
Appendix II .......................................................................................................................................... 169 
Appendix III ......................................................................................................................................... 174 
Appendix IV ......................................................................................................................................... 193 
Appendix V .......................................................................................................................................... 204 
 

 

  



 vii 

All Papers Included are Co-authored 

 

Acknowledgement of Papers included in this Thesis 

Section 9.1 of the Griffith University Code for the Responsible Conduct of Research 

(“Criteria for Authorship”), in accordance with Section 5 of the Australian Code for the 

Responsible Conduct of Research, states: 

To be named as an author, a researcher must have made a substantial 

scholarly contribution to the creative or scholarly work that constitutes the 

research output, and be able to take public responsibility for at least that part 

of the work they contributed.  Attribution of authorship depends to some 

extent on the discipline and publisher policies, but in all cases, authorship 

must be based on substantial contributions in a combination of one or more 

of: 

• conception and design of the research project 

• analysis and interpretation of research data 

• drafting or making significant parts of the creative or scholarly work or 

critically revising it so as to contribute significantly to the final output. 

Section 9.3 of the Griffith University Code (“Responsibilities of Researchers”), in 

accordance with Section 5 of the Australian Code, states: 

Researchers are expected to: 

• Offer authorship to all people, including research trainees, who meet the 

criteria for authorship listed above, but only those people. 

• accept or decline offers of authorship promptly in writing. 

• Include in the list of authors only those who have accepted authorship 

• Appoint one author to be the executive author to record authorship and 

manage correspondence about the work with the publisher and other 

interested parties.   

• Acknowledge all those who have contributed to the research, facilities or 

materials but who do not qualify as authors, such as research assistants, 

technical staff, and advisors on cultural or community knowledge.  Obtain 

written consent to name individuals. 



 viii 

Included in this thesis is a paper in Chapter 2, which is co-authored with other 

researchers. My contribution to the co-authored paper is outlined at the front of the 

relevant chapter. The bibliographic details for the paper including all authors, is: 

Chapter 2: Habener, L.J., Hooper, J.N.A., and Carroll, A.R., Chemical and 

biological aspects of the family Mycalidae, Planta Medica. 2016, 82:816-831. (DOI: 

http://dx.doi.org/10.1055/s-0042-103245) 

 

 

Appropriate acknowledgements of those who contributed to the research but did not 

qualify as authors are included in the paper. 

 

(Signed) _________________________________ (Date)______________ 

Leesa Jane Habener 

 

(Countersigned) ___________________________ (Date)______________ 

Supervisor: Professor Anthony Carroll 

  



 ix 

Additional Relevant Publications 

In addition to the paper published in this thesis, a number of other relevant co-authored 

publications were produced during this time, but did not form a part of this thesis. The 

bibliographic details of these papers are: 

 

Melvin S.D., Habener L.J., Leusch F.D.L., Carroll A.R., 1H NMR-based 

metabolomics reveals sub-lethal toxicity of a mixture of diabetic and lipid-regulating 

pharmaceuticals on amphibian larvae, Aquatic Toxicology. 2017, 184:123-132 (DOI: 

http://dx.doi.org/10.1016/j.aquatox.2017.01.012) 

Buedenbender L., Habener L.J., Grkovic T., Kurtböke D.Ì., Duffy S., Avery V.M., 

Carroll A.R., HSQC-TOCSY fingerprinting for prioritization of polyketide- and peptide-

producing microbial isolates, Journal of Natural Products. 2018, 81:957-965 (DOI: 

http://dx.doi.org/10.1021/acs.jnatprod.7b01063) 

 

  



 x 

Abbreviations 

1D ...................... one-dimensional 

2D ...................... two-dimensional 

18S .................... small ribosomal subunit 

28S .................... large ribosomal subunit 

ALG11 ............... asparagine-linked glycosylation 11 protein 

atp6 .................... adenosine triphosphate synthase subunit 6 gene 

atp8 .................... adenosine triphosphate synthase subunit 8 gene 

BI ....................... Bayesian Inference 

BMRB ................ Biological Magnetic Resonance Databank 
13C ..................... carbon-13 

CBOL ................. Consortium for the Barcode for Life 

ChOTU .............. chemical operational taxonomic unit 

CO1 ................... cytochrome oxidase subunit 1 molecular marker 

CO2 ................... cytochrome oxidase subunit 2 molecular marker 

cob ..................... cytochrome b gene 

COLMAR ........... Complex Mixture Analysis by NMR 

COSY ................ correlation spectroscopy 

cox1 ................... cytochrome oxidase subunit 1 gene 

cox2 ................... cytochrome oxidase subunit 2 gene 

DAD ................... diode array detector 

ddH2O ................ deionised water 

DMSO-d6 ........... deuterated dimethyl sulfoxide 

DNA ................... deoxyribonucleic acid 

DOSY ................ diffusion ordered spectroscopy 

EF1-α ................. elongation factor 1-α 

ELSD ................. evaporative light scattering detector 

ESI ..................... electrospray ionisation 

EtOH .................. ethanol 

fil ........................ filamin gene 

GBR ................... Great Barrier Reef 

GNPS ................ Global Natural Products Social 

GuSCN .............. guanidine thiocyanate salt 
1H ....................... proton 

H-C .................... proton-carbon spin pair 

H2O .................... water 

HIV ..................... human immunodeficiency virus 

HMBC ................ heteronuclear multiple bond correlation 

HMDB ................ Human Metabolome Database 

HPLC ................. high-performance liquid chromatography 

HSQC ................ heteronuclear single quantum coherence 

ITS1 ................... internal transcribed spacer 1 marker 

ITS2 ................... internal transcribed spacer 2 marker 

JHH ................................... 
1H-1H coupling constants 

Jres .................... J-resolved 

LC ...................... liquid chromatography 

LTRS ................. lysidyl aminoacyl transfer RNA synthetase 



 xi 

MeOH ................ methanol 

mep .................... macrophage expressed protein gene 

ML ...................... Maximum likelihood 

MMCD ............... Madison Metabolomics Consortium Database 

MOTU ................ molecular operational taxonomic unit 

MS ..................... mass spectrometry 

MS/MS ............... tandem mass spectrometry 

mtDNA ............... mitochondrial DNA 

nad5 ................... nicotinamide adenine dinucleotide dehydrogenase subunit 5 gene 

nad6 ................... nicotinamide adenine dinucleotide dehydrogenase subunit 6 gene 

NADH ................ nicotinamide adenine dinucleotide 

NaOAc ............... sodium acetate 

ND5 ................... nicotinamide adenine dinucleotide dehydrogenase subunit 5 marker 

ND6 ................... nicotinamide adenine dinucleotide dehydrogenase subunit 6 marker 

nDNA ................. nuclear DNA 

NMR .................. nuclear magnetic resonance 

OTU ................... operational taxonomic unit 

PC ...................... paper chromatography 

PC1 .................... first principal component 

PC2 .................... second principal component 

PCA ................... principal components analysis 

PCoA ................. principal coordinate analysis 

PCR ................... polymerase chain reaction 

PTFE ................. polytetrafluoroethylene 

QM ..................... Queensland Museum 

QToF ................. quadrupole time of flight 

RNA ................... ribonucleic acid 

rns ...................... small subunit ribosomal ribonucleic acid  

rpm .................... revolutions per minute 

SBD ................... Sponge Barcoding Database 

SBP ................... Sponge Barcoding Project 

SP1 .................... intergenic spacer 1 (region from cox2 to atp6) 

SP2 .................... intergenic spacer 2 (region from nad5 to rns) 

SPE ................... solid phase extraction 

TLC .................... thin layer chromatography 

TOCSY .............. total correlation spectroscopy 

tRNA .................. transfer RNAs 

UV ...................... ultra violet 

WPD .................. World Porifera Database 

 

 

  



 xii 

Acknowledgements 

My greatest appreciation goes to my mentor and primary supervisor Professor 

Anthony Carroll for your guidance, understanding, and unwavering support. I feel 

privileged to have had the opportunity receive your expert training in natural products 

chemistry. Your creative approach to science is an inspiration. 

I must also thank the remainder of my supervisory team: Dr. John Hooper, you 

introduced me to the world of sponges. I am grateful for the valuable insight and guidance 

that can only be provided by someone with your extensive experience. Associate 

Professor Jennifer Wilson, you went up and beyond to help and guide me any chance 

you got; I am always glad to have you in my corner. Dr. Kathryn Hall and Dr. Jessica 

Worthington-Wilmer, thank you for your time and advice in molecular aspects of my 

research. 

I would also like to acknowledge those who provided technical assistance. Thank 

you to Dr. Merrick Ekins for assisting in access to the Queensland Museum collection 

and being a welcoming face, Dr. Wendy Loa-Kum-Cheung for NMR training and 

assistance, and Ben Matthews for LC-MS training. 

Thank you to all the members of the Carroll research group; Dr. Larissa 

Buedenbender, Luke Robertson, Dr. Fan Yang, Dr. Sarath (Dayani) Senadeera, 

Laurence Jennings, Dr. Joshua Hayton, Dr Casey Hall, and Guy Kleks. You all created 

a dynamic and friendly environment to conduct research and it has been my pleasure to 

work alongside you all. A very special thank you goes to Larissa, every day you inspired 

and encourage me and I am eternally thankful for all of our deep discussions about 

science and life. 

Thank you to the administrative and departmental staff of the Griffith School of 

Environment and Sciences. I would also like to acknowledge financial support from the 

Australian Government in the form of an Australian Postgraduate Award, and the 

Australian Biological Research Society for research funds. 

My biggest thank you goes to my pop, Wally Klau, you were the one who sparked 

my scientific curiosity. Thank you to my parents, brother, and sister for supporting me. 

You may now stop asking me when I’m going to be finished. And to all my friends new 

and old: Diana, Brett, Barbro, Larissa (again), Steph, Krystle, Henrique, and Kaitlin. Ever 

single one of you lifted me up when I was close to falling down. Christer Berg, you were 

not there at the beginning, but you were the one to carry me through to the end. 

 



 xiii 

“Every great story on the planet happened 

when someone decided not to give up, but 

kept going no matter what.” 

— Spryte Loriano 

 



 1 

Chapter 1 

An introduction to the chemical and biological diversity 

of the phylum Porifera 

 

1.1 SIGNIFICANCE OF THE STUDY 

The natural environment, in particular, the marine environment, continues to be 

explored for biodiscovery. Many living organisms are capable of producing secondary 

metabolites, often referred to as ‘natural products’, which are small molecules produced 

in addition to primary metabolites. Often these molecules perform specialised functions, 

and many possess biological activities that can be exploited for pharmaceutical 

development or other industrial applications. Natural products have been shown to 

occupy a distinctly different chemical space when compared with synthetic chemical 

structures.[1] A vast diversity of natural products have been isolated from marine 

invertebrates, attributed to both their need to utilise chemicals as a means of defence, 

and for communication.[2-6] A higher incidence of cytotoxicity observed in extracts derived 

from members of the phyla Porifera, Bryozoa, and Chordata make these marine taxa a 

preferred target for further discovery (Figure 1.1).[7] 

Figure 1.1: The percentage (%) of active crude extracts for marine phyla at concentrations of 1, 
2, 4, and 5 μg/mL.[7] 
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The phylum Porifera is one of the most studied marine phyla and has proven to be 

one of the most abundant sources of bioactive molecules. [2, 5-7] Sponges are known to 

produce secondary metabolites to serve various functional roles including space 

competition, predation deterrence, inhibition of microbial colonisation, prevention of 

infection, and for chemical signalling to conspecifics.[2, 4, 6] The biosynthesis of secondary 

metabolites is genetically encoded through enzyme-catalysed modifications of primary 

metabolites such as amino acids and carbohydrates.[8-9] From this knowledge the field of 

chemotaxonomy developed in the late 1960s using the concept that genetically and 

taxonomically related organisms will produce related secondary metabolites.[10-11] Since 

then it has been applied to the taxonomy of sponges (e.g.[12-13]). However, one major 

consideration is whether the compounds are actually produced by the sponge. Sponges 

harbour a vast diversity of microbial associates that are also producers of secondary 

metabolites. Therefore, the application of secondary metabolites to answer taxonomic 

questions needs to be carefully considered.[14-15] 

A good example is the pyrrole-imidazole family of alkaloids,[16-17] providing 

evidence that the chemical and biological diversity observed in sponges is inherently 

linked. Consideration of biological information, such as taxonomic identity and 

geographic location, is invaluable to help inform and direct discovery efforts.[6, 18-19] 

Knowing the taxonomic identity of a sponge can avoid duplication of efforts on taxa that 

have already been thoroughly explored. Related taxa can be explored to search further 

for derivatives of known bioactive natural products, and distinctly different taxa can be 

explored to target discovery of novel natural products.[6, 18] Spatial patterns of biodiversity 

can direct investigations towards underexplored areas that exhibit high species diversity 

and in turn chemical diversity.[19] 

Integrating biogeographic and biological data with the chemical diversity exhibited 

in sponge natural products is not a new idea. Natural product databases, including the 

Dictionary of Natural Products (http://dnp.chemnetbase.com) and MarinLit 

(http://pubs.rsc.org/marinlit), allow more efficient searching of known natural products. 

Biological and biogeographic information, consisting of taxonomic identification and 

geographic sampling location, has been integrated into these databases. Annually a 

comprehensive review titled Marine Natural Products summarises all new natural 

products reported from marine taxa.[20] Other reviews focus on the natural products 

reported from specific taxa, for example, sponges,[6] and frequently include biological 

information. Mehbub et al.[6] compared the diversity of compound classes and biological 

activities of sponge natural products with taxa and geographic location, ultimately 

providing recommendations for chemically promising taxa and geographic areas. 
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However, this information is not always readily available to inform discovery efforts. 

Most of the natural product literature is focused on reporting new and novel compounds. 

It is unconventional to report the rediscovery of known compounds, even if found in 

different taxa or geographic locations.[14] The accuracy of reporting geographic locations 

and taxonomic identifications is another concern.[18] While knowledge of known sponge 

natural products is useful, characterisation of the chemical diversity associated with 

those compounds yet to be discovered is probably the most valuable information yet. 

This information can be used to direct and inform discovery of natural products and is 

especially useful if biological information such as taxonomic identifications are lacking. 

The specific functional roles of many sponge natural products remain 

undetermined, highlighting the complex relationship that exists between chemical and 

biological sponge interactions. Understanding this relationship will help to shed light on 

the drivers behind natural product production in sponges, and the role of their microbial 

associates.[6] Characterisation of sponge chemical diversity can provide additional 

evidence for resolving the taxonomy and classification of sponges. Knowledge of the 

variations in both chemical and biological diversity can inform biodiscovery efforts, 

providing an informed approach rather than relying on chance discovery. It is for these 

reasons that characterising and exploring the connection between the chemical and 

biological diversity of sponges is of interest. This dissertation aims to explore the 

relationship between chemical and biological variation of sponges by integrating 

chemical, molecular, and morphological operational taxonomic units as a first step in 

species delimitation. This thesis results in: the development of a NMR spectroscopic 

chemical profiling method that can profile and characterise the diversity of chemical 

moieties, the establishment of chemical operational taxonomic units using this chemical 

profiling technique, the establishment of molecular operation taxonomic units using 

conventional molecular markers, and the identification of putative taxa through the 

integration of chemical, molecular, and morphological information. 

 

1.2 MORPHOLOGICAL DIVERSITY OF PHYLUM PORIFERA 

1.2.1 The phylum Porifera 

Members of the phylum Porifera, commonly known as sponges, are the oldest 

metazoan group still extant.[21] Their name ‘Porifera’, meaning pore-bearers, comes from 

the presence of numerous pores on their surfaces. They are sessile, benthic, filter-

feeding invertebrates with simple body plans. The outer surface is covered in a layer of 

cells called the pinacoderm that is perforated by many pores. The inner surfaces of 

sponges are covered with a layer of specialised feeding cells (choanocytes) that make 
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up the choanoderm. They feed by filtering food particles and nutrients from the water 

column using their choanocytes.[22-23] The mesohyl is the connective tissue layer between 

the outer and inner layers, and contained within are differentiated and undifferentiated 

cells and skeletal features. Sponges exist in a variety of different shapes (e.g. see [24]) 

that can exhibit considerable variation, both between different genera and species, as 

well as between individuals of the same species.[21] Although the taxonomy of sponges 

is unresolved, currently the phylum is divided into four main classes; Demospongiae, 

Hexactinellida, Homoscleromorpha and Calcarea.[25-26] 

Sponges account for an essential component of the benthic fauna and are found 

in a range of different habitats within the marine environment.[27-28] Although they are 

sessile, sponges are capable of performing various functional roles that are vital to the 

ecosystems they inhabit. Important roles include bioerosion or accretion of reefs, 

stabilisation of sediments facilitating coral colonisation, and the enrichment of sediment 

assisting the formation of patch-reef communities.[27] One of the most intriguing aspects 

of sponges is the range of different microbial associations that are formed. Sponges often 

host microorganisms within their tissues or extracellular cavities, which can act as either 

a source of primary metabolism through carbon and nitrogen fixation, or as sources of 

bioactive natural products or precursors.[3, 5, 27] 

Despite their functional roles, sponges are often overlooked in biodiversity 

assessments due to their challenging taxonomy.[27] Current diversity assessments are 

considered to provide conservative estimates of sponge biodiversity.[21] Knowledge of 

the phylum Porifera is still incomplete; approximately 18000 species have been formally 

described with just over 8800 of these considered accepted species.[21, 25] There are large 

numbers of specimens of ‘unknown’ species awaiting formal description that exist in 

collections worldwide. The number of sponge species discovered since the 1700s 

recorded by the World Porifera Database (WPD) is rapidly accumulating, indicating the 

potential for discovery of further sponge species (Figure 1.2).[21, 25] Due to both the gap 

in knowledge of sponge diversity and biology, as well as the chemical interest in the 

phylum as a source of novel bioactive natural products, research into sponge taxonomy 

is essential and beneficial. 
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Figure 1.2: The cumulative number of accepted Poriferan species discovered annually since the 
1700s documented by the World Porifera Database (WPD).[25] 

 

1.2.2 Morphometric approaches to sponge taxonomy 

As with many natural systems, sponge taxonomy is based on genetically controlled 

‘diagnostic’ morphological characters, at both the macroscopic and microscopic 

scales.[10, 29-31] These comprise features based on the gross morphology, including the 

growth form describing the overall shape, the surface structures and textures, and the 

number, location, and arrangement of oscules (plural for osculum).[24] However, 

morphometric sponge taxonomy is primarily focused at the microscopic scale, and most 

diagnostic characters are skeletal and spicular features (Figure 1.3).[32] 
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Figure 1.3: (on previous page) Spicule diversity of Demospongiae from the Thesaurus of Sponge 
Morphology [24]. Examples include acanthostyles (216), amphiaster (217), amphitriaene (218), 
anatriaene (219), anchorate chela (220, 221), anisochela (222), anthaster (223), arcuate chela 
(224), aspidaster (225), bipocillum (226), birotula (227), calthrop (228), candelabrum (229), 
canonochela (230), centrotriaene (231), chiastosigma (232), cladotylote (233), clavidisc (234), 
cleistochela (235), comma (236), cricalthrop (237), croca (238), crytancistra (239), diaene (240), 
and diancistra (241). 

Description of skeletal features includes the structure and arrangement of the 

spicules and spongin fibres within the ectosomal skeleton (located just below the sponge 

surface under the pinacoderm), and the choanosomal skeleton (located further below 

the ecotosomal skeleton and lining the choanoderm).[24] Spicules (Figure 1.3) are divided 

into two main size classes, the megascleres, which are comparatively larger and provide 
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support for the skeleton, often found coring spongin fibres, and the microscleres, which 

are smaller and located in the spaces between the cells. The shape and form of spicules 

are diverse providing further use as diagnostic characters.[24] These morphological 

features are examined and included in taxonomic descriptions of species. 

Sponge morphological taxonomy is at its limit due to the primitive nature of 

sponges.[29-30, 33-34] The limited range and subtle variation of morphological features 

results in unresolved classifications at the subclass, ordinal, family, and generic levels. 
[14, 17, 30-31, 33, 35] Conservative morphology leads to the lumping of morphologically similar 

but genetically distinct species, termed cryptic species, into a single species[32, 36] often 

resulting in the underestimation of biodiversity.[37] Relying on a solely morphological 

approach to sponge taxonomy is inefficient and limits the confidence in the accuracy of 

identifications.[38] Modern approaches seek to include additional sources of characters, 

such as molecular and biochemical, to help resolve sponge taxonomy.[38] 

 

1.3 GENETIC DIVERSITY OF THE PHYLUM PORIFERA 

1.3.1 Molecular approaches to sponge taxonomy 

In some situations where a strictly morphometric approach to taxonomy has failed 

to discriminate species complexes, they have later been distinguished through analysis 

of genetic diversity.[29, 34] Traditional taxonomy utilises the observable phenotype to make 

inferences about the difficult to access genotype (the genetic system that governs the 

phenotype).[11] Rather than using solely morphological characters, molecular approaches 

focus on features of the genome itself that are now more easily accessed due to recent 

advances in molecular biology.[11, 29, 34, 39] 

DNA (deoxyribonucleic acid) barcodes, nucleotide sequences usually greater than 

500 base pairs in length, have been proposed to provide a rapid and standardised 

procedure for species identifications.[39-41] Some authors have proposed the use of DNA 

barcodes to delimit species by identification of genetically distinct groups of specimens 

that display the potential to be divergent species.[36, 39-42] However, others doubt the 

usefulness of DNA barcodes for this purpose despite their usefulness for species 

identifications.[43] For a DNA barcode to be most useful it needs to span a significant 

stretch of the genome and result in sequences that are near identical between individuals 

of the same taxon, but possess a distinguishable level of variation between individuals 

of different taxa.[44] The most popular region used so far, due to its success, is a portion 

of the cytochrome oxidase subunit 1 gene from mitochondrial DNA (mtDNA).[44-45] This 

marker (CO1) is a 648 base pair region from the 5’ end of the gene[40] and has been 
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proposed as the DNA barcode to form the basis of a global bio-identification system for 

life on earth.[36] Universal CO1 primers have been able to recover sequences for most 

animal phyla enabling relatively easy amplification of this region.[36, 46] 

Current barcoding efforts are focused on the CO1 fragment to generate a universal 

DNA barcoding system, supported by The Consortium for the Barcode for Life (CBOL), 

a global initiative involving natural history museums, herbaria, government 

organisations, biodiversity research organisations and private companies.[42] The aim of 

the Barcode for Life program is to provide rapid, standardised, and inexpensive species 

identifications. In doing so, this information is made available both to taxonomic 

specialists, but also to non-specialists who previously were limited by access to 

taxonomic experts to complete accurate identifications.[40] Within this initiative, there are 

projects focused on individual taxa. One of these is the Sponge Barcoding Project (SBP) 

focused on aiding the discovery and description of sponge species.[30] This project 

utilises the standard CO1 fragment to construct the Sponge Barcoding Database 

(SBD).[30] Initially, low variability between sponge sibling species was observed in the 

CO1 fragment, so an additional 440 base pair region located downstream of the standard 

fragment is used to assist with distinguishing sibling species.[30] 

Unlike morphological features, DNA characters remain quite consistent under 

exposure to environmental factors.[29] Additionally, DNA can often be extracted from 

specimens that are partial, immature, or damaged, enabling molecular characters to be 

obtained in instances where morphological characters are insufficient or absent.[36, 44] In 

general, the use of mitochondrial marker as a standard DNA barcode is attractive since 

mitochondrial DNA undergoes a rapid rate of mutation, resulting in a high diversity of 

sequences (a criterion that is required to be useful for taxonomic identifications).[40] This 

region is also relatively easy to amplify since universal CO1 primers have been able to 

recover sequences for most animal phyla.[36, 46] A molecular approach to taxonomy 

enables researchers to be trained with relatively short training times, making the 

research more time-efficient and available to a broader range of scientists, not just 

taxonomic specialists.[29, 39, 44] 

Traditional sponge taxonomy based solely on morphology with little consideration 

of evolutionary history and biological species concepts results in information that can be 

misleading. The addition of molecular characters will enable more robust phylogenetic 

reconstructions, and better resolve the relationships of the phylum, by allowing the 

integration of morphological and molecular characters into one superior unified 

system.[29, 47-49] Independent molecular evidence has the potential to out-perform 

morphological data in reconstructing phylogenetic relationships. Originally, on the basis 

of skeletal arrangements and spicule types, some members of the genera Axinella and 
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Stylissa were thought to be distantly related to members of the genus Agelas. However, 

the examination of molecular markers provided evidence of a strong relationship 

between these genera.[47] This example highlights both the need for, and benefit of, the 

inclusion of non-morphological characters into sponge taxonomy. The supplement of 

morphological information with molecular characters has already begun to revolutionise 

sponge taxonomy.[29, 47-49] 

 

1.3.2 Challenges and suitability of mitochondrial DNA for sponge taxonomy 

The utilisation of molecular characters to assist sponge taxonomy and species 

delimitation only works if individuals of the same species have identical DNA barcodes, 

and there is a clear distinction between individuals of different species.[44] The dynamic 

process of evolution means that this perfect genetic discreetness does not exist 

universally at any single point in time. As a result the genetic diversity of mtDNA is 

affected by evolutionary processes including introgression, incomplete lineage sorting, 

and horizontal gene transfer.[48, 50] These processes can result in either the alleles from 

individuals of one species to be more closely related to individuals of another species 

rather than their conspecifics or for alleles to become interspersed among multiple 

species[50] complicating the identification of species by DNA barcodes. 

Mitochondrial DNA has been utilised for phylogenetic studies due to being 

maternally inherited, non-recombining, and fast-evolving.[51] This is well proven for higher 

animals, but do these same qualities persist in non-bilaterian taxa such as sponges? For 

sponges, mtDNA has been shown to be slow-evolving resulting in variations in 

substitution rates and low intraspecific genetic diversity.[52-53] The intraspecific genetic 

diversity of sponges is comparable to that exhibited by the phylum Anthoza, in which 

mtDNA sequences have limited ability to distinguish individuals at the species-level.[53] 

Low variation in mtDNA seems to be widespread throughout Porifera and other 

diploblasts compared to their higher metazoan counterparts.[45, 53-55] In many sponge 

lineages mtDNA is too conserved to be useful for species identification or phylogenetic 

reconstructions at lower levels, but might be suitable at higher levels.[30, 45, 50, 54] 

Evolutionary events, including introgression, incomplete lineage sorting, and 

horizontal gene transfers, could provide another source of low genetic variability 

observed in sponge mtDNA. Introgression of mtDNA occurs when individuals of two 

different species hybridise, and the hybrid leads to the introduction of divergent lineages 

across species boundaries.[50-51, 56] mtDNA is more sensitive to the effects of 

introgression than nuclear DNA (nDNA), and the mtDNA of one taxon can completely 

replace that in another without any evidence in nDNA or morphology.[51, 56] This is a 
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concern when examining closely related sympatric taxa that have high chances of 

undergoing successful hybridization.[51] Species complexes are frequently observed in 

sponges and experience extensive introgression. For the Cliona viridis species complex 

that is comprised of four species, a mitochondrial marker (ND6) was highly conserved 

displaying a few haplotypes that were present in all species of the complex. However, 

two nuclear markers (ITS1 and ITS2) were capable of species-level distinctions.[57] 

Incomplete lineage sorting occurs when gene copies fail to coalesce through a 

species’ history and is usually not a concern in mtDNA that exhibit high rates of sequence 

evolution.[50] It is uncertain how much of an effect incomplete lineage sorting can have 

on phyla such as Porifera that exhibit slower rates of mitochondrial evolution. The full 

extent to which genes can be transferred horizontally in the animal kingdom has not yet 

been fully characterised, but has been observed and provides another possible source 

of incongruence in DNA barcodes.[58] 

The extensive microbial associations observed in the phylum Porifera provides an 

opportunity for horizontal gene transfer to occur, and invertebrates that possess cells 

that remain pluripotent are highly susceptible.[58] In Arthropods, passenger 

microorganisms that exist intracellularly and are vertically inherited have been shown to 

have an indirect selection on mtDNA.[59] Presumably, other invertebrate taxa that contain 

intracellular associates could also be affected, and low diversity of mtDNA could be the 

result of selective sweeps of symbionts running through the population.[59] 

Entire mitochondrial genomes have been applied to resolving ordinal relationships 

within Demospongiae using a supermatrix of all genes to generate a phylogenetic tree 

that was then compared to trees generated from individual genes.[60] The tree based on 

cytochrome b (cob) gene had the smallest topological distance from the supermatrix tree. 

However, the tree generated from cytochrome oxidase 1 (cox1) had a topological 

distance two times greater than the cob tree and resulted in no more phylogenetic 

accuracy than trees from some of the other. Phylogenetic differences were observed 

between the best performing gene tree (cob) and the supermatrix tree, indicating that 

trees based on an individual mitochondrial gene do not possess enough phylogenetic 

information to resolve the order level relationships of Demospongiae.[60] The application 

of mtDNA markers that are based on a portion of a single gene in DNA barcoding for 

sponges needs to be carefully considered. 

Due to the low genetic variation observed in the CO1 standard barcode fragment 

(e.g. [61]) combinations of other markers, including both nDNA and mtDNA, have been 

utilised with varying successes.[45, 47] Other mitochondrial markers applied to sponges 

include the nicotinamide adenine dinucleotide (NADH) dehydrogenase subunits 5 (ND5) 
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and 6 (ND6), but these have also shown low sequence variation.[57, 62] Ribosomal 

markers have also been utilised including the two ribosomal internally transcribed 

spacers (ITS1 and ITS2),[55, 57] and the cytoplasmic ribosomal large (28S)[47, 63] and small 

(18S)[64] subunits. Other protein-encoding markers have been investigated such as the 

elongation factor 1-alpha (EF1-α) implicated in growth regulation,[47] the asparagine-

linked glycosylation 11 protein (ALG11) used in protein modifications,[64] the silicatein 

alpha 1 gene that codes for proteins involved in precipitation of silica and formation of 

axial filaments in spicules,[65] and regions in the macrophage expressed protein (mep) 

and the filamin (fil) genes.[63] 

Gene introns have also been investigated and often outperform mitochondrial 

markers. An intron of the tubulin gene provided better resolution compared to the 

standard CO1 marker for sponges of the family Lubomirskiidae.[66] The lysidyl aminoacyl 

transfer RNA synthetase (LTRS) intron displayed higher resolution that the CO2 marker 

in the phylogeography of the species Neopetrosia chaliniformis.[54] Similar non-coding 

regions of mtDNA have been investigated as possible markers that contain enough 

variation for alpha level taxonomy.[67] The two intergenic spacers (SP1 and SP2) that 

contain partial genes together with more variable intergenic regions have been proposed 

as polymorphic sponge markers[67] and have been tested in a few sponge taxa with 

varying results.[54, 65, 68] 

 

1.3.3 Limitations of molecular approaches 

In the application of DNA barcoding, species boundaries are defined by distance-

based measurements to establish a threshold. However, a universal species threshold 

is undefinable due to imperfect taxonomy and recently diverged species resulting in 

inaccurate species boundaries.[48, 50, 69] The application of a distance-based threshold can 

result in both false positives by over splitting one species into multiple, and false 

negatives by grouping distinct species into a single species.[48] In higher animals a 

species threshold of 2 % has been applied. If this same threshold is applied to the CO1 

standard barcode fragment in sponges, it will result in many well-recognised genetic 

species being lumped together as a single ‘species’.[48] The utilisation of a single 650 bp 

region of cox1 that represents less than 0.000 000 01 % of the total genome is a potential 

oversimplification of the genetic diversity contained within organisms.[48] Additionally, the 

reliance of a DNA barcoding approach on the accuracy of established databases 

provides another source of potential error. Databases such as GenBank[70] rely on the 

correct submission of data sequences, and correct taxonomic identification of 

specimens. These databases have been shown to be riddled with errors.[48] 
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There are further challenges associated with the extraction and amplification of 

sponge DNA. Low amplification rates (27 %) are affected by both taxonomic membership 

and specimen age.[71] DNA in preserved specimens can be subjected to oxidative and 

hydrolytic damage becoming degraded through time.[72] Alternatively, bioactive natural 

products contained within sponges can provide a source of polymerase chain reaction 

(PCR) chemical inhibitors. Known PCR inhibitory compounds are generally organic 

molecules or proteins that exhibit a variety of mechanisms of action.[73] Removal of these 

inhibitory compounds is possible with the addition of purification steps in the DNA 

extraction process such as phenol-chloroform extractions, silica-based chromatography, 

and use of cation exchange resins, and these techniques are often employed in 

manufactured DNA extraction kits.[73] 

Another difficulty when using universal primers to amplify the CO1 barcoding 

fragment is the accidental amplification and sequencing of non-target organisms. 

Sponges can play host to a diverse array of microbial associates.[74-76] Resulting DNA 

extractions contain the DNA of the associates as well as the sponge, and can make it 

difficult to separate the sponge and associate DNA.[29, 48, 71] The rate of sequencing of 

non-target DNA fragments has been documented at approximately 40 %.[71] The high 

incidence of non-target amplification highlights the importance of employing measures 

to check the origin of sequences before analysis, as well as the development of sponge-

specific primers.[29-30, 48, 71-72] 

The issues associated with a molecular-based approach to taxonomy, in particular, 

DNA barcoding, are not greater than those already apparent with the current 

morphological approach to sponge taxonomy.[29] Both approaches have similar 

constraints and inconsistencies on species boundaries.[77] Even if the CO1 standard 

barcode fragment is unable to provide enough resolution for species-level identification, 

it is not entirely useless. This information can be used as a first step in species 

delimitation to group individuals into aggregates of potentially divergent species.[39, 41, 43] 

Molecular approaches to sponge taxonomy are not proposed to replace morphological 

approaches, but instead be used as a complementary tool to help overcome the 

limitations associated with a strictly morphological approach.[39-40] 

 

1.4 CHEMICAL DIVERSITY OF THE PHYLUM PORIFERA 

The phylum Porifera is well recognised as one of the most prolific sources of 

marine natural products (Figure 1.4) with a high diversity of compounds isolated from its 

members.[6-7, 20] Sponges have been the source of a wide array of natural products 

including lipids, polyketides, peptides, alkaloids, terpenoids, and various other hybrid 
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derivatives.[6-7, 20] When assessing physiochemical properties sponge natural products 

are shown to occupy a broad chemical space when compared with other marine phyla.[78] 

This finding should not be surprising considering the many associations sponges are 

capable of forming with other marine taxa.[74] Gaining knowledge about the distribution 

of chemical compounds amongst various sponge taxa and geographic locations can help 

to inform future discovery efforts.[6, 18] It is useful to employ existing knowledge of 

previously isolated and characterised compounds and to characterise the diversity of 

those compounds yet to be discovered through chemical profiling. The variation in 

chemical diversity offers an additional line of enquiry to help with unresolved sponge 

classification that is complicated due to the lack of clear morphological characters as a 

result of the primitive nature of sponges.[14] 

Figure 1.4: Number of new natural products reported from marine phyla 
through time.[78] 

 

1.4.1 Chemical approaches to sponge taxonomy 

In the same way that morphological characters are analysed as an expressed 

phenotype, the profile of natural products synthesised by organisms provide an 

additional set of characters relating to the genotype.[11, 79] Secondary metabolites are 

produced through enzyme-catalysed modifications of primary metabolites, such as 

amino acids and carbohydrates.[9] The biosynthesis of these compounds is therefore 
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governed by the genetic production of enzymes for the synthesis of natural products.[8] 

Natural products can be use as an independent set of biochemical characters that can 

be applied to check taxonomic conclusions that are founded on solely biological 

characterisation.[10] This proves particularly useful for groups that are morphologically 

character-poor such as sponges.[14] The presence of unique compounds and the 

distribution of these compounds among different taxa can help to delimit taxonomic 

groups.[14, 80] The integration of current biological knowledge with acquired chemical data 

moves towards the aim to establish a genuinely natural classification system.[81] 

A variety of classes of chemical compounds including both primary and secondary 

metabolites have been investigated for their potential application to assist with sponge 

taxonomy with varying success. These include free amino acids,[33, 82-83] fatty acids,[84-86] 

sterols,[14, 87-90] terpenes and terpenoids,[17, 82, 91] alkaloids,[17, 92-94] peptides, and 

macrolides. Variations in the profiles of free amino acids, which are primary metabolites, 

have shown some indication of relationships at higher taxonomic levels.[82] Lipids, 

including fatty acids and sterols, are often primary metabolites with little application for 

sponge taxonomy. However, some sterols with unusual side chain modifications have 

shown potential use.[14-15, 91] It is the natural products that are produced as a result of 

secondary metabolism that have proven more useful for sponge taxonomy. Terpenes 

and terpenoids show promise; the presence of some terpenoids has been shown to 

support current classification of Halichondrida taxa.[91] A variety of alkaloids have good 

potential for incorporation into taxonomic systems, an example being the extensive 

pyrrole-imidazole family of biosynthetically related alkaloids that show distribution among 

Agelasida and Axinellida taxa.[16] Peptides and macrolides are commonly isolated from 

sponge sources (e.g. [95-97]). However, their application to resolve classification is limited 

due to the microbial involvement in their biosynthesis.[14-15] 

Some things need to be considered when utilising natural products as an additional 

set of characters in sponge classification. Contaminations of samples with other 

sponges, or marine invertebrates, pose a problem. Sponges can exist in epizoic 

complexes so care needs to be taken when sampling to ensure specimens are 

adequately separated from other organisms.[14, 35] Many sponges harbour microorganism 

within their tissues or extracellular cavities[2-3, 5, 35, 74-76, 98] and this has resulted in 

uncertainty of the true producer (e.g. sponge-host or microbial-associate) of secondary 

metabolites, limiting their taxonomic potential.[5, 35, 74, 98] The complex of the sponge-host 

and associated microbial community has become known as a ‘holobiont’ and research 

efforts have been focusing on characterising and understanding the sponge-associated 

microbial community.[75-76] It has been shown that the diversity and richness of sponge-
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associates vary drastically between different sponge species, and are often consistently 

host-specific and remaining constant through both time and space. [74-76, 98] 

If the relationship between sponge and microbial associate is indeed host-specific, 

then contamination of microbial compounds is not as much of an issue. For example, 

sponges from the species Lamellodysidea herbaceae (formerly Dysidea herbaceae) is a 

source of polybrominated diphenyl ethers[99] and their production has been attributed to 

the cyanobacterial endosymbiont Hormoscilla spongeliae (formerly Oscillatoria 

spongeliae).[100] The fact that H. spongeliae has yet to be cultured in lab conditions[101] 

could provide evidence to suggest an obligate association between the endosymbiont 

and the sponge. Yet these compounds have been successfully applied, together with 

molecular evidence, to distinguish this species from other related Dysidea species, 

identify a new Lamellodysidea species, and enabled the detected of misidentified 

sponges.[12] So long as the chemistry displays consistency through species and 

geographic scales, then it may still be of taxonomic use.[14] 

When using the distribution of natural products reported in the literature the 

taxonomic identification of specimens must be accurate to be of use.[18, 35] This can be a 

challenge due to the difficulty experienced in conventional morphological sponge 

taxonomy. The intra-specific and geographic variation and the potential for convergence 

also need to be considered. Difficulty can arise if the co-occurrence of a natural product 

is a result of convergent evolution, rather than due to evolutionary history.[80] Variation in 

compound production by sponges can be influenced by both biotic and abiotic factors.[14] 

 

1.4.2 Geographic and seasonal variation of sponge natural products 

The production of secondary metabolites can be affected by extrinsic factors 

associated with geographic location, seasonal variation, and habitat.[14] Characterisation 

of species-specific chemical patterns requires the consideration of intra-specific variation 

of compounds over various geographic scales. In many cases, although the 

concentrations of secondary metabolites have been shown to vary significantly over 

geographic scales, the presence of these secondary metabolites in conspecifics remain 

consistent.[33, 102-104] Knowledge of chemical diversity and how it varies, both within taxa 

and over geographic scales, can provide information to build a more complete picture of 

the functional roles of these molecules in the marine environment. However, accurate 

determination of these patterns relies on the correct taxonomic identification of sponge 

material.[18] 
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1.4.3 Analytical techniques for chemical profiling 

Chemical profiling approaches aim to analyse the entire suite of natural products 

metabolically produced by an organism, termed the metabolome. These approaches 

essentially result in a chemical ‘fingerprint’ for individuals and resulting chemical variation 

can be analysed by multivariate statistics. The patterns in chemical profiles can be used 

to group individuals that display chemical similarity and characterise the chemical 

features that discriminate the identified groups. This information can be integrated with 

known biological information such as taxonomic identification, geographic sampling 

location, and genetic identifications based on DNA sequences. Further, chemical profiles 

can help to direct natural product discovery efforts. Spectroscopic profiles can be applied 

to prevent the unnecessary duplication of efforts by identification of samples with similar 

chemical profiles, and those that contain well-characterised know compounds, in a 

process called de-replication. Spectroscopic profiles can also focus efforts toward those 

samples that show high chemical diversity and contain promising chemical features.[18, 

105] Various analytical techniques have proven useful for the acquisition of chemical 

profiles. 

Chromatography separates complex mixtures of compounds and has proven to be 

one of the most popular analytical techniques for analysis of natural products. Paper 

chromatography and thin layer chromatography are some of the simplest forms to be 

employed in chemical profiling and can allow for the recognition of many compounds. [11, 

106] However, limited success has been observed regarding the identification and 

discrimination of species using these methods alone. Advancements in chromatographic 

techniques allow superior separation where high-performance liquid chromatography 

(HPLC) is a popular choice. The sample is loaded onto a column packed with fine 

particles, a solvent is pumped through, and components are separated based on 

associations between the column particles and the solvent.[107] HPLC is often paired with 

some form of analytical detection, such as ultraviolet (UV) absorption (HPLC-UV), 

enabling components to be detected as they exit the column.[107] HPLC-UV has been 

applied to analyse a range of taxa including sponges[33, 104, 108] and produces a chemical 

profile for each sample. Individual components can be characterised by retention time 

and the detected analytical quality (e.g. UV absorbance), permitting analysis via 

multivariate statistics. 

Mass spectrometry (MS) is a powerful detector that ionises compounds and 

detects the resulting mass-to-charge ratio (m/z). When paired with LC (e.g. HPLC-MS) 

chemical components can be characterised by retention time and molecular ion, and 

known compounds can be identified through comparison with reference databases.[11, 

109] HPLC-MS has been utilised to chemically profile a variety of taxa (e.g. [110-112]), and is 
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used to both identify known compounds, and compare unknown constituents between 

extracts. UV detection provides a useful complement to MS that can help to distinguish 

structural isomers[109] and the simultaneous detection of both (e.g. HPLC-UV-MS) has 

been applied.[103, 105, 113-114] Any MS approach is selective, limited to detect only the 

portion of the metabolome that can be ionised.[109] Although useful for identification of 

known compounds, MS is unable to distinguish structural isomers of the same nominal 

mass[109] and querying databases often return large numbers of hits.[115] 

Recently nuclear magnetic resonance (NMR) spectroscopy has been explored as 

a universal detector for profiling natural product extracts.[109, 116-118] NMR spectroscopy is 

a non-destructive, unbiased method that detects atomic nuclei within molecules, 

providing information about the chemical environment influencing the detected nuclei.[117-

118] Naturally occurring atoms that are visible via NMR include 1H and 13C and detecting 

these nuclei results in the ability to detect a wide range of compound classes in an 

unbiased fashion.[117-118] NMR spectroscopy is already extensively applied in the medical 

sciences for metabolomics, to nutraceuticals for quality assurance, and in plant 

metabolomics.[117, 119] These techniques can be applied to natural products discovery 

projects, enabling the identification of potential leads in large pools of samples without 

the requirement for chromatographic separation.[120-121] 

One-dimensional (1D) proton (1H) NMR has been applied to chemically profile 

extracts of both marine[106, 120-121] and terrestrial[112, 122-123] sources. The high natural 

abundance of 1H nuclei enables short acquisition times, but analysis of complex extracts 

can be confounded by overlapping signals.[116-119, 124] 1H NMR spectroscopy was used to 

investigate the sponge genus Discodermia and the resulting spectroscopic differences 

were correlated with morphological variation.[106] NMR spectroscopic profiling in 

conjunction with LC-MS metabolomics has also been applied to characterise species 

differences in five Sarcophyton coral species.[121] In this study, species patterns were 

better characterised by LC-MS methods compared with 1H NMR spectroscopy. These 

results are not surprising considering LC-MS produces two-dimensional (2D) data 

compared to a 1D NMR experiment. Overcrowding of resonances due to chemical 

complexity can be alleviated through the implementation of multidimensional NMR 

experiments.[117-118] In this same study, the authors noted distinct chemical profiles in 2D 
1H-13C heteronuclear multiple bond correlation (HMBC) NMR spectra and suggested 

their potential suitability for multivariate data analysis.[121] 

Reducing extract complexity will, in turn, reduce the overlapping signals in the 

resulting NMR spectra. One way to do this is to pair physical separation of extract 

components together with NMR detection. The extract of a Dactylospongia sponge was 

analysed with LC-NMR to target the isolation of new chemistry resulting in the 
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identification of a new compound.[125] However, physical separation increases both the 

time required for sample processing and acquisition, as well as the number of samples 

to be analysed, resulting in multiple fractions per extract. Multidimensional NMR 

experiments can be generated either through the extraction of additional information (e.g. 

Coupling constants or diffusion coefficients) over a second dimension, or the acquisition 

of correlations with an additional nucleus (e.g. 1H or 13C) in a second dimension.[117, 119] 

Resulting two-dimensional spectra provide improved resolution and reduce the impact 

of spectroscopic complexity in the subsequent analyses. The detection of an additional 

nucleus in a second dimension, especially one with relatively low natural abundance 

such as 13C, can significantly increase the required acquisition time.[126] 

A pseudo second dimension can be created by the extraction of additional 

information from a 1D NMR spectrum. In broadband decoupled J-resolved (Jres) 

experiments the 1H-1H coupling constants (JHH) are extracted and plotted in the second 

dimension against proton chemical shift. In this experiment, the amount of structural 

information that can be extracted is limited, and metabolomics databases containing 

searchable coupling constants are still lacking.[117, 126] Diffusion ordered spectroscopy 

(DOSY) result in 2D spectra that plot the 1H spectrum in the first dimension and the 

diffusion coefficient of individual molecules in the second dimension. This enables the 

proton spectrum of individual compounds with different diffusion coefficients in a mixture 

to be recorded separately and is referred to as in-tube chromatography.[117-118, 127] DOSY 

experiments can require lengthy acquisition times and are most effective for mixtures 

with few components that contain distinct diffusion coefficients.[117-118] 

2D NMR experiments consisting of correlations between two nuclei can either take 

the form of homonuclear experiments between the same type of atom (e.g. 1H-1H 

experiments) or heteronuclear experiments between two different types of atoms (e.g. 
1H-13C experiments). The homonuclear experiment, 1H-1H correlation spectroscopy 

(COSY) identifies protons with spins that are directly coupled to each other (e.g. are 

bonded to the same or adjacent carbons). Due to the high natural abundance of 1H, these 

experiments are typically associated with short acquisitions times.[117-118] 1H-1H total 

correlation spectroscopy (TOCSY) is an extension of the typical COSY experiment and 

identifies entire spin systems, enabling the recognition of networks of interconnected 

nuclei that are within the same spin system.[117-118] Heteronuclear experiments between 
1H and 13C typically require longer acquisition times but provide greater resolution 

through separation of correlations across the longer carbon dimension.[117-118] Examples 

include 1H-13C Heteronuclear single quantum coherence (HSQC) spectroscopy that 

detects correlations between H-C spin pairs and 1H-13C heteronuclear multiple bond 

correlation (HMBC) spectroscopy that detects longer-range proton-carbon correlations. 
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Multidimensional NMR spectroscopy has been applied to chemically profile 

samples for a variety of purposes. In industry, NMR spectroscopic profiling is utilised in 

quality assurance of products such as nutraceuticals[128] and bio-fuels.[129] NMR 

metabolomics is applied to both the medical[130] and natural products fields,[131] and has 

recently been applied to the field of marine natural products (e.g. [132-133]) for directing 

discovery and characterising chemical diversity. 

One of the largest limitations in the effective application of NMR spectroscopy to 

the chemical profiling and de-replication of natural products extracts is the availability of 

extensive databases containing reference spectra.[117] Currently, there are several 

publicly available databases that contain searchable 1H-13C HSQC NMR signals 

however these are focused on biologically relevant small molecules and are not entirely 

applicable to natural products.[134-140] Additionally, several smaller databases that include 

searchable NMR data are beginning to be developed such as those that can query 2D 

Jres 1H NMR spectra[141-142] and the customised metabolomics database 1H(13C)-

TOCCATA that allows searching of 1H-1H TOCSY and 1H-13C HSQC-TOCSY spectra.[143] 

All these databases involve the querying of experimental chemical shifts that can be 

subject to the effects of solvent and magnetic field strength. The DEREP-NP platform 

includes more than 230 000 natural product structures and enables searching based on 

the counts of 65 predefined molecular features.[144] The number of each molecular 

feature (e.g. the counts of sp2 hybridised aromatic C-H, or methoxy functional groups) 

as determined by interpretation of acquired NMR spectra can be used to filter the 

database of compounds enabling a straightforward assessment of novelty. 

HSQC NMR has also been uniquely combined with MS datasets to maximise the 

strengths of both analytical methods. In an approach called SUMMIT MS/NMR, 

molecular candidates are generated from high-resolution experimental MS, from these 

candidates HSQC spectra are predicted and then compared to experimental HSQC 

signals to identify components of complex mixtures.[145] This approach has been further 

elaborated to include prediction of MS/MS fragmentation spectra that are also compared 

with spectra obtained experimentally. The combined NMR and MS/MS prediction 

approach is proposed to provide structural elucidation of unknown metabolites.[146] 

Another platform called Small Molecule Accurate Recognition Technology (SMART) 

examines patterns in HSQC spectra using deep Convolution Neural Networks.[147] By 

comparison with a training set of HSQC spectra from more than 2000 compounds, a 

network can be generated that places query spectra near compounds that exhibit similar 

HSQC spectra. However, this approach is optimised on the HSQC spectra of pure 

compounds, showing promise in rapid identification of pure compounds but a limited 

application for chemical profiling. 
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The relative merits and limitations of NMR-based approaches compare to 

conventional LC-UV and LC-MS approaches have been discussed in the literature. [109, 

117-119, 121, 143, 145] NMR has been hailed as a ‘universal’ detector capable of detecting any 

molecule containing a proton.[109] This is in comparison to UV and MS methods that result 

in a more selective analysis of the metabolome limited to detect only molecules with a 

chromophore or that are able to ionise, respectively.[109] However, the largest limitation 

of NMR-based methods is the inherently lower sensitivity compared to UV and MS 

detection.[109, 115, 117-118] While there have been efforts to establish NMR databases,[134-136, 

138-144, 148] tools for NMR spectroscopic deconvolution and comprehensive spectroscopic 

databases are still lacking.[109, 117] Additionally, when applying 2D NMR to complex 

mixtures, identifications based on one or two signals can lead to ambiguities or false 

identifications.[118, 143] MS detects an intrinsic property of molecules, their molecular 

mass, and enables rapid dereplication through searching of available spectroscopic 

libraries.[115] However, instrument parameters can affect the resulting MS spectra and 

there is a lack of databases comprising spectra of standardised fragmentation 

energies.[109] Finally MS-based methods can be further limited by their ability to 

determine differences between structural isomers of the same nominal mass.[109] This is 

where NMR-based methods have their true power, providing more structurally rich 

information compared to both MS- and UV-based methods.[109, 145] NMR spectroscopic 

profiling provides a tool that is capable of recognising promising chemical moieties in a 

large number of complex samples providing invaluable data for prioritisation of discovery 

efforts.[117, 120] 

 

1.5 RELATIONSHIP BETWEEN CHEMICAL AND BIOLOGICAL DIVERSITY  

1.5.1 Integrative approaches to sponge taxonomy 

The applications of morphometric, molecular, or biochemical datasets to sponge 

taxonomy are all valid approaches, each with their own merits and limitations. However, 

when these datasets are interpreted in collaboration, they have the most significant 

potential to assist with resolving the classification of sponges.[14, 29, 40, 149] The term 

integrative taxonomy has been coined to describe taxonomic classification based on 

characters obtained from a variety of different datasets. These include ecological, 

behavioural, molecular, and biochemical, in addition to currently recognised 

morphological descriptions.[149] Integrative approaches have been applied to challenging 

sponge groups especially those that lack diagnostic morphological characters[105] or that 

exist as species complexes.[150] 
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The class Homoscleromorpha is a problematic sponge group with a lack of 

diagnostic characters. The absence of this critical morphological character leaves the 

phylogeny of the group under debate. An integrative approach using both molecular and 

chemical characters was applied to ten species within this group.[105] Crude extracts were 

profiled using HPLC-UV-MS, individual components were characterised by retention 

time and molecular ions, and analysed using hierarchical clustering analysis. Chemical 

profiles differentiated all ten species and distinguished two major groups. The two groups 

were congruent with clades recovered by phylogenetic reconstruction and correlated 

with ‘spiculate’ and ‘aspiculate’ morphological groupings.[105] 

The two species Hexadella pruvoti and Hexadella racovitzai were established 

based on morphological characters, but phylogenetic analyses revealed them to be 

species complexes.[108] Specimens of H. pruvoti were recovered as paraphyletic, and H. 

racovitzai specimens were recovered as monophyletic but displayed two divergent 

lineages.[108, 150] These lineages were supported by chemical data where HPLC-UV 

profiles distinguished all four species and lead to the distinction of new species within 

the existing species complexes.[150] Morphological, molecular, and chemical characters 

were incorporated into formal taxonomic descriptions[150] 

 

1.6 CHEMISTRY AND BIOLOGY OF THE FAMILIES MICROCIONIDAE, 
MYCALIDAE, AND RASPAILIIDAE 

The three sponge families Microcionidae, Mycalidae, and Raspailiidae were 

investigated in this thesis. Based on morphological evidence these three families were 

originally classified as members of the order Poecilosclerida.[151-153] Recent molecular 

analysis of the class Demospongiae has led to the reclassification of the family 

Raspailiidae to the order Axinellida, while the families Microcionidae and Mycalidae 

remain in the order Poecilosclerida.[154] At the last formal description the family 

Microciondae contained 470 valid species and typically have three skeletal regions 

including a choanosomal skeleton, an extra-fibre subectosomal skeleton, and a non-

tangential ectosomal skeleton.[151] The family Mycalidae are characterised by a 

combination of palmate anisochelae and a tangential surface skeleton comprising two 

genera.[153] The genus Mycale is the most diverse and is divided into subgenera 

comprising more than 150 species. However, the subgenera present significant overlap 

in morphological characters making this a difficult genus to differentiate on morphological 

characters alone.[153] Members of the family Raspailiidae, comprising more than 270 valid 

species, typically display a hispid surface and are differentiated by skeletal architecture, 

specialised ectosomal skeletons, and modifications to echinating megascleres.[152] 
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A variety of chemical compounds have been reported from members of these 

families in the literature. A MarinLit (http://pubs.rsc.org/marinlit/) search for the family 

Microcionidae resulted in 147 compounds. A variety of alkaloids, including polycyclic 

guanidine containing and macrocyclic alkaloids, are some examples of the molecules 

that have been reported from this family.[155-157] A MarinLit search for the family Mycalidae 

resulted in 213 compounds reported in the literature. The chemistry of this family includes 

a variety of compound classes, such as alkaloids,[158-159] macrolides,[160] and 

polyketides[161] and is reviewed in Chapter 2 of this thesis. For the family Raspailiidae 

133 compounds were found through MarinLit. Examples include compounds that contain 

heteroaromatic, diterpenoid, and hemiketal moieties.[162-165] 

Several studies have investigated the chemical profiles of sponges from these 

families. The chemical profiles of free amino acids, carotenoid pigments, and general 

proteins was investigated in the families Microcionidae and Raspailiidae. For the 

samples analysed, consistent biochemical profiles were observed for each family.[82] 

Protein banding and carotenoids were able to differentiate the two species Clathria 

(Thalysias) lendenfeldi and Clathria (Thalysias) major (family Microcionidae) and these 

patterns were consistent over a range of approximately 2300 km.[33] In the species 

Mycale hentscheli (family Mycalidae) the presence of three compounds, mycalamide A, 

peloruside A, and pateamine, was investigated of a range of 100 m to 100 km.[102] The 

authors note the consistent presence of both mycalamide A and peloruside A. However, 

pateamine was only detected at one sampling location. 

 

1.7 OBJECTIVES AND AIMS 

The overall aim of this thesis is to investigate and compare the chemical and 

biological variation of marine sponges. Specifically, this is broken down into the following 

three primary aims: 

1) To characterise and explore the chemical diversity of members of the family 

Mycalidae (Chapters 2 and 3), 

2) To develop a 2D NMR spectroscopic chemical profiling technique and then apply 

it to characterise the chemical moiety diversity of a group of unidentified specimens 

(Chapters 3 and 5), and 

3) To characterise and compare the chemical moiety diversity, with molecular and 

morphological variation of a group of sponges from the Great Barrier Reef, Australia 

(Chapters 4 and 5). 
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1.7.1 Content and structure of the thesis 

This thesis has been prepared in accordance with the Griffith University policy on 

the inclusion of papers within a thesis (Appendix I). The first research chapter (Chapter 

2) is a published paper. The following research chapters (Chapters 3 to 5) are prepared 

as conventional thesis chapters. The thesis is constructed of two parts, part A (chapters 

2 and 3) explores, detects, and characterises the chemical variation of marine sponges. 

Part B (chapters 4 and 5) characterises and compares the chemical moiety, genetic, and 

morphological variation of a group of sponges from the Great Barrier Reef, Australia. 

 

Individually, each chapter achieves the following: 

Part A – Exploring, detecting, and characterising chemical variation 

Chapter 2: Summarises and explores the known chemical diversity of the family 

Mycalidae. 

Chapter 3:  Tests the utility of 1H-13C HSQC NMR spectroscopic profiles to characterise 

the chemical moiety diversity of marine sponges. 

 

Part B – Connecting and comparing chemical moiety, molecular, and 
morphological variation 

Chapter 4:  Establishes molecular species using mitochondrial markers for a group of 

samples from the Great Barrier Reef, Australia. 

Chapter 5:  Compares and integrates 1H-13C HSQC spectroscopic profiles, molecular 

species, and morphological identifications for a group of samples from the 

Great Barrier Reef, Australia. 

 

Chapter 6:  Summary of the thesis work and future recommendations. 
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Part A 

Exploring, detecting, and characterising the chemical 

variation of marine sponges (phylum Porifera) 

 

Chemical profiling can provide insight into the chemical constituents and 

subsequent chemical diversity of marine sponges. The resulting metabolome can be 

considered as comprised of two components. A known component that consists of 

molecules that have been previously isolated and characterised, together with an 

unknown component comprised of molecules of unknown identity that are yet to be 

discovered. Part A of this thesis is concerned with exploring and characterising the 

chemical variation of both the known and unknown constituents of marine sponges. 

Chapter 2 is comprised of a literature review and critical evaluation of the chemical 

constituents previously reported from marine sponges of the family Mycalidae. Chapter 

3 describes the development of a chemical profiling method utilising two-dimensional 

nuclear magnetic resonance (NMR) spectroscopy to characterise chemical moiety 

diversity. This is then used to compare variations in the unknown components of sponges 

from the family Mycalidae with those from the families Microcionidae and Raspailiidae. 
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Chapter 2 

Chemical and biological aspects of marine sponges 

from the family Mycalidae 

 

This chapter is a published review article providing a comprehensive review of the 

chemical constituents isolated from members of the family Mycalidae. The review 

explores the known chemical diversity of the family by describing the distribution of 

compound classes, physiochemical properties, and biological activity reported in the 

literature from its members. This chemical diversity is then compared with biological 

diversity in terms of the distribution of chemical constituents throughout both related and 

unrelated taxa, and their geographic distribution. Ultimately members of the family are 

assessed as a source for biodiscovery, and chemical constituents are assessed for their 

potential use as chemotaxonomic characters. This review has been published in a 

special issue on marine natural products in the journal Planta Medica. 

 

Specifically, this chapter addresses the following questions: 

1) What is the known chemical diversity of the family Mycalidae? 

2) Are members of this family a good resource for biodiscovery? 

3) Are any of the compounds or compound classes reported in the members of the family 

potentially useful for taxonomic purposes? 
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Chapter 3 

Chemical profiling of marine sponges (phylum Porifera) 

using 1H-13C HSQC NMR spectroscopy and LC-MS/MS 

 

In the previous chapter the characterised chemical constituents reported from 

members of the family Mycalidae were reviewed providing a summary of the known 

chemical diversity. This chapter focuses on characterising the chemical moiety variation 

of the family Mycalidae, in addition to the families Microcionidae and Raspailiidae. Two-

dimensional nuclear magnetic resonance (NMR) spectroscopy is used to create 

spectroscopic profiles. Characteristic signals present in acquired spectra are used to 

infer the specific chemical moieties present in analysed extracts. The similarities and 

differences in spectroscopic profiles are used to characterise the chemical moiety 

variation of the three families and are then analysed spatially across the Great Barrier 

Reef, Australia. The developed NMR spectroscopic profiling method is compared to 

currently established molecular networking approaches using tandem mass 

spectrometry. 

 

Specifically, this chapter addresses the following questions: 

1) Can HSQC spectroscopic profiles be used to detect similarities and differences in 

chemical moiety profiles of samples in an unbiased fashion and without the 

requirement to identify the individual components of each extract? 

2) How do the HSQC spectroscopic profiles of individuals vary within species, within 

family, and across various geographic scales along the north coast of Australia? 

3) How do HSQC spectroscopic profiling and tandem mass spectrometry molecular 

networking approaches compare in their ability to: detect the metabolome in an 

unbiased way, detect chemical differences and similarities between samples, and to 

identify chemical moieties and known compounds?  
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3.1  INTRODUCTION 

3.1.1 Chemical profiling of the phylum Porifera 

Due to the diverse natural products found in species from the phylum Porifera, 

researchers have investigated the potential to apply these biochemical characters to 

assist in sponge taxonomy. The chemical profiling of sponges can help to discriminate 

species,[1-2] but can also direct natural products discovery efforts towards targeting taxa 

that display high metabolite diversity.[3] Further, chemical profiles can be useful to assist 

with de-replication of discovery efforts by identifying samples that present similar 

chemical profiles, and through the identification of known constituents.[1, 3] 

Once characterised, chemical variation can also be compared with existing 

biological variation, examining both taxon-specificity and intra-specific variability of 

compounds over geographic and temporal scales. The chemical compounds produced 

by sponges have been investigated for their potential to help discriminate species and 

have been incorporated into formal taxonomic descriptions.[1-2, 4-6] Specifically, the 

application of spectroscopic profiling employing analytical techniques such as nuclear 

magnetic resonance (NMR) spectroscopy and liquid chromatography coupled to mass 

spectrometry (LC-MS) can chemically profile samples. 

Molecular networking, utilising tandem MS (MS/MS) spectra, has gained popularity 

as a chemical profiling technique. The Global Natural Products Social (GNPS) molecular 

networking online workflow is a useful tool that has been applied to visualise and explore 

the diversity of molecular ions within samples[7] and to target the isolation of new 

chemistry by de-replication of known compounds.[8] Tandem MS spectra are acquired by 

applying collision energies to fragment precursor ions into smaller product ions. This 

produces a fragmentation spectrum for each individual molecular ion that relates to the 

chemical structure, functionality, and stability of molecular ions.[9] Similarity of MS/MS 

fragmentation spectra can be used as a proxy for chemical similarity and GNPS 

molecular networks based on fragmentation spectra can be generated. This enables the 

visualization of molecules with similar analogues and allows the de-replication of known 

compounds through matching with database spectra.[9] However, a MS-based approach 

results in a selective analysis of the metabolome since it is limited to only those 

compounds that are able to ionise.[10] 

The ability to detect the entire metabolome in an unbiased fashion is an important 

consideration when selecting a chemical profiling method. NMR spectroscopy has been 

hailed as the ‘universal’ detector capable of detecting any molecule that contains a 

proton.[10-12] NMR spectroscopy is non-destructive, requires little sample preparation, has 

high reproducibility when utilising the same solvent and magnet field strength, and is 
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relatively unbiased when compared to MS based methods[11-12]. Despite exhibiting 

comparatively lower sensitivity, with detection limited to around the micromolar range,[9, 

11-12] the structurally rich information provided by NMR is by far the biggest contrast to 

MS based approaches. The structural information provided by NMR enables the 

recognition of chemical moieties and compound classes of unknown components.[10-12] 

At times, analysis of complex samples can result in overlapping signals in acquired 

spectra; nonetheless multidimensional NMR techniques can help alleviate this.[12] Two-

dimensional (2D) heteronuclear experiments that correlate 1H to 13C nuclei are good 

examples of this approach and the heteronuclear single quantum coherence (HSQC) 

and heteronuclear multiple bond correlation (HMBC) pulse sequences are widely used 

experiments. HSQC experiments measure correlations between protons and carbons 

that are separated by a single bond, while HMBC experiments detect longer-range 

correlations between protons and carbons that are separated by two to four bonds. 

Typically, 2D experiments involving 13C require longer acquisitions times compared to 1H 

only experiments but result in better resolving power. This is due to the much broader 

chemical shift ranges of carbon resonances (e.g. δC 0.0 – 200.0) compared to protons 

resonances (e.g. δH 0.00 – 12.00) that distribute the signals in a second dimension.[11-12] 

1H-13C HSQC NMR spectroscopy is one of the staple experiments employed for 

structure elucidation of purified natural products, but has gained popularity for chemical 

profiling of natural extracts.[13-15] Despite the previous applications of HSQC NMR for 

spectroscopic profiling, it has yet to be utilised to profile and characterise the chemical 

moiety variation of sponges. Consistent with the documented biological diversity, 

sponges also exhibit a high diversity of natural products (e.g.[16] and previous reviews). 

This makes them a suitable group to test the utility of spectroscopic profiling using 

multidimensional NMR to both discriminate species and provide a spectroscopic map of 

the chemical moieties contained within crude extracts. 

 

3.1.2 Chemical diversity of the families Microcionidae, Mycalidae, and Raspailiidae 

The three sponge families Microcionidae, Mycalidae and Raspailiidae have 

exhibited a range of interesting (Figure 3.1) and at times taxon-specific chemical 

constituents. All three families are members of the class Demospongiae and were 

originally classified as members of the order Poecilosclerida.[17-19] However, a more 

recent interpretation of morphology in the light of new molecular evidence led to a 

revision of the classification. The family Raspailiidae are now within the order Axinellida, 

while Microcionidae and Mycalidae remain in the order Poecilosclerida.[20] 
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Figure 3.1: Chemical structures of compounds previously reported from the 
families Microcionidae (1-3), Mycalidae (1, 4-5), and Raspailiidae (6-9). 

 

Within the families Microcionidae and Raspailiidae, the chemical profiles of free 

amino acids, carotenoid pigments, and general proteins have been investigated. 

Consistent homogenous biochemical profiles were observed for each family.[21] A variety 

of alkaloids have been isolated and characterised from members of the family 

Microcionidae (Figure 3.1, structures 1-3). Examples include guanidine tricyclic alkaloids 

(mirabilin C, 1),[22] macrocyclic alkaloids (upenamide, 2),[23] and polycyclic and guanidine 

containing alkaloids (clathriadic acid, 3).[24] 

The family Mycalidae has been the source of a variety of interesting chemistry 

(Figure 3.1, structures 1, 4-5; see Chapter 2 for a comprehensive review). The mirabilins 

(e.g. mirabilin C, 1) have also been reported in the family Mycalidae. Specifically, 

mirabilins A-F have been isolated from the species Mycale (Arenochalina) mirabilis.[25] In 

addition to alkaloids, other types of natural products have been reported from the family. 

Examples include various nucleosides (e.g. mycalisine A, 4)[26] together with a 

polyoxygenated monoalkyl glycerol ether (mycalol, 5).[27-28] The families Microcionidae 
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and Mycalidae share some reported chemistry that is consistent with their assignment to 

the order Poecilosclerida. The mirabilins are a good example of this, reported 

predominately from Poecilosclerid sponges including the genera Clathria (Isociella),[22] 

Batzella,[29] Monanchora,[30-31] and Mycale.[25] 

A variety of chemical structures have also been isolated from members of the 

family Raspailiidae (order Axinellida) including compounds containing heteroaromatic, 

diterpenoid, and hemiketal functionality (Figure 3.1, structures 6-9). The substituted 

imidazole betaine, (+)-echinobetaine B (6), is an example of a molecule that contains 

heteroaromatic functionality and has been reported from a species of the genus 

Echinodictyum.[32] The asmarines[33-35] (e.g. asmarine A, 7) contain both a heteroaromatic 

functionality (a purine moiety) and a diterpenoid moiety. Barekol (8)[33] is an example of 

a tricyclic diterpene and raspailols A and B (9)[36] are examples of cyclic hemiketals. The 

range of chemistry reported from these three families made them good targets to apply 

multidimensional NMR spectroscopic profiling to test if the technique could be used to 

characterise and discriminate chemical moiety variation. 

Globally it has been shown that different geographic regions have yielded 

differential success in the number of bioactive natural products isolated from marine 

taxa[3] and specifically sponges.[37] Knowledge of these geographic patterns can prove 

useful when selecting locations to target for biodiscovery efforts.[3] Specifically, in 

Australia, an investigation conducted by the Australian Institute of Marine Science has 

concluded that geographic patterns in bioactive natural products are in fact related to 

phylogeny and failed to identify any hotspots connected with bioactivity.[38] This finding 

is justified by reasoning that phylogenetic membership dictates the genetic machinery 

for production of natural products, and that different geographic regions that possess 

challenging extrinsic factors can then stimulate the production of metabolites.[38] In 

regards to the aim of utilising natural products as characters to assist sponge taxonomy 

the production of these natural products need to prove consistent over geographic 

scales. 

A few studies have investigated spatial effects on the intra-specific variation of 

sponge natural products.[4, 39-41] In the species Mycale hentscheli, over a range of 100 m 

to 100 km, the compounds mycalamide A and peloruside A were consistently present.[39] 

However, in these same samples pateamine was only found at a single site.[39] At a range 

of approximately 2300 km consistent patterns in protein banding and carotenoids 

differentiated the two species Clathria (Thalysias) lendenfeldi and Clathria (Thalysias) 

major.[4] The concentration of brominated alkaloids in the species Aplysina aerophoba 

was shown to vary over a scale from 500 m to 2500 km, yet the presence of each 

investigate alkaloid remained consistent.[41] In the Pacific, at the largest scale of 
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approximately 5700 km, four of five investigated compounds were consistently present 

in samples of the species Stylissa massa even though the concentrations varied.[40] 

Aside from these few investigated species little is known about the chemical consistency 

of sponges across geographic scales. 

 

3.1.3 Aims and objectives of this project 

Here the utility of 1H-13C HSQC NMR spectroscopic profiles to characterise the 

chemical moiety variation of sponges from the families Microcionidae, Mycalidae, and 

Raspailiidae was investigated. This study was completed to specifically to address the 

question, can HSQC spectroscopic profiles be used to detect similarities and differences 

in chemical moieties present in samples in an unbiased fashion, and without the 

requirement to identify the individual components present in each extract? It is 

hypothesised that individuals of the same species sampled along the north east coast of 

Australia will display chemical consistency as indicated by high HSQC spectroscopic 

similarity over various geographic scales. Additionally, it is hypothesised that species 

belonging to the same family will possess higher spectroscopic similarity compared to 

species from different families. Finally, this chapter also investigated how HSQC 

spectroscopic profiles and LC-MS/MS molecular networking compare in their potential 

to: detect chemical differences and similarities between samples, to identify chemical 

moieties to direct isolation efforts, to identify known compounds, and to detect the 

metabolome in an unbiased fashion. 

 

3.2 EXPERIMENTAL SECTION 

3.2.1 Sponge material 

For this study samples were acquired from the Nature Bank biota repository[42] 

located at the Griffith Institute of Drug Discovery, Griffith University (see Table S3.1, 

Appendix III for full specimen list). In total six species were selected that were formally 

described and confidently identified, and that contain replicate samples collected over 

an expansive geographic scale. The samples comprised 28 sponges of six species 

(Table 3.1) that have been identified as members of the three sponge families: 

Microcionidae, Mycalidae, and Raspailiidae. Two specimens of the species Mycale 

(Oxymycale) acerata of the family Mycalidae were collected from Antarctica (Figure 3.2 

A). Specimens from the five remaining species were collected over approximately 2000 

km along the north east coast of Australia, predominantly on the Great Barrier Reef 

(Figure 3.2 B). Samples are comprised of the species Clathria (Thalysias) reinwardti and 
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Clathria (Thalysias) vulpina from the family Microcionidae, Mycale (Arenochalina) 

mirabilis, Mycale (Aegogropila) pectinicola and Mycale (Oxymycale) acerata from the 

family Mycalidae, and Echinodictyum cancellatum from the family Raspailiidae. 

Table 3.1: Sample details including family, species, number of individuals (n), geographic range 
of sample collection (km), and the collection locality. 

 
 

 
Figure 3.2: Collection location of sponge material. A) Location Mycale (Oxymycale) acerata 
specimens (red, n=2) from the coast of Antarctica. B) Location of remaining five species from the 
north east coast of Australia. Clathria (Thalysias) reinwardti (dark blue, n=4), Clathria (Thalysias) 
vulpina (light blue, n=5), Mycale (Arenochalina) mirabilis (yellow, n=6), Mycale (Aegogropila) 
pectinicola (green, n=6), and Echinodictyum cancellatum (orange, n=5). 

 

3.2.2  Chemical extraction and sample preparation 

Approximately 300 mg (dry weight) of freeze-dried and ground sponge material 

was exhaustively extracted using methanol (MeOH) in an ultrasonic bath. Extracts were 

dried using centrifugal evaporation and freeze-drying, redissolved in MeOH to separate 

the extracts from dried salt, and filtered through 0.45 μm syringe filter (PhenexTM-

polytetrafluoroethylene (PTFE)). For liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) crude extracts were prepared to a concentration of 2.5 

mg/mL. For NMR spectroscopy extracts were dissolved in 200 μL of deuterated dimethyl 

sulfoxide (DMSO-d6) and transferred to 3 mm NMR tubes. 

Family Species Individuals (n) Range (km) Locality

Microcionidae Clathria (Thalysias) reinwardti 4 30.1 Australia
Clathria (Thalysias) vulpina 5 1 454.3 Australia

Mycalidae Mycale (Aegogropila) pectinicola 6 125.5 Australia
Mycale (Arenochalina) mirabilis 6 1 791.4 Australia
Mycale (Oxymycale) acerata 2 0.0 Antarctica

Raspailiidae Echinodictyum cancellatum 5 733.4 Australia
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3.2.3 1H-13C HSQC NMR spectroscopy 

Spectra were acquired on a 800 MHz NMR spectrometer (Bruker Advance III HDX) 

equipped with a 5mm triple resonance CryoProbe (CPTCI) at 298 K. DMSO-d6 was used 

for field frequency locking and chemical shift reference. 1H experiments were acquired 

using a zg30 pulse sequence with 8 scans and a spectroscopic range of δH -0.520 to 

15.504. Edited 1H-13C HSQC spectra were acquired using a hsqcedetgsisp2.2 pulse 

sequence with 8 scans over 128 experiments and a spectroscopic range of δH -0.520 to 

15.504 and δC -2.951 to 162.633. All spectra were acquired with 1H 90deg pulse =           

7.3 μs, determined from a representative set of samples, an interscan relaxation delay =     

0.8 s, and were Fourier transformed. 

Processing was completed in MestReNova Ver 10.0.1 (Mestrelab Research S.L.) 

and all spectra were manually phased and referenced to DMSO-d6 (δH 2.50 and δC 

39.51). Apodisation was applied to HSQC spectra using a sine square function of 90° in 

both dimensions and a Gaussian function of 10 Hz in 1H and 100 Hz in 13C dimensions. 

Zero filling and linear prediction was applied in both dimensions, the 1H dimension was 

filled from 512 to 1024 data points and the 13C dimension filled from 64 to 512 data points. 

All spectra were automatic baseline corrected (Whittaker Smoother). 

The concentrations of low abundance components were estimated using the 

residual solvent resonance in the 1H spectrum.[43] This was used to infer the detection 

limit of signals recovered in the HSQC spectrum. A representative HSQC spectrum was 

annotated with chemical moieties to determine the spectroscopic regions of interest for 

analysis. Regions of the spectrum that were determined to relate to non-distinct 

functional groups and likely associated with compounds of primary metabolism were 

excluded from analysis. This resulted in the exclusion of all signals upfield of δH 3.00 and 

δC 45.0 mostly dominated by aliphatic methylenes and methyls, the region between δH 

3.00 – 3.30 and δC 47.5 – 57.5 attributed to amino methines and methoxys, and the 

region between δH 3.20 – 3.60 and δC 60.0 – 80.0 associated with primary and secondary 

alcohols typically observed in saccharides. Additionally, signals occurring between δH 

0.00 – 1.00 and δC 28.0 – 35.0, indicative of equatorial methyls, were included in the 

analysis. 

Signals were manually picked and a 2D peak lists comprised of the co-ordinate 1H-
13C chemical shifts were exported to Microsoft Excel and manually aligned with a 

threshold of δH 0.05 and δC 0.5. The use of a phase sensitive HSQC experiment allowed 

differentiation of peaks that correspond to methylenes (even number of protons) and 

those that correspond to methyls and methines (odd number of protons). Accordingly, 

peaks were further annotated with the number of protons that they were associated with. 
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3.2.4 Principal components analysis (PCA) of HSQC NMR 

Once peaks were aligned, a presence-absence matrix consisting of 28 individual 

samples represented as rows and 374 H-C co-ordinate signals represented as columns 

was generated. The presence of a signal is indicated by a ‘1’ and the absence indicated 

by a ‘0’. From this presence-absence matrix a principal components analysis (PCA) was 

completed in OriginPro b9.3.2.303 (OriginLab Corporation) with a total of five principal 

components extracted. The average HSQC co-ordinate similarity for each species was 

calculated as the percentage of 1H-13C HSQC signals shared pairwise. The coefficients 

of the first two principal components were used to determine which H-C signals have the 

highest contribution to the components. Distinguishing signals of each family were 

defined as the signals that have a high contribution to the relevant component and are 

exclusively detected in that family. The chemical moieties of these signals were 

determined by comparing chemical shifts to published NMR spectroscopic tables[44] and 

by searching the 2D HSQC NMR data contained in the Human Metabolome Database 

(HMDB).[45-47] The literature was consulted for compounds previously reported from the 

studied species and other members of the three families. For these structures the 

chemical shifts reported in the literature and chemical shifts of predicted HSQC spectra 

(using MestReNova) were compared with the characteristic H-C signals to identify 

putative structures associated with the signals. 

 

3.2.5 Liquid chromatography with tandem mass spectrometry (LC-MS/MS) 

Samples were analysed using an Agilent 1290 Infinity LC system coupled with an 

Agilent 6530 Accurate-Mass quadrupole time of flight (Q-ToF) liquid chromatography 

mass spectrometer (LC-MS). A sample volume of 20 μL of 2.5 mg/mL extract dissolved 

in MeOH was injected onto a Phenomenex Kinetex C18 column (5 μm, 100 Å, 100 mm x 

4.6 mm) coupled to a C18 guard cartridge and eluted using MeOH and water (H2O) 

prepared with 0.1% formic acid at a flow rate of 1.0 mL/min. Elution was carried out 

isocratically for 1 min at 5% MeOH, followed by a gradient from 5-100% MeOH over 14 

min, and a 3 min isocratic hold at 100% MeOH. The column was re-equilibrated with a 

gradient from 100-5% MeOH over 1 min, and a 1 min isocratic hold at 5% MeOH. MS 

data were acquired in positive mode using electrospray ionisation (ESI) with Q-ToF 

tandem MS (MS/MS) enabled under the following acquisition parameters: mass range 

100 – 1700 m/z, MS scan rate 3 /s, MS/MS scan rate 2 /s, fixed collision energies 10, 

20, 40 eV, source gas temperature 300 °C, gas flow 10 L/min, nebulizer 35 psig, and 

scan source parameters: VCap 3500, fragmentor 130, skimmer1 65, octopoleRFPeak 
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750. The MS was auto-tuned using Agilent tuning solution in positive mode before 

acquisition. 

 

3.2.6 Molecular networking and principal coordinate analysis (PCoA) of LC-MS/MS 

Base peak chromatograms were inspected in MassHunter (Agilent Technologies) 

Qualitative Analysis B.04.00 software. LC-MS/MS data were converted from MassHunter 

data files (.d) to an open source file type (.mzXML) using MSConvert 

(http://proteowizard.sourceforge.net/tools.shtml). A molecular network was generated 

using the GNPS Molecular Networking online workflow (https://gnps.ucsd.edu).[48] 

Default parameters were used and data were clustered using MSCluster to generate 

consensus spectra with a parent ion mass tolerance of 2.0 Da and a MS/MS fragment 

ion tolerance of 0.5 Da. The molecular network was generated with the following default 

parameters: minimum pairs cosine score of 0.7, minimum matched fragment ions of 6, 

network TopK of 10, minimum cluster size of 2 and maximum connected component size 

set to 100. 

Spectra were searched against GNPS’ spectroscopic libraries and hits required a 

cosine score above 0.7 and at least six matched peaks between the query and library 

spectra. Cosine similarity scores range from 0 to 1, where a cosine score of 1 indicates 

spectra are identical. The resulting molecular network was exported and visualised in 

Cytoscape Ver 3.3.0[49] where each node represents a consensus spectrum for an 

individual parent ion, and each edge connecting two nodes represents a pairwise 

alignment of fragmentation spectra with a cosine above 0.7 and at least six matched 

peaks. Molecular ions detected in solvent injections were subtracted from sample 

spectra to account for background noise. The molecular network was annotated with 

library hits that exhibited a mass difference of 0.1 Da or less between query and library 

spectra. Nodes were coloured by the proportion of spectra in each of the three sponge 

families and the distribution of parent ions among the three families was determined. The 

principal coordinates analysis (PCoA) plot was generated using GNPS molecular 

networking analysis for comparison to the principal components analysis generated from 

NMR spectroscopic profiles. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Optimisation of sample preparation 

Initially a test set of samples was used to evaluate a solid phase extraction (SPE) 

protocol for the cleaning of extracts (see supplemental methods in Appendix III). Briefly, 

a preconditioned SPE cartridge packed with 1 g of C18 was loaded with extract, washed 

with H2O and then eluted with MeOH. The MeOH eluent was prepared for analysis using 

NMR. The SPE protocol was designed to first wash salt and highly polar molecules, likely 

to be associated with primary metabolism like amino acids and nucleosides, from the 

sample and retain lipophilic molecules on the cartridge. The SPE protocol resulted in a 

high loss of material with an average loss of 87.3 % of the original extract mass (Table 

S3.2, Appendix III). Comparison between the HSQC spectra of SPE cleaned and 

uncleaned extracts showed sample complexity was decreased after cleaning (Figure 

3.3). 

 
Figure 3.3: HSQC spectra comparing uncleaned (top spectra) and SPE cleaned (bottom spectra) 
for two samples. A) uncleaned sample G333401. B) SPE cleaned sample G333401. C) 
uncleaned sample G333406 D) SPE cleaned sample G333406. Areas displaying a signal 
reduction were highlighted in orange, and areas resulting in signal enhancement were highlighted 
in green. 
 

After cleaning some areas resulted in a reduction of signals (orange boxes in 

Figure 3.3) and other areas resulted in signal enhancement (green boxes in Figure 3.3). 

Regions that include bicyclic bridgehead protons, olefinic signals, and oxygenated 

methines (e.g. ethers and esters) were all enhanced. Signal reduction was observed for 
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many regions that relate to primary metabolites such as amino methines and methylenes 

observed in amino acids, and anomeric carbons of saccharides. However, this is 

accompanied by the unsatisfactory reduction of signals in regions pertaining to aromatic 

and heteroaromatic moieties. The undesirable removal of signals from the aromatic and 

heteroaromatic region outweighs the benefit of reduction of signals associated with 

primary metabolites. Additionally, there was a large loss in extract material following SPE 

clean-up. It was decided due to the loss of material together with the reduction in 

aromatic and heteroaromatic signals that further analysis would be completed on 

unprocessed crude extracts. 

 

3.3.2 Optimisation of 1H-13C HSQC experimental parameters 

The 1H-13C HSQC experiment, together with the heteronuclear multiple coherence 

(HMQC) and heteronuclear correlation (HETCOR) experiments all correlate 1H and 13C 

resonances. Both HSQC and HMQC are 1H-detected experiments and are more 

sensitive when compared to the 13C-detected HETCOR experiment.[50] The HSQC 

experiment provides better 13C resolution and signal-to-noise compared to the HMQC 

experiment that involves multiple coherence transfers resulting in correlations with 

multiplet structures in both f1 and f2 dimensions.[51] One consideration when utilising the 

HSQC experiment is that the magnitude of the correlation is proportional to the 1H-13C 

coupling (1JCH).[50] Typically delays are based on a 1JCH = 140 Hz and if the 1JCH of a spin 

pair differs significantly from this, it can result in weak or completely absent 

correlations.[50] When applying this experiment to a crude mixture there is no ideal value 

that will encapsulate all encountered signals. It should be noted that some signals, 

especially sp3 hybridised methines of ketals or heteroaromatics (both of which have 1JCH 

values greater than 170 Hz[44]), may show weaker correlations or may not be detected at 

all. When analysing mixtures of compounds there will always be compromises when 

selecting experimental parameters. 

Acquisition parameters can be optimised to obtain the best possible spectra in the 

shortest possible acquisition time (e.g. see[51]). Two suggested parameters to adjust are 

the relaxation time and the relaxation delay.[51] Ideal relaxation times are dependent on 

the compound classes examined. As this experiment was applied to crude extracts 

containing a variety of chemical structures it was chosen to retain the default value. The 

relaxation delay was shortened to increase the acquisition time resulting in improved 

resolution without increasing total experiment time.[51] In 1H-detected 2D experiments 

that involve decoupling it is advantageous to determine the accurate 1H 90deg pulse for 

each sample.[50] As the samples analysed were crude marine extracts the 1H 90deg pulse 
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was determined using a representative set of samples to account for the effect of sample 

salinity. 

Trial experiments were conducted in order to determine the ideal number of scans 

that maximises the signal-to-noise ratio while minimising acquisition time (Figure 3.4, 

see Appendix III supplemental methods). Increasing the number of scans improves the 

signal-to-noise ratio (e.g. Figure 3.4: A vs B and C vs D) but also inherently increases 

the acquisition time. Acquiring 4 scans results in a total experiment time of approximately 

7 mins per sample, compared to approximately 15 minutes for 8 scans, and 

approximately 30 minutes for 16 scans. 

 
Figure 3.4: Test spectra acquired with a crude extract (19.1 mg) in 200 µL of DMSO-d6 in a 3 mm 
tube acquired using 128 experiments on a 800 MHz magnet. For comparison spectra are 
normalised and scaled to the largest peak. The number of scans (ns) and probe type were varied. 
A) CryoProbe, ns = 4. B) CryoProbe, ns = 8. C) room temperature probe, ns = 8. D) room 
temperature probe, ns = 16. 

 

To estimate the concentration of low abundance chemical components several 

downfield peaks assumed to be representative of a single proton were selected (Figure 

3.5). The residual solvent resonance in the 1H spectrum was used to estimate the molar 

concentration[43] (Figure S3.1, Appendix III). By assuming a molecular weight of 300 

g/mole to approximate the mass of each component the percentage of the total extract 

was calculated. These estimated concentrations were used to infer the detection limit of 

the trial experiments (Table 3.2). 
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Figure 3.5: Downfield region of 1H-13C HSQC spectra of the test sample acquired with CryoProbe 
and 8 scans. Signals chosen for concentration estimation are labelled. 

 

Table 3.2: The presence of signals in the four test spectra, their estimated concentrations, and 
percentage of total extract. RT = room temperature probe, CP = CryoProbe, ns = number of 
scans, ✔ = signal detected, ~ = weak signal detected, and X = signal undetected. 

 
 

The trial experiments and estimated detection limits were used to determine the 

HSQC acquisition parameters. Acquiring 8 scans with 128 experiments on the 

CryoProbe enabled signals to be detected at a concentration as low as 10 μM in 

approximately 15 minutes per sample. This is comparable to the approximately 20 

minutes taken to acquire LC-MS/MS spectra. 

For the 28 samples used in this study the mass of the crude extracts resulting from 

the extraction of 300 mg of dried material varied. Extract masses ranged from 10.3 to 

44.4 mg with an average of 19.7 mg. This equates to extract yields ranging from 34.3 – 
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148 mg/g sponge biomass (dry weight) comparable to those reported in the literature 

(e.g. 55 mg/g sponge biomass from Mycale sp.[52]). Typical natural product yields 

expressed as a percentage of pure compound to crude extract are less than 0.05%. For 

example, a yield of 0.015% has been reported for mycalamide A (8.5 μg/g of crude 

extract).[52] Applying a similar yield to these samples (0.015% of the average crude 

extract mass of 19.7 mg) would yield 3.04 μg/g of crude extract. Assuming a molecular 

weight of 300 g/mole this equates to a concentration of 50.6 μM in a 200 μL volume and 

is within the estimated detection ranges for the parameters chosen. 

 

3.3.3 Processing of 1H-13C HSQC NMR spectroscopy for the chemical profiling of crude 

extracts 

The spectroscopic regions associated with distinctive chemical moieties were first 

characterised so that 1H-13C HSQC NMR spectroscopic profiling could then be applied. 

A representative HSQC spectrum acquired of a crude extract was annotated with 

chemical moieties associated spectroscopic regions to determine the regions of interest 

for analysis (Figure 3.6). The two-dimensional spectrum was able to resolve some of the 

overcrowded regions typically observed in a 1D 1H-NMR spectrum (e.g. signals 

downfield of δH 3.00). However, some regions still exhibit overlapping correlations (e.g. 

those signals upfield of δH 3.00). The spectrum is able to distinguish and identify a variety 

of interesting chemical moieties. These include: both axial and equatorial methyls and 

bridgehead protons associated with multi-ring systems often found in steroid and 

terpenoid compounds: methyl groups attached to electron-withdrawing groups including 

methoxy, acetyl and N-methyl groups: protonated carbons attached to nitrogen such as 

amino methines and methylenes: protonated carbons attached to oxygen including 

ethers, esters, anomeric methines, and primary and secondary alcohols: olefinic and 

aromatic functional groups like endo- and exocyclic double bonds, and aromatic and 

heteroaromatic ring systems. 
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Figure 3.6: Representative 1H-13C edited HSQC spectrum where red correlations represent methines (CH) and methyls (CH3), and blue correlations 
represent methylenes (CH2). The spectrum is annotated with chemical shift regions associated with chemical moieties. The spectroscopic regions 
indicated in grey were excluded from analysis. 
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Spectroscopic regions indicated by grey boxes (Figure 3.6) relating to non-distinct 

functional groups (e.g. aliphatic signals) and primary metabolites were determined to be 

uninformative. Excluded regions included the upfield region (δH <3.00 and δC <45.0) that 

is associated with aliphatic methylenes and methyls. These signals are associated with 

molecules that contain long aliphatic chains and typically provide little discriminating 

power when comparing chemical extracts. Another small region (δH 3.00 – 3.30 and δC 

47.5 – 57.5) that is associated with amino methines often belonging to common amino 

acids were excluded. However, the exclusion of this region comes at a cost and will result 

in the unintentional exclusion of some signals associated with peptidic natural products. 

The last excluded region (δH 3.20 – 3.60 and δC 60.0 – 80.0) is associated with hydroxy 

groups displaying characteristic resonances associated with carbohydrates. Finally, 

signals in the region associated with equatorial methyls of ring systems (δH 0.00 – 1.00 

and δC 28.0 – 35.0) occurring in one of the exclusion zones were determined to be 

informative and were included in the analysis. 

 

3.3.4 HSQC spectroscopic similarity within taxa and over spatial scales 

After characterising the informative spectroscopic regions of the HSQC spectrum 

this method was applied to a total of 28 sponges specimens comprising six species from 

three sponge families (see Table 3.1). The number of H-C coordinate signals detected 

in each sample ranged from 52 to 99, with an average of 74.2. In total, 373 H-C signals 

were detected of which, 139 were only detected in a single sample and are referred to 

as unique signals. To analyse the chemical variation of HSQC signals, a matrix of the 

presence or absence of detected H-C spin pairs of all samples was generated and 

analysed using a principal component analysis (PCA). PCA is a statistical technique that 

is able to characterise and visualise the variation within a dataset comprised of many 

possibly intercorrelated variables. This is achieved by reducing a larger number of 

variables (in this case H-C signals) into a smaller number of principal components that 

account for variation in the data. This enables the variation across samples to be 

visualised in multi-dimensional space through plotting principal components in a scores 

plot. Five principal components were extracted and accounted for a cumulative total of 

41.04 % of the variation in the samples. The first principal component (PC1) accounted 

for 10.99 % and the second principal component (PC2) explained 10.52 %. This variation 

was visualised by plotting samples in a score plot of PC1 against PC2 (Figure 3.7). The 

proximity of samples is representative of HSQC spectroscopic similarity with closer 

samples indicating higher similarity. 
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Figure 3.7: Score plot of principal component 1 (PC1) versus principal component 2 (PC2) 
resulting from principal components analysis (PCA). PCA was conducted on the presence and 
absence of 1H-13C signals from HSQC NMR spectroscopic profiles of methanol extracts from six 
sponge species. Each circle represents an individual sponge and are coloured by species. 
Sponge species are from three sponge families including Microcionidae (Clathria (Thalysias) 
reinwardti and Clathria (Thalysias) vulpina), Mycalidae (Mycale (Arenochalina) mirabilis, Mycale 
(Aegogropila) pectinicola and Mycale (Oxymycale) acerata) and Raspailiidae (Echinodictyum 
cancellatum). The outlying M. acerata sample is indicated by an asterisks. 

 

Based on visual inspection of the score plot both family-level and species-level 

clustering is observed. Samples from the family Raspailiidae comprising a single species 

(Echinodictyum cancellatum) are clustered together on the positive side of PC1 and 

negative side of PC2. Samples from the family Microcionidae (Clathria (Thalysias) 

reinwardti and Clathria (Thalysias) vulpina) are central in the score plot associated with 

a zero value on PC1 and small negative values on PC2. Samples from the family 

Mycalidae however, occur in two groups. Pacific Ocean samples of the two species 

Mycale (Aegogropila) pectinicola and Mycale (Arenochalina) mirabilis are on the 

negative side of PC1, and the positive side of PC2. In contrast, samples collected from 

Antarctica of the species Mycale (Oxymycale) acerata are located away from other 

Mycalid samples located on the positive side of both PC1 and PC2. 

  

*
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The proximity of the three families also reflects the current taxonomic classification. 

In the score plot (Figure 3.7) it is evident that the samples of the families Mycalidae and 

Microcionidae share higher HSQC similarity to each other than either do to the 

Raspailiidae samples, and this supports the recent transfer of Raspailiidae into the order 

Axinellida.[20] Despite the lack of a clear-cut distinction, species-level clustering can be 

observed in both the families Microcionidae and Mycalidae. As hypothesised, samples 

belonging to the same species are located in a close proximity to the other samples of 

the same species with the exception of the species M. acerata. 

The two samples of the species M. acerata, despite sharing the same collection 

location and ~79 % of 1H-13C signals (see Table 3.3), display considerable HSQC 

spectroscopic dissimilarity indicated by their distant positions in the score plot. Upon 

closer inspection the outlying sample (indicated by an asterisk in Figure 3.7) has the 

highest number of unique signals of any sample. This sample possesses 23 unique 

signals that are absent from the other M. acerata sample (Figure S3.2, Appendix III). 

Using the PC1 and PC2 coefficients it was determined that the unique signals are 

responsible for the position of this sample in the PCA. These signals occur in regions of 

the HSQC spectrum associated with protonated carbons attached to electron-negative 

atoms like nitrogen and oxygen. This highlights the potential use of this approach for 

sample prioritisation in discovery ventures. This can be applied to rapidly identify 

samples that display different HSQC spectroscopic profiles and high numbers of unique 

signals. 

M. acerata is known to be a fast-growing and space-dominating species that is 

subjected to specialist predators acting to both control population and maintain a high 

level of community diversity in this species.[53] The observed intraspecific diversity could 

also be associated with a diversity of secondary metabolites, especially if some of these 

are employed as defensive strategies. Alternatively, the heterogeneity of the HSQC 

spectroscopic profiles could be related to the heterogeneity of defence molecules in 

sponge tissues. Antarctic sponges have been documented to accumulate anti-predation 

molecules in exterior tissues allowing them to be more effective.[53] If the two M. acerata 

sponge samples were sampled from different sponge parts this could produce 

heterogeneity in the associated HSQC spectroscopic profiles. Realistically, only two 

individuals from this species were sampled, so it is uncertain whether the observed 

HSQC spectroscopic heterogeneity is representative of the species or is an artefact of 

sampling and chemical extraction. 
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The spectroscopic differences detected between the Pacific and Antarctic 

Mycalidae species may also be attributed to the sampling location. Sponges from polar 

marine environments are exposed to different environmental pressures, compared to 

their temperate and tropical counterparts, such as extreme low temperatures and low 

nutrient-resource conditions. It is possible that these conditions led to the development 

of different chemical response strategies and metabolic investment in relevant 

secondary metabolites. It is a challenge for Antarctic sponges, as abundant filter-feeders, 

to acquire enough sustenance during times of food-scarcity.[53] Polar marine sponges 

have been shown to produce considerable amounts of lipids that are thought to provide 

energy sources in this low-energy environment. When comparing the yolk composition 

of sponge embryos the yolk of the Antarctic M. acerata was comprised entirely of lipids 

whereas the Caribbean Mycale (Mycale) laevis yolk was comprised of 30% lipids 

together with proteins and glycogen.[54] Lipids have been previously reported from 

Antarctic Mycale species and the only natural product reported from the species M. 

acerata is mycalol (5), a novel polyoxygenated monoalkyl glyceryl ether that displays 

cytotoxic properties (see Chapter 2).[27] 

The average HSQC spectroscopic similarity between individuals of the same taxa 

(within taxa) and the average similarity to individuals of all other taxa (between taxa) for 

all species and families was calculated (Table 3.3, Figure 3.8). As hypothesised, 

calculated average HSQC spectroscopic similarity (%) for all species and families was 

higher within taxa than between taxa (Table 3.3). Individuals of the same species were 

collected from geographic scales ranging from 0 km to approximately 1800 km and 

displayed an average within species HSQC spectroscopic similarity of 79 % or greater. 

Individuals of the same family were collected from geographic scales ranging from 

approximately 730 to 4150 km and displayed an average within family HSQC 

spectroscopic similarity of 82 % or greater. Overall the family Raspailiidae showed the 

lowest between taxa HSQC similarity (75%). Again, this provided chemical evidence in 

support of the taxonomic distinction of this family from the families Mycalidae and 

Microcionidae.[20] 
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Table 3.3: Average percent 1H-13C HSQC spectroscopic similarity within and between taxa. Average 
spectroscopic similarity within taxa was calculated as the average percentage of proton-carbon (H-
C) co-ordinate signals shared pairwise between all individuals of the same taxa (species or family). 
Average spectroscopic similarity between taxa was calculated pairwise between all individuals of the 
same taxa and all other analysed samples. Percent similarities are presented with the associated 
standard error. The geographic range in kilometres over which individuals were collected was 
calculated as the largest distance between samples. 

 
 

 
Figure 3.8: Bar chart visualising the average percent 1H-13C HSQC spectroscopic similarity for 
each species. Values at the top of bars represent the average spectroscopic similarity (%), error 
bars represent standard error, values inside bars represent the number of specimens (n), and the 
geographic range (km) of sample collection. Average spectroscopic similarity calculated as the 
average percentage of proton-carbon (H-C) co-ordinate signals shared pairwise between 
specimens of the same species. Geographic sampling range was calculated as the largest 
distance between specimens of the same species. 

Within taxa Between taxa

Species
Clathria (Thalysias) reinwardti 86.4 ± 1.2 78.3 ± 8.0 30.1

Clathria (Thalysias) vulpina 85.4 ± 1.1 78.9 ± 0.4 1545.3

Mycale (Aegogropila) pectinicola 87.0 ± 1.0 78.8 ± 0.3 125.5

Mycale (Arenochalina) mirabilis 79.2 ± 0.6 75.8 ± 0.4 1791.4

Mycale (Oxymycale) acerata 79.1 74.5 ± 0.7 0.0

Echinodictyum cancellatum 82.0 ± 0.9 75.0 ± 0.4 733.4

Family
Microcionidae 84.2 ± 0.7 77.6 ± 5.9 1785.4

Mycalidae 83.0 ± 0.9 76.2 ± 0.3 4151.2

Raspailiidae 82.0 ± 0.9 75.0 ± 0.4 733.4
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The two M. acerata specimens were collected from the same location in Antarctica 

(sampling range of 0.0 km) and display an average similarity of 79.1 %. Interestingly, the 

individuals collected over the largest distance (M. mirabilis) of 1791 km displayed a 

comparable average similarity (79.2 %). The final Mycalid species, M. pectinicola, 

showed the highest average similarity of 87.0 % and was collected over a distance of 

125 km. Microcionid species, C. reiwardti and C. vulpina, were collected over distances 

of approximately 30 km and 1500 km respectively. However, both showed comparable 

average similarity of approximately 85 % regardless of geographic range. The species 

E. cancellatum (family Raspailiidae) was collected over a distance of approximately 700 

km displaying an average similarity of 82 %. 

The six species, collected over a geographic range of approximately 1500 km, 

displayed chemical consistency in HSQC spectroscopic profiles. Spatial variability in 

chemical diversity has been investigated for several sponge species where most studies 

found considerable variability in the compound concentrations throughout various spatial 

scales.[39-41] In most cases, variability is documented in the relative abundance of 

compounds; with the majority of those investigated consistently present in all individuals 

of the same species at all geographic scales (e.g. [41]). However, variability in the 

presence of some compounds has been characterised.[39-40] This has specifically been 

documented in the genus Mycale.[39] Individuals of the family Mycalidae showed overall 

lower levels of spectroscopic similarity within species compared to the species of the 

other two families. Variability in the presence of compounds would be detected as the 

presence (or absence) of related signals in the HSQC spectroscopic profiles. In turn, 

high chemical variability will be reflected by lower calculated average HSQC 

spectroscopic similarity and relaxed clustering of samples in the score plot. Some of the 

lower average similarity values exhibited by M. mirabilis and M. acerata might be 

explained by higher intraspecific variation of associated chemical constituents. 

Both Clathria species displayed average spectroscopic similarity greater than 85 

% and were sampled from a distance of approximately 30 km to 1500 km. Clathria 

species have previously been shown to exhibit low intraspecific chemical variation over 

large geographic scales.[4] Additionally, variations in the average spectroscopic similarity 

within species could also be affected by incorrect taxonomic identification. In studies that 

attempt to characterise intraspecific chemical variation accurate taxonomic identification 

of collected specimens is integral.[55-56] Incorrect identification can introduce interspecific 

variation and would result in lowering average spectroscopic similarity values. 
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3.3.5 Identification of distinguishing H-C signals and associated chemical moieties 

The distinguishing H-C signals for each family were determined by their 

contribution to the relevant principal components and the exclusivity of each signal to the 

family. A larger absolute principal component coefficient indicates that the signal is more 

important for calculating the component, and a positive or negative value indicates the 

direction on the component that the H-C signal contributes. First, the coefficients were 

used to select a list of candidate H-C signals. Signals with a high contribution in the 

negative direction for PC1 and a high contribution in the positive direction for PC2 were 

indicative of the family Mycalidae. In contrast, those with a high contribution in the 

positive direction of PC1 and in the negative direction of PC2 were indicative of the family 

Raspailiidae. Samples in the family Microcionidae were located in the centre of the two 

components and therefore samples with a low contribution (e.g. approximately 0) in both 

components were selected. From these signals the distinguishing signals were 

determined to be those that had a restricted presence in each family. This resulted in the 

identification of eight signals for the family Microcionidae, two signals for the family 

Mycalidae, nine signals for the family Raspailiidae and a single signal that was indicative 

of both family Microcionidae and Raspailiidae collectively (Table 3.4, Figure 3.9). 
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Table 3.4: 1H-13C co-ordinate signals that distinguish each family including the PC1 and PC2 coefficients, 1H and 13C chemical shifts (ppm), the number 
of protons (CHx), and chemical moiety associated with each signal. Odd = CH or CH3 groups, even = CH2 groups, N = nitrogen, and O = oxygen. 

 

PC1 PC2 1H (ppm) 13C (ppm)

Mi-01 0.007 -0.074 3.56 31.5 Even N-methylene
Mi-02 -0.017 0.000 3.61 41.8 Even N-methylene
Mi-03 -0.036 0.009 3.63 41.1 Even N-methylene
Mi-04 -0.025 -0.018 3.71 72.3 Odd O-methine (e.g. hydoxy or ether)
Mi-05 -0.007 -0.044 3.76 33.1 Odd N-methyl (e.g. on heterocycle)
Mi-06 -0.020 -0.004 5.21 62.2 Odd N-methine-N
Mi-07 0.025 -0.086 7.51 120.0 Odd aromatic system (e.g. meta- to electron withdrawing substituent)
Mi-08 -0.062 0.027 8.02 160.5 Odd heteroaromatic system (e.g. alpha to heteroatom)

My-01 -0.101 0.066 3.85 87.7 Odd O-methine (e.g. C4' of ribose)
My-02 -0.095 0.072 4.37 70.5 Odd hydroxy methine (e.g. saccharide)

Ra-01 0.05056 -0.0991 1.51 52.1 Odd polycycle bridge head proton
Ra-02 0.055 -0.104 3.27 58.0 Odd methoxy
Ra-03 0.060 -0.122 3.33 56.5 Odd methoxy
Ra-04 0.060 -0.122 3.65 57.8 Even N-methylene
Ra-05 0.051 -0.099 3.67 55.4 Even N-methylene
Ra-06 0.060 -0.122 3.81 74.2 Odd hydroxy methine (e.g. saccharide)
Ra-07 0.113 -0.073 4.42 47.9 Odd N-methine
Ra-08 0.041 -0.107 7.24 137.3 Odd sp2 hybridised methine in aromatic or heteroaromatic (e.g. imidazole)
Ra-09 0.038 -0.102 8.81 143.9 Odd sp2 hybridised methine in heterocycle (e.g. imidazole, thiazole)

RM-01 0.035 -0.100 9.15 135.0 Odd sp2 hybridised methine in heterocycle (e.g. imidazole, thiazole)

Raspailiidae

Raspailiidae & Microcionidae

Family & Signal ID
Chemical Shift

CHx Chemical moiety
Coefficient

Microcionidae

Mycalidae
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Figure 3.9: Overlay of representative HSQC from each family highlighting the distinguishing 

chemical signals labelled by signal ID. A) representative spectra for Microcionidae highlighting 

nine distinguishing signals. B) representative spectra for Mycalidae highlighting two 

distinguishing signals. C) representative spectra for Raspailiidae highlighting ten distinguishing 

signals. 

 

The chemical moiety associated with each signal was determined by comparison 

of the detected chemical shifts to those in the literature.
[44-47]

 All three families contain 

signals with downfield chemical shifts associated with a low electron density due to 

proximity to an electron-withdrawing atom such as oxygen and nitrogen (Table 3.4). 
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Additionally, all three families also display signals characteristic of aromatic and 

heteroaromatic methines. The family Raspailiidae also contains distinguishing signals 

indicative of methoxy groups and the bridge head proton of a polycyclic ring system. The 

literature was consulted for chemical structures previously reported from investigated 

species and other species belonging to the investigated families that contain chemical 

moieties indicated by the distinguishing signals. The detected chemical shifts were 

compared with the chemical shifts reported in the literature, and the chemical shifts 

predicted from simulated HSQC spectra (using MestReNova). Structures that contain 

chemical shifts similar to distinguishing signals are presented (Figure 3.10). 

 
 
Figure 3.10: Chemical structures previously reported from the families Microcionidae, Mycalidae, 

and Raspailiidae. All chemical shifts shown are values reported in the literature. Chemical shifts 

similar to the diagnostic signals are highlighted in green and labelled with signal ID. Signals 

labelled with # (blue) indicate additional signals that were detected in the experimental HSQC 

spectra. Signals labelled with * (red) indicate chemical shifts distinctive of these chemical 

structures but were not detected in experimental HSQC spectra. 
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The chemical shift values presented in Figure 3.10 are those reported in the 

literature for each respective compound, which many have been obtained using 

deuterated solvents other than DMSO-d6. As a result, the reported chemical shift can 

vary outside the limit of resolution of the HSQC experiment and limit the ability to provide 

a structural match. Compounds 2 and 3 (Figure 3.10) were identified to contain chemical 

moieties for several signals distinguishing the family Microcionidae. Both Mi-02 and Mi-

03 (Table 3.4) are indicative of N-methylenes and display similar chemical shifts to the 

methylene alpha to the amine in the tricyclic spirooxaquinolizidinone portion of 2. Mi-04 

is indicative of a O-methine and displays similar chemical shifts to those predicted for a 

methine alpha to the ether in both polycyclic portions of 2. The chemical shifts associated 

with Mi-01 indicate an N-methylene and signal Mi-06 is indicative of a N-methine. Similar 

chemical shifts are observed in the tricyclic guadinine alkaloid, clathriadic acid (3). The 

two distinguishing signals for the family Mycalidae are indicative of oxygenated methines 

that could be similar to those in the 2’ and 3’ position of the sugar moiety in mycalisine A 

(4). Signal My-01 shows similarity to the predicted chemical shift of the methoxylated C3’ 

methine in 4 and signal My-02 shows similarity to the hydroxylated C2’ methine. 

The Raspailiid compounds asmarine A (7), (+)-echinobetaine B (6), and raspailol 

(9) display chemical shifts that show similarity to several of the Raspailiidae 

distinguishing signals (Figure 3.10). The signal Ra-01 with an upfield proton chemical 

shift correlating with a downfield carbon chemical shift is characteristic of a bridge head 

methine found in a bicyclic ring system and shares similarity to the chemical shifts 

observed in the bicyclic portion of 7. The heteroaromatic signal Ra-09 is indicative of a 

methine π bonded to one nitrogen and sp
2
 hybridised with a second in an aromatic ring 

system. Two signals that exhibit similar chemical shifts are present in the purine portion 

of the heteroaromatic moiety of 7 (indicated in Figure 3.10). Signals Ra-02 and Ra-03 

are indicative of methoxygenated methines such as the one occurring in 6. Finally, Ra-

06 is indicative of a methine directly attached to oxygen. Comparable chemical shifts are 

observed for two methines in the oxane ring portion of 9. Although further experimental 

evidence is required for the definitive confirmation of structural matches, this information 

provides insight into the potential chemical moieties associated with these distinguishing 

signals that have previously been reported from sponge sources.  

 

3.3.6 LC-MS/MS chemical profiling and molecular networking 

LC-MS/MS data were acquired for extracts from the same 28 sponge samples 

using reversed phase LC and QToF mass detection. Samples were analysed using a 

14-minute gradient of 5%-100% MeOH on a C18 column and tandem MS acquired with 
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positive mode ESI. This acquired data were used to generate a molecular network using 

the Global Natural Product Social (GNPS) molecular networking online platform.
[48]

 This 

platform analyses LC-MS/MS data to construct a molecular network from the detected 

molecular ions and fragmentation patterns. Patterns in fragmentation spectra are used 

to identify molecular ions by comparison to a database of fragmentation spectra of known 

compounds, and to draw relationships between analogous molecular ions by similarities 

in fragmentation patterns. In the constructed network, nodes represent a precursor ion, 

which can be considered as a compound, and lines between nodes represent a 

relationship between fragmentation spectra. Groups of interconnected nodes are 

considered as clusters of chemical analogues. The resulting network produced a total of 

1715 precursor ions (represented as nodes) of which, 699 were included in networks 

with two or more nodes. Each node is coloured proportionately to the presence in each 

of the three families (Figure 3.11). Fragmentation spectra of parent ions were searched 

against chemical databases available through GNPS. The library matches resulted in the 

identification of a total of 23 chemical structures that correspond to an annotation rate of 

1.6 % (Figure 3.11). 

A portion of the network is comprised of molecular ions that are detected in 

samples from all three families. It is probable that these molecular ions represent 

compounds that are associated with common metabolism and/or cellular components of 

sponges or are the products of related sponge secondary metabolism. The nodes of the 

network are dominated by molecular ions detected in samples from the families 

Microcionidae and Mycalidae. Seemingly family-specific clusters of interconnected 

nodes, indicating analogous molecular ions, are present for both families. These clusters 

remain unannotated and pose interest for chemical isolation and structural identification. 

There are a lower number of observed nodes from samples of the family Raspailiidae of 

which the majority of precursor ions consist of single nodes. This indicates that a lower 

abundance of precursor ions are detected in samples from this family, and that detected 

ions are comprised of unrelated structures evidenced by the lack of edges between 

nodes. However, this could also be an artefact of the number of species and samples 

investigated of each family (see Table 3.1). The family Raspailiidae is represented by 

samples (n = 5) of a single species in contrast to two species representing the family 

Microcionidae (n = 9) and three species representing Mycalidae (n = 14). 

The majority of the chemical compounds associated with GNPS library matches 

are widely distributed and well characterised molecules. These include several 

dipeptides and other amino acid analogues that are members of the largest cluster in the 

network, and were detected in all three families (Figure 3.11). The HSQC spectroscopic 

profiling method was developed to avoid these types of signals through the exclusion of 
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regions in the spectrum. Other library matches comprising well-known molecules include 

phenyl derivatives, sphingosines, triacylglycerols, lyso platelet activation factor, sterols 

and nucleosides. These matches are found to be present in smaller sized clusters and 

single node networks and show distribution among all three families. However, the 

majority of database matches are associated with Mycalid sponges. Benzoalkonium 

chloride is one of the only Raspilid-specific matches and is present in a network mostly 

restricted to Raspailiidae sponges. Mycalamide A was identified in a Mycalid-specific 

cluster and is the only library match to a typical natural product. 
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Figure 3.11: (previous page) Annotated molecular network constructed from LC-MS/MS data 

using the Global Natural Product Social (GNPS) molecular networking platform. The network was 

constructed from a total of 28 samples that are comprised of six species collectively from the 

families Microcionidae, Mycalidae, and Raspailiidae. Nodes representing precursor ions are 

labelled with precursor ion mass and coloured by the proportion of samples in each family. Lines 
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connecting nodes represent similarity between precursors ions determined by similarity in 

fragmentation spectra. Chemical structures from database identifications are annotated onto 

respective nodes. 

 

The GNPS platform provides the ability to generate a principal co-ordinates 

analysis (PCoA) from the LC-MS data (Figure 3.12) implemented through EMPeror.
[57]

 

Similar to a PCA the PCoA enables the visualisation of the variation between samples in 

multidimensional space. In contrast, a PCoA is based on a similarity matrix calculated 

from a distance metric. Here, the first PCoA axis explains 13.98 % and the second 10.84 

%. The PCoA also presents similar family-level clustering of the three families, and 

species-level distinction for samples in the family Microcionidae. Despite the higher 

similarity displayed between samples of the family Mycalidae, the PCoA was unable to 

resolve the distinction between Antarctic and Pacific samples. 

 
Figure 3.12: Principal co-ordinates analysis (PCoA) plot produced from the GNPS molecular 

network analysis of LC-MS/MS data generated from methanol extracts of six sponges species. 

Each circle represents an individual sponge (n = 28) and are coloured by species. Sponge species 

are from three sponge families including Microcionidae (Clathria (Thalysias) reinwardti and 

Clathria (Thalysias) vulpina), Mycalidae (Mycale (Arenochalina) mirabilis, Mycale (Aegogropila) 
pectinicola and Mycale (Oxymycale) acerata) and Raspailiidae (Echinodictyum cancellatum). 

 

 

 

PCoA axis 1 (variation explained = 13.98%)

P
C
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3.3.7 Comparing chemical variation using NMR and LC-MS/MS based methods 

Using the signals detected in HSQC NMR spectra a total of six tentative matches 

were proposed. To further verify these matches the molecular ions reported in the 

literature were extracted from the MS chromatograms. This was completed for five of the 

six proposed matches; raspailol B is detected using negative ionisation mode,
[36]

 which 

was not acquired in this analysis. The proposed match of 1 is supported by the presence 

of molecular ion m/z 523.3511 (Figure S3.3, Appendix III) restricted to Microcionidae 

samples (literature value: m/z [M+H]
+
 523.3538

[23]
). Mycalisine A (4) is supported by the 

detection of molecular ion m/z 288.1079 (Figure S3.4, Appendix III) consistent with a 

calculated m/z 288.1091. However, this molecular ion was only detected in a few 

Mycalidae samples and with low ion intensity. (+)-echinobetaine B (6) is supported by 

detection of the molecular ion m/z 185.0871 (Figure S3.5, Appendix III) observed only in 

Raspailiidae samples (literature value: m/z [M+H]
+
 185.0921

[32]
). However, both 3 and 7 

were unable to be verified by MS data. 

In the molecular network mycalamide A is detected as the sodiated adduct (m/z 

526.263) and matched the MS/MS library spectrum available on GNPS. This molecular 

ion was detected in one sample from the family Mycalidae. This match was further 

verified by the presence of 
1
H-

13
C signals in HSQC spectra (see Figure 3.6, Appendix III 

for EIC and 
1
H-

13
C signals). Several signals are observed in the range δH 3.70 – 4.30 

and δC 70.0 – 78.0 that are indicative of O-methines. In addition there are signals 

consistent with the present of methoxy moieties (~ δH 3.50, δC 50.0) and an exocyclic 

double bond (δH 4.73 + 4.83, δC 110.4). The combination of NMR and MS datasets are 

able to provide further support for the proposed matches provided by each detection 

method independently. 

1
H-

13
C HSQC NMR spectroscopic profiling and LC-MS/MS molecular networking 

approaches were compared in their ability to characterise the chemical variation of 

sponge samples. The approaches were discussed in terms of their ability to: 

comprehensively detect the metabolome in an unbiased way, detect chemical 

differences and similarities between profiles; and characterise chemical moieties and 

identify known compounds. The distribution of detected H-C co-ordinate signals and 

molecular ions across the three families were compared (Figures 3.13 and 3.14). These 

figures present the H-C signals or molecular ions as both the absolute number of 

detected signals/ions, and the percentage of the total number of detected signals/ions 

that they represent. 
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Figure 3.13: Distribution of H-C co-ordinate signals detected in HSQC spectra among the three 

sponge families, Microcionidae (n = 9), Mycalidae (n = 14), and Raspailiidae (n = 5) reported as 

the absolute number of signals and the percentage of the total number of signals (373 signals) 

detected across all samples. 

 

 
Figure 3.14: Parent ion distribution among the three sponges families, Microcionidae (n = 9), 

Mycalidae (n = 14) and Raspailiidae (n = 5) reported as the absolute number of ions and the 

percentage of the total number of ions (1715) detected across all samples. 
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In terms of the total number of signals detected in each family, the family Mycalidae 

possessed the highest proportion of detected signals. Of all the signals detected in this 

study a total of 73.5% of H-C signals, and 72.2% of molecular ions were detected in this 

family. Microcionidae shared the next highest abundance of signals, with 47.9% of H-C 

signals, and 49.0% of molecular ions detected. Despite both HSQC and MS showing 

comparable detection of these two families that wasn’t the case with the family 

Raspailiidae. In total 42.8 % of H-C signals were detected in samples from this family 

compared to 25.9% of the total molecular ions. 

When comparing family-specific signals the family Mycalidae again displayed the 

highest proportion with 32.6 % of H-C signals and 40.1 % of molecular ions restricted to 

samples from this family. However, when comparing the other two families there were 

differences in the proportion of family-specific signals between the two detection 

methods. For the family Raspailiidae 13.1 % of H-C signals were family-specific 

compared with 5.4 % of molecular ions. In comparison, for the family Microcionidae 10.4 

% of H-C signals and 19.9 % of molecular ions were detected only in this family. The 

differential distribution among the families can be due to differences in compound 

abundance and chemical complexity of extracts associated with these families. 

Alternatively it could be attributed to the differential ability of each detection method to 

detect molecules. MS boasts higher sensitivity and is capable of detecting low 

abundance components and could explain the higher detection of signals in the family 

Microcionidae. However, MS is restricted to detect compounds that able to be ionised, 

and this could explain why a higher portion of signals were detected in the family 

Raspailiidae. Reiteratively, it could also be an artefact of the number of species and 

samples investigated. However, even if the number of signals are standardised by the 

number of investigated species or samples, the same pattern among the distribution of 

signals and ions persists. 

Applying multivariate statistics to the 
1
H-

13
C HSQC spectroscopic profiles enables 

the visualisation of chemical variability of investigated sponge samples in a PCA score 

plot. In a similar way the PCoA enabled the visualisation of the variation between LC-

MS/MS spectra. When prioritising samples for chemical investigations both the PCA 

score plot and the PCoA plot can be used to ensure the selection of samples that 

possess unique chemical profiles and in turn associated chemical constituents. Samples 

occurring in close-proximity in the PCA score plot share 
1
H-

13
C co-ordinate signals, and 

those that occur in close proximity in the PCoA share similarities in their LC-MS/MS 

profiles. Additionally, these analyses also provide a good tool for the comparison of 

chemical variation with biological variation, such as classified taxa based on exhibited 

phenotypes and genotypes.
[12]
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HSQC spectroscopic profiles provide, in essence, a ‘map’ of the associated 

chemical moieties present within each extract and this can be used to direct isolation 

efforts. NMR spectroscopy characterises the chemical environment of measured nuclei, 

enabling the identification of the structure classes of the compounds present within 

analysed extracts.
[10-11]

 One of the strengths of NMR spectroscopic profiling is the ability 

to recognise samples containing promising chemical moieties in the search for 

unprecedented structures, facilitating the identification of potential leads in large pools of 

samples.
[12, 58]

 HSQC spectroscopic ‘maps’ can inform the development of isolation 

protocols specific to the targeted chemical moieties rather than just applying a general 

approach and hoping for the best outcome. The generation of molecular networks from 

LC-MS/MS spectra is based on the underlying principle that fragmentation spectra are a 

proxy for structural chemical similarity relying on structurally compounds to fragment in 

a similar fashion.
[9]

 The resulting molecular network provides clusters of related 

molecular ions with small amounts of structural information. While this is useful to identify 

a series of related molecules this can make prioritisation of which molecular ions to target 

difficult due to the uncertainty of associated chemical functionality. NMR provides more 

structurally rich information about chemical extracts compared to MS and UV detection 

methods.
[10-11]

 

Chemical profiling approaches that are capable of identifying known compounds 

can prove useful to prevent the duplication of isolation efforts on already characterised 

compounds. The availability and integrity of appropriate databases of reference spectra 

is integral to enable identification of known compounds.
[10]

 This is a strength of LC-

MS/MS based chemical profiling approaches that utilise spectrometric databases such 

as those available through the GNPS molecular networking platform. There are 

extensive natural products MS/MS fragmentation libraries that are highly reliable in the 

matching of unknown query spectra with library spectra of known compounds. However, 

in the application of this method to these three sponge families only a small number of 

reliable library hits were observed, of which the majority were known common molecules 

related to primary metabolism and cellular components. Only a single hit, mycalamide A, 

resembled a secondary metabolite of interest in natural products discovery. Yet, there 

are many natural products that have been isolated and reported from members of these 

families. This is probably due to a lack of fragmentation spectra available for sponge 

metabolites, whereas these databases are currently well established for natural products 

of microbial origin. Additionally, a downside of MS/MS fragmentation libraries is the 

variability associated with acquisition parameters. Currently there is a lack of 

standardisation of fragmentation energies by manufacturers.
[10]
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The efficient and accurate identification of known compounds in mixtures using 

NMR is still lagging. In this application, HSQC spectra contain signals from a mixture of 

compounds, complicating the identification of known compounds. Each individual signal 

represents a correlated H-C spin pair within a molecule, and therefore only represent a 

portion of a molecule. If compound identification is based on a single H-C co-ordinate, 

or a small number of signals, this can lead to ambiguities and increase the chance of a 

false identification.
[11, 59]

 One of the largest challenges associated with an NMR-based 

approach is the development of appropriate tools for the deconvolution of complex 

spectra, and the establishment of comprehensive experiment databases for compound 

identification.
[12]

 

Currently the sensitivity associated with NMR detection is the low, especially when 

compared with MS methods.
[9-12]

 Although, the higher sensitivity associated with MS 

methods is just one advantage among several disadvantages that can bias the detection. 

The portion of the metabolome able to be visualised using LC-MS based methods is first 

biased due to the solvent conditions associated with the separation, limiting detection to 

those compatible with the chosen solvent system. The detectable metabolome is further 

reduced to the portion of the metabolome that can be ionised by the selected ionisation 

method. Consequently, neither NMR nor MS based detection provide a flawless 

chemical profile, but these shortcomings can be reduced by taking an approach 

integrating both methods. 

 

3.3.8 Future potential of NMR spectroscopy for chemical profiling 

In this study, 2D NMR spectroscopy was able to characterise the chemical diversity 

of a group of 28 sponges comprised of three families. The application of 
1
H-

13
C HSQC 

spectroscopic profiling resulted in 2D spectra of increased resolution by further 

separating the 1D proton (
1
H) spectra over the carbon dimension. Multidimensional NMR 

techniques and heteronuclear experiments provide an effective approach to the 

deconvolution of complex extracts. 
1
H-

13
C HSQC experiments provide chemical shifts of 

individual H-C spin pairs that can be related to chemical moieties. Yet, one molecule is 

comprised of multiple H-C signals and so in analysis of a crude extract there is ambiguity 

as to which signals are contained within the same molecule. NMR experiments that 

detect correlations within the same spin systems of molecules can provide information 

about the connectivity of signals.
[11, 13]

 

The 
1
H-

13
C HMBC experiment provides more information on the connectivity of 

chemical moieties showing long-range correlations between 
1
H and 

13
C atoms.

[60-61]
 The 

advantage of utilising HMBC experiments is the ability to recognise chemical moieties 
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that are connected through quaternary carbons or heteroatoms. Another experiment that 

enables the analysis of interconnectivity of spin systems is the 
1
H-

13
C HSQC-TOCSY 

hybrid experiment pairing the measurement of all protons in a spin system with the 

measurement of their H-C spin pairs.
[11-12, 62-63]

 This chemical shift information assists 

identification of metabolites in complex mixtures where the 
1
H(

13
C)-TOCCATA database 

has been established, allowing querying of HSQC-TOCSY correlations, but its true 

power is the grouping of correlations into related spin systems for superior identification 

power.
[62]

 

HSQC NMR possesses the potential for identification of known compounds in 

extracts, but requires access to appropriate databases of experimental spectra. 

Comprehensive databases of NMR spectra of known compounds are lacking.
[12]

 The few 

databases that are available are focused on small biologically relevant compounds
[45-47, 

59, 62, 64-65]
 that are of limited application in the natural products field. Several natural 

products databases allow the input of NMR data for the purposes of de-replication. The 

DEREP-NP database allows input of the occurrence of molecular features in an effort to 

exploit NMR data without requiring a spectroscopic database.
[66]

 MarinLit (a database of 

the marine natural products literature: http://pubs.rsc.org/marinlit/) allows the searching 

of proton and carbon chemical shifts to provide a list of possible structures from the 

literature. Both of these approaches work best on semi-purified samples. Identification 

of known compounds can enable multivariate analyses to be performed simultaneously 

on both known components represented as identified compounds, and uncharacterised 

components represented as H-C signals. 

An additional approach to the deconvolution of complex spectra is through the 

application of separation techniques, either through in-tube NMR chromatography or 

through physical LC separation. In-tube NMR chromatography experiments, such as 

DOSY, allow pseudo-chromatography where 
1
H NMR spectra of individual mixture 

components are separated based on their measured diffusion coefficient that is a 

function of molecular weight.
[11-12, 67]

 The advantage of these experiments is there is no 

requirement for further sample preparation or physical separation, conversely more time 

is required for acquisition.
[11]

 However, with the improvements in NMR spectrometers 

and pulse sequences, it is only a matter of time before acquisition time is reduced. 

Physical separation of extracts by chromatography provides an effective way to 

deconvolute complex spectra. LC-NMR methods have been applied to chemically profile 

sponge extracts with the aim of targeting the identification and isolation of new 

chemistry.
[68]

 
1
H NMR has also been applied in combination with a HPLC protocol to 

create lead-like enhance fractions in the search for drug candidates.
[69]
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Despite NMR proving to be a powerful technique, the lower sensitivity and lack of 

comprehensive databases do impede reaching its full potential. The co-analysis with 

other techniques, such as MS, can provide a complementary approach that results in a 

synergy between their strengths and helps to overcome their individual limitations.
[13-14, 

70]
 The combination of NMR and MS approaches can facilitates identifications and 

discoveries that might not be possible using only a single approach. 

 

3.4 CONCLUSION 

NMR spectroscopic profiling enables the detection of differences and similarities 

in chemical extracts. The heteronuclear HSQC experiment resulted in an increased 

resolution than just a 
1
H-NMR spectrum alone and enabled the identification of H-C spin 

pairs that distinguish each family. Comparison of chemical shifts with literature values 

enabled the identification of associated chemical moieties, and in some cases the 

proposal of a tentative match from previously reported chemistry. HSQC spectroscopic 

profiles were able to characterise patterns in chemical variation among taxa. The within 

taxa HSQC spectroscopic similarity at both the species and family levels were higher 

than between taxa and was observed as clustering in the score plot. Samples of the 

same species and families displayed chemical consistency over large geographic scales 

showing consistent average HSQC spectroscopic similarities. Analysis with LC-MS/MS 

resulted in the identification of 22 known compounds by matching with library spectra. 

The molecular networking analysis also identified family-level similarity in chemical 

profiles. When compared with more conventional MS-based chemical profiling 

approaches NMR spectroscopy has been claimed as the universal detector and is 

capable of revealing the chemical moieties that are present within an extract. There are 

exciting advances in the field of NMR metabolomics that when applied to chemically 

profile natural products extracts prove powerful. The application to crude extracts has a 

positive potential to explore and characterise the chemical variation of samples, as well 

as direct and focus drug discovery efforts. 
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Part B 

Connecting and comparing the chemical moiety, 

molecular, and morphological variation of marine 

sponges (Phylum Porifera) from the Great Barrier Reef, 

Australia 

 

The previous section focused on characterising and exploring the known chemical 

diversity (chapter 2) and the chemical moiety diversity (chapter 3) of marine sponges. 

This section aims to characterise and compare aspects of biological variation, in terms 

of morphology and molecular sequences, with the chemical moiety diversity of a group 

of sponges collected from the Great Barrier Reef, Australia. At time of collection sponges 

were assigned as operational taxonomic units (OTUs) and tentatively identified based 

on morphological traits. Chapter 4 describes the characterisation of the genetic variation 

of this group of sponges through the establishment of molecular operational taxonomic 

units (MOTUs) leading to the assignment of order-level identifications. Chapter 5 

describes the establishment of chemical operational taxonomic units (ChOTUs) for a 

subset of these samples to characterise their chemical moiety diversity. Chapter 5 then 

integrates molecular order-level identifications, preliminary morphological identifications, 

and the chemical moiety diversity for the establishment of putative taxa. This has led to 

an overall integration of biological and chemical datasets for understanding variation 

among sponges. 
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Chapter 4 

Molecular approaches to the identification of Porifera 

specimens from the seabed of the Great Barrier Reef, 

Australia 

 

This chapter focuses on the characterisation of biological variation within GBR 

sponges for later comparison and integration with studies on the chemical variation 

observed within the same sponge collection. Here a molecular approach is applied to 

assist the identification of sponges collected from the Great Barrier Reef, Australia. 

Specifically three mitochondrial markers are used to establish molecular operational 

taxonomic units (MOTUs). The relationship between these MOTUs is tested through 

phylogenetic reconstructions to allow order-level assignments 

 

Specifically this chapter addresses the following aims and questions: 

1)  To assemble individual samples into groups that possess similar genetic variability, 

establishing molecular species (as MOTUs). 

2)  To test the relationships between MOTUs through phylogenetic reconstruction and 

provide order-level assignments. 

3)  Are the intergenic spacers, or is the CO1 standard barcode fragment, more 

informative for species delimitation? 

4)  Are chemical inhibitors affecting amplification of molecular markers? 
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4.1  INTRODUCTION 

4.1.1 Molecular approaches to delimiting sponge species 

Sponges are phenotypically plastic and this complicates the exclusive use of 

morphological approaches to study the taxonomy of sponges. As a consequence 

molecular approaches have been utilised to help resolve the higher classification of the 

phylum. Initial molecular analysis of sponges indicated that a considerable proportion of 

the acquired molecular evidence was in conflict with classifications established based on 

morphological evidence, rendering many of the higher classifications in doubt.[1-3] 

Molecular evidence, together with reinterpretation of current morphological evidence, 

has led to the revision of the orders within the class Demospongiae.[4] However, this 

combined evidence has not been sufficient to revise classification at the generic level. 

This highlights both the power and necessity for the inclusion of molecular evidence in 

sponge taxonomy since morphological taxonomy has reached its limit for these taxa. 

A 658 base pair region of the cytochrome oxidase subunit 1 gene (cox1) has been 

proposed to be an ideal marker for universal deoxyribonucleic acid (DNA) barcoding of 

animals.[5] This marker (CO1) has been applied to sponge taxa and in many cases low 

intra-specific variability has been observed,[6-8] which limits its ability to provide clear 

species identifications. Even if CO1 variability lacks the required resolution for species 

level identifications it is not completely useless. Variation in CO1 can assist species 

delimitation through the grouping of specimens into aggregates of potentially divergent 

individuals as a first step in species descriptions.[9-11] 

As a consequence of the low CO1 variability observed in sponges, researchers 

have focused on other genes in the sponge mitochondrial genome with the aim of 

identifying regions that contain enough variation for alpha level taxonomy.[12] Using 

sponge specific primers, Rua et al.[12] have proposed two polymorphic markers 

comprised of both partial gene regions together with more variable intergenic regions. 

The first, spacer 1 (SP1), spans the region between the cytochrome c oxidase subunit 2 

(cox2) and adenosine triphosphate synthase subunit 6 (atp6) genes. The second, spacer 

2 (SP2), is the region between nicotinamide adenine dinucleotide (NADH) 

dehydrogenase subunit 5 gene (nad5) and the small subunit ribosomal ribonucleic acid 

(RNA) gene (rns). 

Since their first use, these spacers have also been investigated in several sponge 

taxa. SP1, CO1, and a partial fragment of atp6 were used to assess the intraspecific 

variation of Hymeniacidon perlevis.[13] All three markers exhibited considerable 

intraspecific variation over a geographic distance of approximately 500 km. This variation 

was higher than expected for sponges.[13] SP1 and the nuclear silicatein α-1 gene were 
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investigated in a set of closely related species from the family Lubomirskiidae and 

analysis of SP1 gave high resolution within the family. Both markers support the 

monophyly of the family but the genera were recovered as paraphyletic in contrast to 

established taxonomy based on morphology.[14] In the sponge Neopetrosia chaliniformis 

the intergenic spacers (SP1 and SP2), regions of cox2 (CO2) and atp6, and the lysidyl 

aminoacyl transfer RNA synthetase (LTRS) nuclear intron were investigated as 

population-level markers.[15] However, only the LTRS intron and CO2 marker could be 

successfully amplified. The intergenic spacers SP1 and SP2 have potential utility, but 

the difficulty experiences in the amplification of these markers in some sponges (e.g. 

Amphimedon erina[12] and Neopetrosia chaliniformis[15]) highlights the need for more 

work to assess and examine how widely they can be used for phylogenetic 

reconstructions within Porifera. 

 

4.1.2 Factors affecting amplification and sequencing success 

The extraction and amplification of sponge DNA has proven to be challenging. 

Amplification success, which is affected by both taxonomic membership and specimen 

age, has been reported to be as low as 27 %.[16] Specimen age and preservation method 

both impact the quality of DNA. Through time DNA can be subjected to oxidative and 

hydrolytic damage.[17] However, this is not always a factor: DNA sequences have been 

successfully isolated from holotypes collected and preserved from as early as the 19th 

century.[17] 

Amplification rates can also be affected by the presence of secondary metabolites 

that are capable of inhibiting polymerase chain reactions (PCR).[16] Inhibitory compounds 

can act at several different stages of the PCR amplification process: by degrading and 

modifying template DNA, hampering the annealing of primers, degrading or inhibiting 

DNA polymerases, or interfering with the binding and fluorescence of probes.[18] A 

number of potential PCR chemical inhibitors, prominently nucleosides with unusual 

structures, have been isolated and reported from sponges (Figure 4.1). 
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Figure 4.1: Chemical structures reported from sponge sources that show potential PCR 
inhibitory activity. 

 

Mycalisines A and B, that contain an atypical cyano-pyrrolo pyrimidine functionality 

along with a modified sugar moiety, have been reported from a Mycale species.[19] 

Spongothymidine and spongouridine, isolated from Tectitethya crypta, both contain an 

unusual D-arabinose sugar in place of the typical D-ribose sugar.[20-24] The theophylline 

ring-containing aplysidine and 2’,3’-didehydro-2’,3’-dideoxyuridine have been reported 

from Aplysina species.[25] All these nucleosides have the potential to bind to denatured 

DNA affecting primer annealing and/or elongation activity of the polymerase. 

2’,3’-didehydro-2’,3’-dideoxyuridine possess the same sugar moiety that is present 

in the dideoxynucelosides that were the first approved anti-HIV (human 

immunodeficiency virus) chemotherapies.[25-26] These anti-HIV treatments are reverse 

transcriptase inhibitors that provide alternate substrates during transcription, acting as 

chain terminators.[26] Their incorporation prevents further elongation of the DNA strand 

during DNA replication. This is the same principal that is utilised in Sanger sequencing 

reactions to incorporate labeled dideoxynucleotide chain terminators. Fluorescent 

labeled nucleosides that are deoxygenated at both C-2’ and C-3’ positions of the ribose 

ring prevent the formation of the next phosphodiester bond —terminating the elongation 

process.[27] 
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Taurospongin A is a taurine-containing acetylenic lipid reported from a sponge of 

the genus Hippospongia.[28] This compound inhibits both DNA polymerase β and HIV 

reverse transcriptase and this activity is attributed to the sulfonic acid moiety.[28] Inhibitory 

compounds can also be introduced as artifacts of the DNA extraction process. Guanidine 

thiocyanate salts (GuSCN) are widely used in buffer binding solutions in silica-based 

protocols to prevent the simultaneous precipitation of polysaccharides with DNA.[29] The 

co-elution of thiocyanate salts has also been attributed as a possible cause of PCR 

failure.[16, 29] The presence of GuSCN can be detected by absorbance at 230 nm during 

a Nanodrop measurement. 

Preparatory and purification steps can be taken to remove inhibitory compounds 

and contaminants, such as, silica-based column chromatography, phenol-chloroform 

extraction with ethanol salt precipitation, and sample dilution.[18] Column chromatography 

using silica and ion exchange resins can be useful for extraction and purification of DNA 

and many manufactured kits already utilise these approaches during DNA extraction.[18] 

Phenol-chloroform extractions are routinely used to extract and purify DNA and RNA 

samples.[30] The phenol phase will remove lipids and denature proteins, and the DNA is 

removed with the aqueous phase. After extraction, the nucleic acid is precipitated and 

other remaining contaminants such as free nucleotides can be washed away.[31] 

 

4.1.3 Aims and objectives 

This study utilises sponges from the Great Barrier Reef, Australia collected during 

a large biodiversity research project.[32] At the time of collection, samples were grouped 

into operational taxonomic units (OTUs) and subsequent identification was based on 

gross morphology and preliminary microscope sections. Without extensive 

morphological examination the identification of these sponges remains uncertain, 

making them ideal candidates for the utilisation of molecular approaches for species 

delimitation. Three mitochondrial markers, the CO1 standard barcode fragment and the 

intergenic spacers, SP1 and SP2, were amplified from this group of sponges. 

The overall aim of this study is to assemble individual samples into groups that 

possess genetic similarity, establishing molecular operational taxonomic units (MOTUs) 

for later comparison to chemical moiety diversity (chapter 5 of this thesis). The 

relationships between MOTUs is tested through phylogenetic reconstruction with 

samples of known identity and used to assign order-level identifications. This chapter 

aims to test the utility of the intergenic spacers for species delimitation in comparison to 

the CO1 standard barcode fragment. It is hypothesised that the intergenic spacers will 

show higher variation and will be more informative for species delimitation compared 
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with the CO1 marker. Finally it will be determined how the amplification of the three 

markers is affected by the presence of chemical inhibitors through comparison of 

uncleaned and phenol-cleaned DNA extracts. It is thought that partitioning DNA extracts 

with phenol-chloroform will further remove chemical inhibitors leading to an increase in 

amplification success. 

 

4.2 EXPERIMENTAL SECTION 

4.2.1 Sponge samples 

Sponges were collected as part of the Great Barrier Reef (GBR) Seabed 

Biodiversity Project[32] between September 2003 and November 2005. Samples were 

collected using an epibenthic sled and were processed on board during collection and 

sorted into phyla. Poriferian samples were frozen and later transferred to the Queensland 

Museum (QM) South Bank, Australia for further processing. Samples were sorted to 

operational taxonomic units (OTUs) and identified, based primarily on gross morphology 

with some microscopy sections, and frozen for storage. From this collection, a subset of 

sponges (n=144) comprising 21 OTUs were used for analysis (Table 4.1, see Table S4.1 

in Appendix IV for full specimen details). 

The frozen samples were divided into two portions, one portion was used for 

molecular analysis and retained as a voucher specimen, and the other was used for 

chemical analysis (used in chapter 5 of this thesis). The voucher specimens were stored 

in 70 % ethanol (EtOH) and deposited at the QM. Additional sequences were 

downloaded from GenBank (Benson 2012) to supplement those acquired. These 

supplemental sequences included 39 complete and seven partial annotated 

mitochondrial genomes of sponges from the classes Demospongiae, 

Homoscleromorpha, and Hexactinellida, and cox2 and atp6 from a single Halichondria 

species (see Table 4.5 in results for taxa names and accession numbers). 
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Table 4.1: Specimen details for sponge samples (n=144) collected from the Great Barrier Reef, 
Australia.[32] Including the number of specimens of each operational taxonomic unit (OTU), their 
respective family and provisional species identification. 

 
 

 

4.2.2 DNA extraction 

Sponge pieces (approximately 5 mm3) were cut from voucher specimens (n=144) 

and washed with deionised water (ddH2O) to remove alcohol. Genomic DNA was 

extracted with a commercial kit (DNeasy Blood and Tissue Kit, Qiagen) following 

manufacturers protocol for animal tissue and an overnight tissue digestion at 56 °C. To 

yield a more concentrated DNA template, the digested tissues were eluted with a 

reduced volume of 100 μL of elution buffer. 

Since there was a potential that chemical inhibitors may still be present even after 

the commercial kit preparation procedures, DNA extracts were further purified using a 

standard phenol-chloroform extraction and ethanol salt precipitation method.[30-31] An 

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the extracts, 

which were gently inverted for 2-3 min to form an emulsion. After mixing, the samples 

were centrifuged for 3 min at approximately 13 200 rpm and the aqueous phase retained. 

Family Provisional species ID 
Operational 
Taxonomic 
Unit (OTU) 

Number of 
Specimens 

Agelasidae Agelas cavernosa OTU01 1 
 Agelas gracilis OTU02 4 
 Agelas mauritiana OTU03 1 
Halichondriidae Amorphinopsis maculosa OTU20 1 
Microcionidae Clathria (Thalysias) reinwardti OTU05 21 
 Clathria (Thalysias) vulpina OTU06 16 
 Echinochalina (Echinochalina) intermedia OTU07 18 
 Clathria (Clathria) sp. OTU18 2 
Mycalidae Mycale sp. OTU09 20 
 Mycale sp. OTU10 3 
 Mycale (Aegogropila) sp. OTU11 6 
 Mycale (Aegogropila) pectinicola OTU12 20 
Niphatidae Niphates sp. OTU23 1 
Raspailiidae Aulospongus sp. OTU04 1 
 Echinodictyum cancellatum OTU08 11 
 Raspailia (Raspailia) sp. OTU13 8 
 Raspailia (Raspailia) sp. OTU14 4 
 Raspailia (Raspailia) sp. OTU15 2 
 Raspailia (Raspailia) sp. OTU16 2 
 Echinodictyum sp. OTU17 1 
 Raspailia (Parasyringella) australiensis OTU19 1 
  Total 144 
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An equal volume of chloroform:isoamyl alcohol (24:1) was added, and the same gentle 

inversion and centrifugation was repeated with the aqueous phase retained. 

DNA was precipitated from the aqueous phase using 20 μL of 3M NaOAc (sodium 

acetate) with 500 μL of cold 100% EtOH (ethanol). Samples were mixed and chilled at -

20 °C for at least 30 min and then centrifuged at approximately 13 200 rpm for 15 min. 

The supernatant was aspirated and discarded and the remaining pellet was washed with 

300 μL of 70% EtOH and centrifuged (approximately 13 200 rpm for 5 min). The solution 

was aspirated and discarded and pellets were allowed to air dry at room temperature for 

approximately 15 min. Dried DNA pellets were resuspended in 100 μL of ddH2O. 

 

4.2.3 Marker amplification and sequencing 

PCR was used to amplify three mitochondrial markers using primer sequences 

reported in the literature (Table 4.2). The standard barcode fragment of the mitochondrial 

cytochrome oxidase subunit I (CO1) was amplified using the degenerate Folmer 

primers.[33-34] Two regions containing partial genes and intergenic regions of the 

mitochondrial genome were also amplified using the reported Rua primers.[12] Spacer 1 

(SP1) is the region between mitochondrial cox2 and atp6 genes. Spacer 2 (SP2) is the 

region between nad5 and rns genes. 

 
Table 4.2: Primer sequences for the standard CO1 barcode fragment and the two intergenic 
spacers SP1 and SP2. 

Marker Primer name Primer sequence 5’ to 3’ Reference 

CO1 dgLCO1490 GGTCAACAAATCATAAAGAYATYGG 
[33-34] 

dgHCO2198 TAAACTTCAGGGTGACCAAAAAATCA 

Spacer 1 CO2FC TGTKGCGCAAATCATTCWTTTATGC 
[12] 

ATP6R TGATCAAAATAWGCTGCTAACAT 

Spacer 2 ND5F GTGTTCAACTATGCTTTAATWATGAT 
[12] 

rnsR CGTACTTTCATACATTGYAC 
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Reactions were performed in a total volume of 25 μL using 12.5 μL of EmeraldAmp 

Master Mix (Scientifix), with 1.0 μL of each forward and reverse primers (10 μM 

concentration), 8 μL of ddH2O, and 2.5 μL of template DNA. Reactions were amplified 

for 35 cycles of the following temperature regimes. The PCR conditions for the 

amplification of the CO1 fragment consisted of an initial denaturing cycle for 3 min at 94 

°C followed by 10 cycles at 94 °C for 30 sec, 45 °C for 20 sec and 72 °C for 45 sec and 

then a further 25 cycles under the same settings with the annealing temperature 

increased to 48 °C and a final extension of 5 min at 72 °C. Both SP1 and SP2 were 

amplified with an initial denaturing cycle for 3 min at 94 °C, followed by 35 cycles at 94 

°C for 20 sec, 45 °C for 30 sec and 72 °C for 60 sec, with a final extension at 72 °C for 

5 min. Amplifications were confirmed using electrophoresis by visualisation on a 

standard 1.5 % w/v agarose gel using EZ-Vision® DNA Dye (Amresco) and 

HyperLadderTM 100bp mass ladder (Bioline). 

PCR products that successfully amplified were sent to Macrogen Inc., Korea for 

purification and sequencing in both the forward and reverse directions using the same 

PCR primers. If single bands were observed in gels they were sequenced directly from 

the purified PCR products. If multiple bands were observed, they were first purified by 

gel purification of the PCR products before sequencing. It was not possible to amplify all 

markers for all samples and for some samples only partial sequences from a single 

primer were obtained (see Table 4.4 in Results). Chromatograms were checked for 

quality using Geneious R6.1.8 and the forward and reverse directions were assembled 

to generate consensus sequences. A BLASTn search[35] was completed for all CO1 

sequences to check for contamination of non-sponge material and to identify database 

sequences with the highest max score. 

 

4.2.4 Assignment of haplotypes and molecular operational taxonomic units (MOTUs) 

Samples were classified into haplotypes based on the nucleotide sequences from 

the three markers. Samples that displayed identical nucleotide sequences across all 

available markers were grouped into the same haplotype. Haplotypes that shared 95% 

or higher pairwise sequence identity across all available markers were grouped together 

as molecular species and defined as molecular operational taxonomic units (MOTUs). 

The entire sequence including both the coding and non-coding regions for SP1 and SP2 

was used to classify haplotypes and MOTUs, although only the protein-coding, transfer 

RNAs (tRNA), and ribosomal RNA (rRNA) genes were utilised for phylogenetic 

reconstructions. The relationships recovered between sample sequences and reference 
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sequences (from GenBank) in the phylogenetic reconstructions were used to assign a 

provisional order for each MOTU. 

 

4.2.5 Sequence alignments 

The cox1 gene was extracted from each of the whole mitochondrial genomes 

sampled from GenBank (n=39) and any of the partial genomes if possible. GenBank and 

sample sequences were aligned using MAFFT v7.017[36] implemented in Geneious 

R6.1.8 under default parameters with FFT-NS-i x1000 algorithm and an offset value set 

to 0.0. The alignment was checked by eye and final alignment trimmed to the 658 bp 

standard barcoding region. 

Each spacer region was also extracted from the whole mitochondrial genomes for 

sponges available in GenBank. For SP1 this included the region between cox2 to atp6. 

In most sponges (see Figure 4.6 and Table 4.5 in results) this consisted of cox2, tRNA 

for lysine (trnK), adenosine triphosphate synthase subunit 8 (atp8) and atp6. For SP2 

the region between nad5 and rns was extracted and for many sponges this also included 

several tRNAs. Most commonly those coding for alanine (trnA), methionine (trnM), and 

phenylalanine (trnF) were present. If the structure of spacer regions were substantially 

different, the individual genes and RNAs that are characteristic of the spacer in the 

majority of sponges were extracted and included in the alignment. 

Sequences were divided into intergenic spacers and coding regions, which are 

comprised of protein-coding, tRNA, and rRNA genes. Due to the sequence diversity in 

the samples the intergenic regions were unable to be unambiguously aligned for the 

whole dataset and only the coding regions of SP1 and SP2 were used to construct the 

overall trees. Protein-coding genes were aligned with a translational alignment using a 

MAFFT v7.017[36] implemented in Geneious R6.1.8 under default parameters with FFT-

NS-i x1000 algorithm and an offset value set to 0.0. RNAs were aligned as nucleotide 

sequences using MAFFT under the same parameters. Nucleotide sequences of aligned 

individual coding regions were concatenated into a final alignment for each spacer 

marker. 

 

4.2.6 Phylogenetic reconstructions 

For each of the three markers, phylogenetic reconstructions were performed under 

Bayesian Inference (BI) and Maximum likelihood (ML) criteria. For all markers the 

GTR+I+G model of evolution was implemented in both BI and ML reconstructions as 
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determined by JModelTest 2.1.7.[37-38] ML reconstructions were performed in RAxML 

8.1.22[39] using a graphic user interface (raxmlGUI 1.5 beta[40]) with 1000 rapid bootstrap 

replicates. 

BI reconstructions were performed in MrBayes v3.2.5[41] and consisted of two 

simultaneous runs of four Metropolis-coupled Markov-chains (three hot and one cold) at 

the default temperature. Tree sampling occurred every 500 trees and analysis was 

terminated when runs converged as indicated by an averaged standard deviation of split 

frequencies less than 0.01. Analyses used default priors and for SP1 and SP2 these 

were unlinked and partitions were implemented. A majority rule consensus tree was 

generated from the two independent runs with a burn-in of 25 %. The CO1 consensus 

tree was built from 7500 sampled trees from 2500000 generations (average split 

frequency = 0.008162). The SP1 consensus tree was built from 18000 sampled trees 

from 6000000 generations (average split frequency = 0.009714). The SP2 consensus 

tree was built from 93000 trees sampled from 31000000 generations (average split 

frequency = 0.009882). 

For each of the examined markers the consensus trees resulting from the BI and 

ML analyses were compared for congruence. After inspecting trees generated for each 

individual marker a concatenated alignment of the three markers was generated. Sample 

sequences thought to be erroneous and the result of amplification errors were excluded 

from the alignment. Again a GTR+I+G model of evolution was employed in both tree 

building methods. The BI consensus tree was built from 111000 sampled trees from 

37000000 generations (average split frequency = 0.006617). The ML tree was built from 

1000 rapid bootstrap replicates. 

 

4.2.7 Structure of intergenic spacers in sponge mitochondrial genomes 

SP1 and SP2 have been shown to be quite variable in the order of genes and 

intergenic spacer regions.[12] From the available annotated whole (n=39) and partial (n=7) 

sponge mitochondrial genomes stored on GenBank, the structure of SP1 and SP2 was 

determined. These sponge genomes belong to members of the classes Demospongiae, 

Homoscleromorpha, and Hexactinellida (species names and accession numbers in 

Table 4.5). The order of protein-coding, tRNA, and rRNA genes, the presence of 

overlapping coding regions, and the position and lengths of intergenic spacers were 

determined. 
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4.2.8 Amplification success and chemical inhibitors 

The potential influence of chemical inhibitors on PCR amplification was 

investigated using a subset of samples (n=106). Amplification of the three markers was 

attempted using the DNA template obtained using the kit-based extraction. These same 

DNA extracts were then further purified using a standard phenol-chloroform extraction 

(section 4.2.2) and amplification of the three markers was attempted a second time. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Determination of haplotypes and molecular operational taxonomic units (MOTUs) 

For the 144 specimens used in this study, sequences for at least one marker were 

obtained for 102 specimens (Table 4.3). Due to amplification and sequencing failure it 

was not possible to obtain sequences for all markers. Complete sets of three markers 

were obtained for 44 specimens, two markers for 30 specimens, one marker for 28 

specimens, and 42 specimens remained unsequenced for all markers. In total, CO1 

sequences were generated for 50.0 % (n = 72) of specimens, SP1 sequences were 

obtained for 44.4 % (n = 64), and SP2 sequences for 57.5 % (n = 83). 

 
Table 4.3: Total number of full and partial sequences of Poriferian origin successfully 
sequenced from a total of 144 specimens for the standard CO1 barcoding fragment and two 
intergenic spacers SP1 and SP2. 

 
 

Nucleotide sequences for available markers were used to establish haplotypes and 

molecular operational taxonomic units. Haplotypes shared identical nucleotide 

sequences across all available markers, and haplotypes sharing >95% pairwise identity 

were grouped into the same MOTU. A total of 34 MOTUs comprised of 57 haplotypes 

were identified (Table 4.4). For two MOTUs (MOTU13 and MOTU16) sequences for all 

makers were generated, and while haplotypes shared >95% pairwise identity for SP1 

and SP2, CO1 displayed <95% pairwise identity. 

Marker Full sequences Partial sequences* Total 

CO1 63 9 72 

SP1 59 5 64 

SP2 77 6 83 

* partial sequences obtained from a single primer direction when the entire sequence was unable to be 
unambiguously determined 
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Table 4.4: List of 34 molecular operational taxonomic units (MOTUs) comprised of 57 haplotypes determined from sequences of CO1, SP1, and SP2 

markers. Each row represents an individual specimen and is labelled by collection number of the Queensland Museum, South Bank. Provisional order 

assignments are based on the phylogenetic reconstructions across all three markers, and if an order was unable to be assigned are labelled as 

‘inconclusive’. Pairwise percent identity of each marker in MOTUs are listed. Sequencing success is indicated for each marker, with ‘+’ indicating successful 

sequence was obtained, and ‘-’ indicating sequencing failed. Where CO1 sequences are obtained the highest matching BLASTn result is listed as species 

name and GenBank accession number. CO1 sequences that occurred in the low sequence diversity group are represented in orange. The morphological 

operational taxonomic unit (OTU) determined at time of collection is listed. 

 

Provisional Order 
Assignment 

Molecular operational 
taxonomic unit (MOTU) 
and pairwise % identity 
(%CO1; %SP1; %SP2) 

Molecular 
haplotype 

Collection 
Number 

(Queensland 
Museum) 

Sequencing success 
BLASTn result with highest max 

score for CO1 fragment 

Morphological 
operational 
taxonomic 
unit (OTU) CO1 SP1 SP2 

Poecilosclerida MOTU01 (99.7; --; 99.8) HAP01 G333477 + - + Phorbas bihamiger KF017194 OTU07 
    HAP01 G333480 + - + Phorbas bihamiger KF017194 OTU07 
    HAP02 G333479 + - + Strongylacidon bermuda AJ843889 OTU07 
    HAP03 G333476 + - + Phorbas bihamiger KF017194 OTU07 
    HAP04 G333503 + - + Phorbas bihamiger KF017194 OTU23 
  MOTU02 HAP05 G333466 + - + Neopodospongia cf. normani JF440339 OTU07 
Agelasida MOTU03 (100; 95.5; 100) HAP06 G333383 + + + Halichondria okadai EF217341 OTU02 

 
  HAP56 G333384 - - +   OTU02 

    HAP06 G333386 + + + Halichondria okadai EF217341 OTU02 
  MOTU04 (--; --; 100) HAP07 G333363 + + + Agelas sventres DQ075735 OTU02 
    HAP09 G333483 - - +   OTU03 
  MOTU05 HAP08 G333415 - + +   OTU01 
Haplosclerida MOTU06 (--; 99.7; --) HAP11 G333490 + + - Haliclona oculata HQ379430 OTU09 
    HAP13 G333464 - + -   OTU06
  MOTU07 HAP10 G333485 + - - Calyx podatypa JX999086 OTU12 
  MOTU08 HAP12 G333502 + + - Calyx podatypa JX999086 OTU09 
  MOTU09 (--; 96.7; --) HAP14 G333360 - + +   OTU13 
    HAP57 G333380 - + -   OTU11 
  MOTU10 HAP15 G333436 - + -   OTU05 
 MOTU24 (100; 99.5; 97.1) HAP32 G333372 + + + Halichondria okadai EF217341 OTU08 
   HAP32 G333439 + + + Halichondria okadai EF217341 OTU05 
   HAP33 G333373 - + +   OTU08 
   HAP33 G333429 - + +   OTU05 
   HAP34 G333396 - + -   OTU12 
   HAP34 G333402 - + -   OTU12 
 MOTU25 HAP35 G333431 - + +   OTU05 
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Table 4.4: continued..      

Provisional Order 
Assignment 

Molecular operational 
taxonomic unit (MOTU) 
and pairwise % identity 
(%CO1; %SP1; %SP2) 

Molecular 
haplotype 

Collection 
Number 

(Queensland 
Museum) 

Sequencing success 
BLASTn result with highest max 

score for CO1 fragment 

Morphological 
operational 
taxonomic 
unit (OTU) CO1 SP1 SP2 

Axinellida MOTU11 (100; --; --) HAP16 G333370 + - - Echinodictyum cancellatum JQ034555 OTU08 
(Raspailiidae)   HAP16 G333376 + - - Echinodictyum cancellatum JQ034555 OTU08 
    HAP17 G333374 + - + Echinodictyum cancellatum JQ034555 OTU08 
  MOTU12 HAP18 G333385 + - - Raspaciona aculeata KC869426 OTU04 
Tetractinellida MOTU13 (86.4; 99.6; 100) HAP19 G333494 + + + Stelletta sp. PC-2009 FJ711644 OTU09 
    HAP20 G333495 + + + Stelletta sp. PC-2009 FJ711644 OTU09 
    HAP21 G333497 + + - Amorphinopsis maculosa  JQ034560 OTU09 
  MOTU20 HAP28 G333412 - + +   OTU10 
Suberitida MOTU14 (99.8; 100; 100) HAP22 G333377 + + + Hymeniacidon perlevis JX477045 OTU11 
    HAP22 G333379 + + + Hymeniacidon perlevis JX477045 OTU11 
  MOTU15 (100; 100; 100) HAP23 G333499 + + + Hymeniacidon perlevis JX477029 OTU09 
    HAP23 G333504 + + + Hymeniacidon perlevis JX477029 OTU09 
  MOTU16 (89.3; 100; 100) HAP24 G333405 + + + Halichondria okadai EF217341 OTU12 
    HAP58 G333505 + + + Halichondria panicea KC869423 OTU09 
  MOTU27 (99.95; 100; 99.3) HAP39 G333408 + + + Halichondria okadai EF217341 OTU12 
    HAP42 G333394 + + + Halichondria okadai EF217341 OTU12 
    HAP43 G333493 + + + Halichondria okadai EF217341 OTU09 
    HAP44 G333393 + + + Halichondria okadai EF217341 OTU12 
    HAP44 G333400 + + + Halichondria okadai EF217341 OTU12 
    HAP44 G333401 + + + Halichondria okadai EF217341 OTU12 
    HAP44 G333406 + + + Halichondria okadai EF217341 OTU12 
    HAP44 G333501 + + + Halichondria okadai EF217341 OTU09 
    HAP45 G333382 + + + Halichondria okadai EF217341 OTU11 
    HAP45 G333399 + + + Halichondria okadai EF217341 OTU12 
    HAP45 G333404 + + + Halichondria okadai EF217341 OTU12 
    HAP45 G333500 + + + Halichondria okadai EF217341 OTU09 
  MOTU28 (100; 100; 99.8) HAP40 G333486 + + + Halichondria okadai EF217341 OTU09 
    HAP41 G333491 + + + Halichondria okadai EF217341 OTU09 
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Table 4.4: continued.. 

Provisional Order 
Assignment 

Molecular operational 
taxonomic unit (MOTU) 
and pairwise % identity 
(%CO1; %SP1; %SP2) 

Molecular 
haplotype 

Collection 
Number 

(Queensland 
Museum) 

Sequencing success 
BLASTn result with highest max 

score for CO1 fragment 

Morphological 
operational 
taxonomic 
unit (OTU) CO1 SP1 SP2 

Verongiida MOTU17 (100; 99.7; 99.9) HAP25 G333371 + + + Halichondria okadai EF217341 OTU08 
    HAP25 G333375 + + + Halichondria okadai EF217341 OTU08 
  MOTU18 HAP26 G333414 - + -   OTU10 
Suberitida MOTU19 (--; 100; --) HAP27 G333488 - + -   OTU09 
(Topsentia)   HAP27 G333492 - + -   OTU09 
  MOTU21 HAP29 G333498 - + -   OTU09 
 MOTU22 HAP30 G333438 + + + Halichondria okadai EF217341 OTU05 
  MOTU23 HAP31 G333468 - + +   OTU07 
 Inconclusive MOTU26 (99.96; 99.7; 99.9) HAP35 G333460 + + + Halichondria okadai EF217341 OTU06 
    HAP36 G333391 + + + Halichondria okadai EF217341 OTU15 
   HAP36 G333417 + + + Halichondria okadai EF217341 OTU14 
   HAP36 G333418 + + + Halichondria okadai EF217341 OTU14 
   HAP36 G333419 + + + Halichondria okadai EF217341 OTU14 
   HAP36 G333422 + + + Halichondria okadai EF217341 OTU05 
   HAP36 G333424 + + + Halichondria okadai EF217341 OTU05 
   HAP36 G333426 + + + Halichondria okadai EF217341 OTU05 
   HAP36 G333428 + + + Halichondria okadai EF217341 OTU05 
   HAP36 G333434 + + + Halichondria okadai EF217341 OTU05 
   HAP36 G333450 + + + Halichondria okadai EF217341 OTU06 
   HAP36 G333455 + + + Halichondria okadai EF217341 OTU06 
   HAP36 G333457 + + + Halichondria okadai EF217341 OTU06 
   HAP36 G333461 + + + Halichondria okadai EF217341 OTU06 
   HAP37 G333423 + + - Halichondria okadai EF217341 OTU05 
   HAP38 G333425 - + +   OTU05 
 MOTU29 (100; --; --) HAP46 G333366 + - - Halichondria okadai EF217341 OTU08 
   HAP46 G333416 + - - Halichondria okadai EF217341 OTU14 
	
	
	
	



 103 

 

 

Table 4.4: continued.. 

Provisional Order 
Assignment 

Molecular operational 
taxonomic unit (MOTU) 
and pairwise % identity 
(%CO1; %SP1; %SP2) 

Molecular 
haplotype 

Collection 
Number 

(Queensland 
Museum) 

Sequencing success 
BLASTn result with highest max 

score for CO1 fragment 

Morphological 
operational 
taxonomic 
unit (OTU) CO1 SP1 SP2 

 Inconclusive MOTU30 (99.97; --; 99.9) HAP47 G333481 + - + Amorphinopsis maculosa  JQ034560 OTU07 
    HAP48 G333458 + - + Halichondria okadai EF217341 OTU06 
    HAP49 G333420 + - + Halichondria okadai EF217341 OTU05 
    HAP49 G333421 + - + Halichondria okadai EF217341 OTU05 
    HAP49 G333427 + - + Halichondria okadai EF217341 OTU05 
    HAP49 G333430 + - + Halichondria okadai EF217341 OTU05 
    HAP49 G333437 + - + Halichondria okadai EF217341 OTU05 
    HAP49 G333449 + - + Halichondria okadai EF217341 OTU06 
    HAP49 G333454 + - + Halichondria okadai EF217341 OTU06 
    HAP49 G333459 + - + Halichondria okadai EF217341 OTU06 
    HAP49 G333478 + - + Halichondria okadai EF217341 OTU07 
  MOTU31 (--; --; 99.8) HAP50 G333359 - - +   OTU13 
    HAP51 G333472 - - +   OTU07 
    HAP52 G333390 - - +   OTU16 
    HAP52 G333392 - - +   OTU15 
    HAP52 G333432 - - +   OTU05 
    HAP52 G333433 - - +   OTU05 
    HAP52 G333435 - - +   OTU05 
    HAP52 G333440 - - +   OTU05 
  MOTU32 HAP53 G333367 - - +   OTU08 
  MOTU33 HAP54 G333369 - - +   OTU08 
  MOTU34 HAP55 G333482 - - +   OTU07 
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4.3.2 Phylogenetic reconstructions 

The experimentally generated sequences for each marker were aligned together 

with additional sequences downloaded from GenBank. Alignments were used to 

generate phylogenetic reconstructions using both Bayesian Inference (BI) and Maximum 

Likelihood (ML) tree building methods. For all phylogenetic reconstructions the 

Hexactinellida sponge, Aphrocallistes vastus, was implemented as an outgroup. Trees 

were generated to provide order-level assignments for MOTUs (Table 4.4). 

The final alignment for the CO1 standard barcode fragment spanned a total of 658 

base pairs. The alignment comprised 72 newly generated sample sequences (bolded in 

Figure 4.2) of 16 unique sequence types. Alignment included reference sequences for 

40 sponge taxa of 16 orders downloaded from GenBank. 

The SP1 alignment spanned the region between cox2 and atp6 and included 

partial cox2, trnK, atp8 and partial atp6 genes. Intergenic regions were excluded from 

the alignment because they could not be unambiguously aligned. The alignment 

comprised 64 newly generated sample sequences (bolded in Figure 4.3) consisting of 

25 unique nucleotide sequences. A total of 47 taxa from 16 orders were downloaded 

from Genbank and included in the alignment. 

The SP2 alignment comprised the region between nad5 and rns and included a 

range of tRNAs including trnA, trnM, trnI, and trnF. A total of 83 newly generated sample 

sequences (bolded in Figure 4.4) consisting of 25 unique nucleotide sequences were 

included in the alignment. SP2 regions of 38 sponge taxa from 16 orders were 

downloaded from GenBank and included in the alignment. Intergenic regions were again 

excluded because they could not be unambiguously aligned. 

The recovered position of each MOTU provided order-level assignments. The 

order-level assignments provided by both BI and ML trees were congruent (see Figures 

S4.1 – S4.8 in Appendix E for raw trees). For simplicity the ML consensus trees are 

presented for each marker (Figures 4.2 – 4.4). Braches with bootstrap support above 75 

are labelled, sample sequences are labelled with MOTU designations and collection 

numbers, and sequences sourced from GenBank are labelled by taxon and accession 

number. 
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Figure 4.2: Maximum likelihood phylogram of CO1 standard barcode fragment. Sequences from 

representative sponges obtained from GenBank labelled by species and GenBank acession 

number. Sample sequences are given in bold, labelled by molecular species identity and 

collection numbers of the Queensland Museum, South Bank. Numbers above branches indicate 

support as maximum likelihood bootstrap values. Low sequence diversity group indicated by 

orange box. 
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Figure 4.3: Maximum likelihood phylogram of SP1 sequence. Sequences from representative 

sponges obtained from GenBank labelled by species and GenBank acession number. Sample 

sequences are given in bold, labelled by molecular species identity and collection numbers of the 

Queensland Museum, South Bank. Numbers above branches indicate support as maximum 

likelihood bootstrap values. Low sequence diversity group indicated by orange box. 
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Figure 4.4: Maximum likelihood phylogram of SP2 sequence. Sequences from representative 

sponges obtained from GenBank labelled by species and GenBank acession number. Sample 

sequences are given in bold, labelled by molecular species identity and collection numbers of the 

Queensland Museum, South Bank. Numbers above branches indicate support as maximum 

likelihood bootstrap values. Low sequence diversity group indicated by orange box. 
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The three markers were differentially reliable to assign MOTUs to sponge orders. 

Relationships recovered using the CO1 marker allowed 12 MOTUs to be assigned to six 

sponge orders. Analysis of the SP1 marker relationships allowed 21 MOTUs to be 

assigned to five orders. In comparison, SP2 marker relationships enabled 10 MOTUs to 

be assigned to three orders. All three markers allowed MOTUs to be assigned to the 

orders Agelasida, Suberitida, and Tetractinellida. Additionally, analysis of both CO1 and 

SP1 allowed MOTUs to be assigned to the order Haplosclerida. CO1 analysis also 

allowed MOTUs to be assigned to the order Poecilosclerida and the family Raspailiidae 

(order Axinellida). SP1 analysis also allowed assignment of MOTUs to the order 

Verongiida, and to the genus Topsentia (order Suberitida). 

However, there were groups of sequences from each of the three markers that 

could not be confidently assigned to any order (highlighted with orange boxes in Figures 

4.2 – 4.4). The unassigned CO1 group comprised 51 individuals within two sequence 

types that differ by a single base pair. The BLASTn result with the highest maximum 

score in these CO1 sequences is Halichondria okadai (order Suberitida, GenBank 

accession number EF217341) with a 99 % pairwise identity. However, these same 

samples show apparently higher morphological diversity and have been assigned to ten 

different OTUs (Table 4.4). The unassigned SP1 group comprised 18 individuals within 

three sequence types but these were identified as five OTUs based on morphology 

(Table 4.4). The unassigned SP2 group comprised 54 individuals within six sequence 

types, dominated by two closely related sequence types. These samples had been 

sorted in to eight morphological OTUs (Table 4.4). 

Upon inspection of the unassigned sequences (orange boxes, Figures 4.2 – 4.4) 

they showed low sequence diversity, often >99.5% identical. The two highest BLASTn 

hits for the erroneous CO1 sequences were Halichondria okadai (EF217341) and 

Amorphinopsis masculosa (JQ034560) that are both sponges of the order Suberitida. 

However, in several cases the available SP1 or SP2 sequences for these specimens 

indicated that the samples were from completely different sponge orders. For example, 

both MOTU03 and MOTU17 occur in the unassigned region of the CO1 phylogeny 

(Figure 4.2, orange box) and share 100% pairwise identity and group closest to reference 

sequences from the order Suberitida. In SP1, they share 71.1% pairwise identity, 

MOTU17 was assigned to the order Verongiida and MOTU03 remains unassigned. In 

contrast, by SP2 the molecular species share 89.2% pairwise identity, with MOTU03 

assigned to the order Agelasida while MOTU17 remains unassigned. Based on 

preliminary morphological identifications MOTU17 was identified as Echinodictyum 

cancellatum (OTU08, order Axinellida) and MOTU03 was identified as Agelas gracilis 

(OTU02, order Agelasida). 
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Sequences that occurred in the unassigned regions are suspected to be erroneous 

and could be the result of the presence of pseudogenes, amplification errors such as 

primer mismatches, or sample contamination. These erroneous sequences could not 

reliably be used in the assignment of MOTUs to sponge orders. These unassigned 

sequences were excluded from the analysis and a concatenated alignment of all three 

markers was used to generate phylogenetic reconstructions. The concatenated tree 

(Figure 4.5) was used to confirm assignment of each MOTU to a sponge order. 

Using the phylogenetic reconstruction based on a concatenated alignment of all 

three markers 27 MOTUs were assigned to nominal orders (Figure 4.5, Table 4.4). There 

was insufficient evidence to assign the remaining seven MOTUs and these were labelled 

as inconclusive. Two MOTUs were assigned to Poecilosclerida (bootstrap support of 93), 

three to Agelasida (99), seven to Haplosclerida (81), two to Axinellida (83), nine to 

Suberitida (93, 76), two to Tetractinellida (93), and two to Verongiida (81). The three 

orders Haplosclerida, Axinellida, and Suberitida were recovered as paraphyletic. 

Haplosclerida sponges occur in two clades, one containing Amphimedon compressa and 

the other containing the remaining Haplosclerida sponges. All seven of the MOTUs 

assigned as Haplosclerida were found in the main Haplosclerida clade. 

Sponges in the order Axinellida form two clades, one consisting of Axinella 

corrugata and the other comprising two species from the family Raspailiidae. The two 

MOTUs assigned to the order Axinellida were aligned with the Raspailiidae clade and 

were subsequently referred to as Axinellida (Raspailiidae). The order Suberitida also 

forms two clades; the species Topsentia ophiraphidites forms its own clade separate 

from the remaining Suberitida sponges. Four of the nine MOTUs assigned to Suberitida 

group with Topsentia ophiraphidites (76) and are subsequently labelled Suberitida 

(Topsentia). The remaining five MOTUs are grouped in the main Suberitida group (93). 
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Figure 4.5: Maximum likelihood phylogram of concatenated CO1, SP1, and SP2 sequences. 

Sequences from representative sponges obtained from GenBank labelled by species and 

GenBank acession number. Sample sequences are given in bold, labelled by molecular species 

identity and collection numbers of the Queensland Museum, South Bank. Numbers above 

branches indicate support as maximum likelihood bootstrap values. 
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4.3.3 Description of Molecular species 

Order Poecilosclerida. In the concatenated tree (Figure 4.5) two molecular 

species (MOTU01 and 02) grouped with Poecilosclerida sponges. The highest scoring 

BLASTn results for the CO1 fragment for both of these MOTUs were Poecilosclerid 

sponges (Phorbas bihamiger and Strongylacidon bermuda for MOTU01 and 

Neopodospongia cf. normani for MOTU02). Based on preliminary morphological 

identification one specimen of MOTU01 (G333503) was identified as a Niphates sp. 

(OTU23, order Haplosclerida). The remaining specimens of MOTU01 and the sole 

specimen assigned to MOTU02 were all classified as the species Echinochalina 

(Echinochalina) intermedia from the order Poecilosclerida (OTU07). 

Order Agelasida. Three molecular species (MOTU03 – 05) were assigned to the 

order Agelasida (Figure 4.5). The highest scoring BLASTn match for the CO1 fragment 

amplified in MOTU04 was Agelas sventres. These specimens had been assigned to 

three morphological OTUs of the genus Agelas (OTU01: Agelas cavernosa, OTU02: 

Agelas gracilis, and OTU03: Agelas mauritiana). 

Order Haplosclerida. Seven MOTUs were assigned to the order Haplosclerida. 

The CO1 region was amplified in of four of these MOTUs. The highest scoring BLASTn 

matches were Haplosclerida sponges (Haliclona oculata for MOTU06 and Calyx 

podatypa for MOTU07 and 08). The specimens of the seven MOTUs were assigned to 

seven morphological OTUs that did not correlate with the MOTU assignments (Table 

4.4). All seven morphological OTUs were classified as the order Poecilosclerida (OTU05: 

Clathria (Thalysias) reinwardti, OTU06: Clathria (Thalysias) vulpina, OTU08: 

Echinodictyum cancellatum, OTU09: Mycale sp., OTU11: Mycale (Aegogropila) sp., 

OTU12: Mycale (Mycale) pectinicola, OTU13: Raspailia (Raspailia) sp.). 

Order Axinellida. MOTU11 and 12 were assigned to the order Axinellida grouping 

with reference sequences from the family Raspailiidae. The highest scoring BLASTn 

matches of CO1 sequences for both MOTUs were Raspailiid sponges (Echinodictyum 

cancellatum for MOTU11 and Raspaciona aculeata for MOTU12). All specimens of 

MOTU11 were assigned the same morphological OTU (OTU08) identified as 

Echinodictyum cancellatum (order Axinellida). The sole specimen of MOTU12 was 

identified as an Aulospongus sp. (OTU04) in the order Axinellida. 
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Order Tetractinellida. Two MOTUs (MOTU13 and 20) were assigned to the order 

Tetractinellida. The CO1 fragment was successfully amplified in one (MOTU13) of these 

two MOTUs and the top BLASTn result was a Stelletta sp. (order Tetractinellida). 

Specimens of MOTU13 and 20 were identified as two OTUs that correlated with MOTU 

assignments (OTU09 and OTU10 respectively). Both OTU09 and 10 were identified as 

Mycale spp. in the order Poecilosclerida. 

Order Suberitida. Reference taxa from the order Suberitida were paraphyletic 

forming a clade containing Topsentia ophiraphidites and another containing Suberites 

domuncula, Hymeniacidon perlevis, and Hymeniacidon sinapium). Five MOTUs 

(MOTU14-16, 27-28) were assigned to the main Suberitida clade, and an additional four 

MOTUs (MOTU19, 21-23) group closest with with T. ophiraphidites (Figure 4.5). 

For the five MOTUs assigned to the main Suberitida clade, the highest scoring 

BLASTn matches were sponges from the order Suberitida comprising Hymeniacidon 

perlevis (MOTU14 and 15) and Halichondria panicea (MOTU16). The genetic differences 

between MOTU27 and 28 across all three markers are minimal and it is possible that 

these comprise a single molecular species. Three morphological OTUs were assigned 

across the five MOTUs and all were identified as Poecilosclerida sponges (OTU09: 

Mycale sp., OTU11: Mycale (Aegogropila) sp., OTU12: Mycale (Mycale) pectinicola). 

In the four MOTUs assigned as Suberitida (Topsentia) all morphological 

identifications were from the order Poecilosclerida. Both MOTU19 and 21 were identified 

as the same morphological OTU (OTU09) and identified as a species of Mycale. 

MOTU22 was identified as Clathria (Thalysias) reinwardti (OTU05) and MOTU23 was 

identified as Echinochalina (Echinochalina) intermedia (OTU07). 

Order Verongiida. MOTU17 and 18 were assigned to order Verongiida. Based on 

preliminary morphological evaluations MOTU17 was identified as Echinodictyum 

cancellatum (OTU08, order Axinellida) and MOTU18 was identified as a Mycale sp. 

(OTU10, order Poecilosclerida). 

 

4.3.4 Structure of intergenic spacers in sponge mitochondrial genomes 

From all the available annotated whole and partial sponge mitochondrial genomes 

stored in GenBank, the structure of the SP1 and SP2 markers were documented (Figure 

4.6, Table 4.5). The order of protein-coding, tRNA, and rRNA genes, the presence of 

overlapping coding regions (indicated by ‘OL’ in Table 4.5), and the presence and lengths 

of intergenic spacers were determined. 
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The available data covers 13 orders from Demospongiae, 2 orders from 

Hexactinellida and 1 order from Homoscleromorpha. In contrast to the rest of the 

Porifera, members of the class Calcarea have been documented to possess linear 

mitochondrial genomes (Lavrov etal 2012) and were not included in this analysis. In the 

downloaded reference genomes the SP1 and SP2 markers present a variety of different 

structures in terms of gene presence and order, and the presence and length of 

intergenic spaces (Figure 4.6, Table 4.5). 

The structure of SP1 in most sponges contained cox2, followed by trnK, atp8, and 

atp6. Intergenic spacers can be present between any of these coding regions and ranged 

from 4 to 800 nucleotides in length. This SP1 structure is present in most orders of the 

subclass Heteroscleromorpha, specifically Suberitida, Polymastiida, Spongillida, 

Tetractinellida, Axinellida (with the exception of Axinella corrugata), and Haplosclerida. 

This SP1 structure is also observed in both orders in the subclass Verongimorpha 

(Verongiida and Chondrillida). A similar SP1 structure with the absence of trnK is 

observed in all available representatives of the subclass Keratosa and the class 

Homoscleromorpha, as well as in Agelas schmidtii the only representative of Agelasida. 

There are a couple of examples where additional tRNAs are observed in this region. 

Representatives of the order Tethyida (Tethya actinia and Tethya sp.) contain leucine 

tRNA (trnL) between cox2 and trnK. The Axinellida sponge, Axinella corrugata, contains 

transfer RNAs for cysteine (trnC) and asparagine (trnN) between cox2 and trnK. 

The most notable structures are those that contain several other genes between 

cox2 and atp6 that make the SP1 marker too long to successfully amplify. In the sponge 

Igernella notabilis (order Dendroceratida) four additional genes are located between atp8 

and atp6 genes. In Poecilosclerida sponges the small (rns) and large (rnl) subunit 

ribosomal RNAs occur between cox2 and atp8 and there is an absence of trnK. In 

Hexactinellida both trnK and atp8 are not located in the SP1 region and two additional 

genes are present along with several other tRNAs. For the remainder of the 

Homoscleromorpha sponges, which include several Oscarella species and 

Pseudocorticium jarrei, have mitochondrial genomes that are bidirectional and the genes 

associated with SP1 (and SP2) are distantly located. 
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Figure 4.6: Schematic diagram showing the structure of SP1 and SP2 in terms of presence and order of genes and intergenic regions for representatives 
across the classes Demospongiae, Homoscleromorpha, and Hexactinellida. The most characteristic genes of both SP1 and SP2 are coloured and the 
presence of additional genes in each spacer region are indicated in grey. 
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Table 4.5: Order of coding (protein-coding, tRNA and rRNA genes) and non-coding (intergenic spacer) regions of the phylum Porifera for SP1 and SP2 
markers. Information was collected from all available sponge mitochondrial genomes and their annotations that are published on GenBank. Coding regions 
are indicated in bold. If genes overlap they are indicated by “OL”. Intergenic spacers are indicated by “SP” and the number of nucleotides are presented 
in parentheses. The presence of additional genes within each spacer region is indicated by square parentheses and are coloured in orange (different 
gene orders within square parentheses do not highlight the presence of intergenic regions or transfer RNAs). Samples for which SP1 or SP2 regions were 
not available are indicated by ‘not sequenced’, and partial genomes are indicated by an “ * ” beside the sample name. Sample names include the species 
identification with GenBank accession number and those presented in bold were used in phylogenetic reconstructions. 

 
  

Reference sequence SP1 (CO2 to ATP6) SP2 (ND5 to rns) 

Demospongiae 
Heteroscleromorpha 

Suberitida 
  

Hymeniacidon sinapium NC_022450 CO2-SP(199)-trnK-ATP8-SP(322)-ATP6 ND5-SP(266)-trnA-SP(5)-trnM-SP(222)-trnF-rns 
Suberites domuncula NC_010496 CO2-SP(403)-trnK-ATP8-SP(296)-ATP6 ND5-SP(262)-trnA-SP(19)-trnM-SP(382)-trnF-rns 

Hymeniacidon perlevis JX514032 * Partial CO2-SP(199)-trnK-ATP8-SP(256) Not sequenced	
Hymeniacidon perlevis JX514035 * Partial CO2-SP(199)-trnK-ATP8-SP(319) Not sequenced	
Hymeniacidon perlevis JX514042 * Partial CO2-SP(199)-trnK-ATP8-SP(322) Not sequenced	
Hymeniacidon perlevis JX514043 * Partial CO2-SP(199)-trnK-ATP8-SP(254) Not sequenced	
Hymeniacidon perlevis JX514057 * Partial CO2-SP(199)-trnK-ATP8-SP(317) Not sequenced	
Topsentia ophiraphidites NC_010204 CO2-SP(66)-trnK-ATP8-OL-ATP6 ND5-[ND4-ND6-ND3-CO1-CO2-ATP8-ATP6-CO3-CYTB-ATP9]-rns 

Polymastiida     
Polymastia littoralis NC_023834 CO2-SP(96)-trnK-ATP8-SP(59)-ATP6 ND5-SP(73)-trnA-SP(91)-trnM-SP(112)-trnF-rns 

Spongillida     
Baikalospongia bacillifera KJ192328 * CO2-SP(604)-trnK-ATP8-SP(40)-ATP6 Not sequenced 

Baikalospongia intermedia profundalis NC_018343 CO2-SP(689)-trnK-ATP8-SP(40)-ATP6 ND5-OL-trnA-SP(240)-trnM-SP(289)-trnF-rns 
Lubomirskia baicalensis NC_013760 CO2-SP(579)-trnK-ATP8-SP(40)-ATP6 ND5-trnA-SP(249)-trnM-SP(274)-trnF-rns 
Ephydatia muelleri NC_010202 CO2-SP(588)-trnK-ATP8-SP(47)-ATP6 ND5-trnA-SP(53)-trnM-SP(160)-trnF-rns 
Ephydatia fluviatilis JN209966 CO2-SP(635)-trnK-ATP8-SP(47)-ATP6 ND5-OL-trnA-SP(99)-trnM-SP(137)-trnF-rns 
Eunapius subterraneus NC_016431 CO2-SP(519)-trnK-ATP8-SP(47)-ATP6 ND5-OL-trnA-SP(99)-trnM-SP(149)-trnF-rns 

Rezinkovia echinata NC_018360 CO2-SP(596)-trnK-ATP8-SP(40)-ATP6 ND5-OL-trnA-SP(220)-trnM-SP(257)-trnF-rns 
Spongilla lacustris KU759841 * CO2-SP(800)-trnK-ATP8-SP(44)-ATP6 ND5-trnA-SP(165)-trnM-SP(161)-trnF-rns 

Tetractinellida     
Geodia neptuni NC_006990 CO2-SP(32)-trnK-ATP8-OL-ATP6 ND5-OL-trnA-SP(59)-trnF-rns 
Poecillastra laminaris NC_025335 CO2-SP(35)-trnK-ATP8-OL-ATP6 ND5-OL-trnA-SP(18)-trnF-rns 

Cinachyrella kuekenthali NC_010198 CO2-trnK-ATP8-ATP6 ND5-OL-trnA-SP(15)-trnF-rns 
Tetilla sp. AF035265 * CO2-SP(13)-trnK-ATP8-OL-ATP6 Not sequenced 

Axinellida     
Ectyoplasia ferox NC_010210 CO2-SP(62)-trnK-ATP8-OL-ATP6 ND5-trnA-SP(14)-trnD-SP(7)-trnM-trnF-rns 
Ptilocaulis walpersi NC_010209 CO2-SP(88)-trnK-ATP8-OL-ATP6 ND5-trnA-SP(311)-trnD-SP(7)-trnM-trnF-rns 

Axinella corrugata NC_006894 CO2-SP(247)-trnC-SP(104)-trnN-SP(133)-trnK-SP(125)-ATP8-
SP(164)-ATP6 ND5-SP(142)-trnL-SP(256)-trnF-rns 
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Table 4.5 continued… 

 
  

Reference sequence SP1 (CO2 to ATP6) SP2 (ND5 to rns) 

Tethyida     

Tethya actinia NC_006991 CO2-SP(37)-trnL-SP(319)-trnK-ATP8-SP(8)-ATP6 ND5-SP(28)-trnA-SP(17)-trnM-SP(120)-trnF-rns 

Tethya sp. KU748128 CO2-SP(35)-trnL-SP(96)-trnK-SP(62)-ATP8-SP(12)-ATP6 ND5-SP(12)-trnA-SP(50)-trnM-SP(100)-trnF-rns 
Agelasida     

Agelas schmidti NC_010213 CO2-SP(39)-ATP8-SP(7)-ATP6 ND5-SP(95)-trnI-SP(18)-trnF-rns 
Haplosclerida     

Callyspongia plicifera NC_010206 CO2-SP(21)-trnK-ATP8-OL-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3]-rns 
Petrosia ficiformis NC_027519 CO2-SP(23)-trnK-ATP8-OL-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3]-rns 
Xestospongia muta NC_010211 CO2-SP(46)-trnK-ATP8-SP(12)-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3]-rns 

Amphimedon compressa NC_010201 CO2-SP(29)-trnK-ATP8-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3]-rns 
Amphimedon queenslandica NC_008944 CO2-SP(75)-trnK-OL-ATP8-SP(13)-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ND4-ND6-ND3]-rns 

Poecilosclerida     
Crella elegans NC_027520 CO2-SP(67)-[rns-rnl]-ATP8-ATP6 ND5-SP(14)-trnA-SP(30)-CO2-SP(67)-trnF-rns 
Iotrochota birotulata NC_010207 CO2-[rns-rnl]-ATP8-OL-ATP6 ND5-SP(11)-trnA-SP(22)-CO2-OL-trnF-rns 

Negombata magnifica NC_010171 CO2-[rns-rnl]-ATP8-OL-ATP6 ND5-SP(14)-trnA-SP(75)-CO2-OL-trnF-rns 
 
Keratosa 

Dendoceratida 
    

Igernella notabilis NC_010216 CO2-SP(175)-ATP8-SP(204)-[CYTB-ND6-ND3-ND4L]-ATP6 ND5-SP(188)-rns 

Dictyoceratida     
Ircinia strobilina NC_013662 CO2-OL-ATP8-ATP6 ND5-SP(130)-rns 
Ircinia sp. KC510273 CO2-OL-ATP8-ATP6 ND5-SP(122)-rns 
Ircinia sp. KC510274 CO2-OL-ATP8-ATP6 ND5-SP(130)-rns 
Hippospongia lachne NC_010215 CO2-OL-ATP8-ATP6 ND5-SP(201)-rns 

Hyattella sinuosa NC_021422 CO2-OL-ATP8-ATP6 ND5-SP(93)  -rns 
Vaceletia sp. NC_010218 CO2-OL-ATP8-SP(319)-ATP6 ND5-SP(522)-rns 

 
Verongimorpha 

Verongiida 
    

Aplysina cauliformis NC_016949 CO2-SP(114)-trnK-ATP8-OL-ATP6 ND5-SP(8)-trnA-SP(41)-trnM-SP(8)-trnF-SP(165)-rns 
Aplysina fulva NC_010203 CO2-SP(114)-trnK-ATP8-OL-ATP6 ND5-SP(8)-trnA-SP(41)-trnM-SP(8)-trnF-rns 

Chondrillida     
Chondrilla aff. nucula NC_010208 CO2-SP(64)-trnK-SP(22)-ATP8-OL-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3-ND4L]-rns 
Halisarca dujardini NC_010212 CO2-SP(36)-trnK-SP(67)-ATP8-SP(7)-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3-ND4L]-rns 

Halisarca sp. NC_014876 CO2-SP(81)-trnK-SP(4)-ATP8-OL-ATP6 ND5-[CO2-ATP8-ATP6-CO3-CYTB-ATP9-ND4-ND6-ND3-ND4L]-rns 
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Table 4.5 continued… 

 
 

 

Reference sequence SP1 (CO2 to ATP6) SP2 (ND5 to rns) 

Homoscleromorpha 
Homosclerophorida 

    

Plakina crypta NC_014885 CO2-SP(29)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakina jani NC_014860 CO2-SP(29)-ATP8-SP(7)-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakina monolopha NC_014884 CO2-SP(29)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 

Plakina sp. NC_014892 CO2-SP(29)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakina trilopha HQ269356 CO2-SP(29)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakinastrella cf. onkodes NC_010217 CO2-SP(25)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakortis halichondrioides NC_014857 CO2-SP(11)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 
Plakortis simplex NC_014868 CO2-SP(11)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 

Corticium candelabrum NC_014872 CO2-SP(29)-ATP8-ATP6 ND5-[CO1-CYTB-CO2-ATP8-ATP6-CO3]-rns 

Oscarella carmela NC_009090 # # 

Oscarella lobularis NC_014863 # # 

Oscarella malakhovi NC_014886 # # 

Oscarella microlobata NC_014850 # # 

Oscarella sp. JX963639 # # 

Oscarella tuberculata NC_014888 # # 

Oscarella viridis NC_014856 # # 

Pseudocorticium jarrei NC_014853 # # 

 
Hexactinellida 

Hexactinosida 
    

Aphrocallistes vastus NC_010769 CO2-[rnl-ND4L]-SP(46)-ATP6 ND5-[ND1-CYTB-ND4-ND6-ATP9]-rns 

Lyssacinosida     
Oopsacas minuta NC_027419 CO2-SP(136)-[ND3-ND4L]-SP(7)-ATP6 ND5-[CO1-CYTB-ND4-ND6-CO1-ATP8-ATP6]-rns 
Sympagella nux EF537577 * CO2-SP(21)-[ND3-ND4L]-SP(5)-ATP6 Not sequenced 
Vazella pourtalesi NC_028054 CO2-SP(22)-[ND3-ND4L]-SP(6)-ATP6 ND5-[ND5-ND1-CYTB-ND4-ND6-CO1-ATP9]-rns 

# = The structure of the marker is substantially different  
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The structure and order of SP2 is more variable within taxonomic membership 

compared to SP1 (Figure 4.6, Table 4.5). The most common gene order, observed only 

in the subclass Heteroscleromorpha, consists of nad5, trnA, trnM, trnF, and rns. 

Intergenic spacers can be present between any of these coding regions and range from 

5 to 522 nucleotides in length. This SP2 structure is observed in the available samples 

of the orders Suberitida (except for Topsentia ophiraphidites), Polymastiida, Spongillida, 

Tethyida, and Verongiida. 

The remaining SP2 structures either include the absence or presence of other 

tRNAs or genes. Keratosa sponges (orders Dendroceratida and Dictyoceratida) contain 

no tRNAs between nad5 and rns but have intergenic spacers ranging from 93 to 522 

nucleotides in length. In Tetractinellida trnM is absent. The absence of both trnA and 

trnM is observed in the sponge Axinella corrugata (Axinellida) as well as Agelas schmidtii 

(Agelasida) and is replaced by leucine (trnL) and isoleucine (trnI) tRNAs respectively. 

The remaining Axinellida sponges, from the family Raspailiidae, also contain the aspartic 

acid tRNA (trnD) between trnA and trnM. For the remaining groups the SP2 regions 

contains the addition of other genes increasing the length of the region. In 

Poecilosclerida taxa trnM is absent and it is replaced by cox2. An additional five to ten 

genes are present in the SP2 region in the orders Haplosclerida, Chondrillida, 

Homosclerophorida, Hexactinosida, Lyssacinosida, and the species Topsentia 

ophiraphidites (order Suberitida). 

The structure of the spacer regions can impact amplification success. Additional 

genes located within the spacer region could make the fragment too long for successful 

amplification. A longer SP1 region is observed in Poecilosclerida taxa and this could 

explain why no SP1 fragments were amplified from MOTUs assigned as Poecilosclerida. 

Additionally the presence of cox2 within SP2 markers of Poecilosclerida taxa would also 

impact amplification success. Despite the SP2 marker being amplified in all MOTUs 

assigned as Poecilosclerid taxa, this marker alone was unable to assign these samples 

and was suspected to be erroneous sequences. None of these SP2 sequences 

contained the cox2 gene that is observed in the Poecilosclerida reference sequences, 

suggesting the obtained SP2 sequences could be the result of contamination. 
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Likewise, Haplosclerida and Topsentia ophiraphidites also have a longer region for 

SP2. There was low amplification of the SP2 marker in MOTUs identified to these groups. 

When the SP2 marker was amplified it was unable to assign any of the Haplosclerida or 

Suberitida (Topsentia) taxa. In a previous study, the SP2 marker was unable to be 

amplified in the sponge Neopetrosia chaliniformis.[15] The failed amplification could be 

explained by the longer SP2 region observed in the other Haplosclerida sponges, 

specifically in the species Petrosia ficiformis that is a member of the same family 

(Petrosiidae). 

 

4.3.5 Comparison of the CO1 marker and the intergenic spacers, SP1 and SP2, for 

order assignment of sponge species 

Successful CO1 sequences were obtained for 50.0 % (n=72) of specimens. 

However, only 29.2 % (n=21) of available sequences were able to inform provisional 

order assignments. A comparable number of sequences were obtained for SP1 (44.4 %, 

n=64) and SP2 (57.6 %, n=83). Yet, a higher number of sequences were capable of 

order-level assignments. In phylogenetic reconstructions 73.4 % (n=47) of available SP1 

sequences and 34.9 % (n=29) of available SP2 sequences were used to infer provisional 

order assignments of molecular species. 

Based on examination of available mitochondrial genomes there are several 

orders, in which the structure of the spacer region could lead to a subsequent inability to 

amplify these regions. For SP1 this includes orders Poecilosclerida and Dendroceratida, 

class Hexactinellida, and genera of class Homoscleromorpha. Aside from these taxa, the 

SP1 marker has a fairly good coverage of Demospongiae with a consistent structure. A 

larger variety of gene arrangements have been documented in the SP2 marker, 

influencing amplification and sequence alignment across diverse taxa. Additional genes 

are observed in the SP2 region of the orders Haplosclerida and Chondrillida, in the 

species Topsentia ophiraphidites (Suberitida), and in the classes Homoscleromorpha 

and Hexactinellida. Compared to SP1, SP2 seems to have less complete coverage of 

class Demospongiae, but might offer more variable structure and subsequent 

phylogenetic information. 

The challenge with the application of both of these markers is the accurate 

alignment of homologous regions. The intergenic regions possess higher variability 

compared with coding regions and unambiguous alignment among the diverse taxa 

examined here was not possible. However, in this study the coding-regions and RNAs 

could be aligned and proved sufficient for phylogenetic reconstructions. The intergenic 

spacers have been proposed as useful markers that are more polymorphic when 
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compared with the CO1 marker.[12] Yet, the variability associated with the CO1 and SP1 

markers have been shown to change when comparing different taxa. SP1 has displayed 

higher variability compared with CO1 when investigating a closely related set of species 

of the family Lubomirskiidae.[14] In contrast, the CO1 marker displayed higher genetic 

diversity compared with SP1 when characterising the intraspecific variation of 

Hymeniacidon perlevis.[13] The higher variability exhibited in intergenic regions could be 

harnessed when applying this marker to more closely related taxa, such as family and 

species level. This would subsequently enable alignment of the entire spacer region. 

 

4.3.6 Amplification success and chemical inhibitors 

Initially amplification of all three markers was attempted for 106 samples using 

PCR following a kit-based DNA extraction. Before cleaning, low amplification success 

was observed. PCR products were visualised in an average of 24.2 ± 8.6 % of samples 

across all markers. The lowest amplification of 17.9 % of samples was observed for SP2. 

SP1 exhibited the highest amplification of 34.0 % and CO1 was amplified in 20.8 % of 

samples (Figure 4.7). 

 
Figure 4.7: Amplification success of the CO1, SP1, and SP2 mitochondrial markers for sponge 
samples (n = 106). Amplification success was calculated as the percentage of samples with a 
visible PCR product and is reported for both the crude DNA extractions (orange) and phenol-
cleaned DNA extractions (blue). 
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In biochemically rich taxa, such as sponges, a potential explanation of failed PCRs 

could be the presence of inhibitory secondary metabolites. For four samples that failed 

amplification sample purity were checked using 260:280 and 260:230 ratios. For these 

four samples the 260:280 ratio ranged between 1.09 – 2.75. A ratio of ~ 1.8 is considered 

‘pure’ for DNA and a lower value can indicate the presence of chemical contamination.[42] 

The expected range for the 260:230 ratios are between 1.8 – 2.2[42] for which all these 

samples were below, ranging from 0.74 – 1.05, providing further indication of chemical 

contamination. A phenol-chloroform partition was performed to attempt to clean the DNA 

and remove secondary metabolites that could be interfering with the PCR. After clean up 

the three markers were again amplified in the same samples (n = 106) and there was an 

increase in amplification success. PCR products were observed in an average of 65.7 ± 

8.5 % of phenol cleaned samples. All three markers showed increased amplification 

(Figure 4.7); SP1 again had the highest amplification (75.5 %), followed by SP2 (61.3 

%), and CO1 (60.4 %). 

Failed PCR amplification of molecular markers has plagued sponge taxonomy ever 

since its first applications.[16] Sponges have proven to be a vast source of interesting and 

biologically active marine natural products[43-45] so the presence of biologically active 

compounds that can inhibit and prevent the PCR process is unsurprising.[16] DNA 

extraction protocols have been designed to attempt to remove as many potential 

interfering compounds as possible. However, PCR inhibitors present a variety of 

structure classes and can posses potent activity, meaning no single protocol would 

effectively removal all inhibitors completely. PCR failure can also be attributed to poor 

quality DNA template, primer mismatches that prevent efficient annealing, or in the case 

of the intergenic spacers, the presence of additional genes creating a longer region can 

render the primers ineffective. 

For this study the samples genomic DNA was extracted and purified using a 

Qiagen kit (DNeasy Blood and Tissue), which binds DNA to a silica-based membrane in 

a column in the presence of high concentration of chaotropic salt. This enables the 

washing of the sample to remove contaminants and inhibitory compounds. The use of 

silica can also result in the unintentional binding of polar natural products and 

contaminates can remain. After low amplification rates were observed DNA extracts were 

partitioned with phenol-chloroform to attempt to further remove inhibitors. The increase 

in PCR amplification success indicated that phenol-chloroform extraction followed by a 

salt precipitation enabled further inhibitors to be successfully removed. 

Dideoxygenated nucleosides have been reported in sponges from the genus 

Aplysina.[25] Three individuals (consisting of two MOTUs) were provisionally assigned to 

the order Verongiida, and in the SP1 reconstruction form a well-supported clade with 
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Aplysina cauliformis (Figure 4.3). These samples initially showed low PCR amplification 

success that improved after undergoing the phenol partition. Before the phenol clean up 

only two PCR products from a possible nine (three samples across three markers) were 

observed. After clean up eight of the nine PCR products were observed. If related 

nucleosides with unusual functionality, like those reported in Aplysina sp., are also 

present in these samples they could be the source of failed PCR amplification, which are 

removed through the phenol-chloroform extraction and subsequent DNA precipitation. 

The quality and concentration of DNA template can affect PCR success. Long-term 

storage of voucher specimens can result in degradation of DNA, especially when 

exposed to water. Despite this, DNA has been recovered and sequenced from holotypes 

collected as early as 1890s.[17] For this study tissue was sourced from frozen specimens 

thus the age and quality of the DNA due to storage is unlikely to be an issue. 

Another viable explanation for failed PCR amplification is mismatches that prevent 

primer annealing to the target site.[16] Despite the optimism that the primers designed for 

the CO1 standard barcode region are universal,[33] poor amplification success using 

these primers has been documented in members of the phylum Porifera. Many projects 

utilise a degenerate form of the Folmer primers[34] that have two degenerative base pairs 

on each of the forward and reverse primers, allowing relaxed primer annealing. It is 

possible that further mismatches at the primer-binding site might be the cause of PCR 

amplification failure. When amplifying the CO2 marker a primer mismatch of five 

nucleotide base pairs prevented the amplification of this marker in the sponge Aplysina 

fulva.[12] A whole mitochondrial genome was available for this species and new primers 

were designed to successfully generate a CO2 sequence. Similar difficulty was 

experienced when trying to amplify the lysidyl aminoacyl transfer RNA synthetase 

(LTRS) intron in Neopetrosia chaliniformis specimens. The originally designed primers[46] 

only amplified the fragment in a portion of specimens. However, the design of a species-

specific primer pair enabled the successful amplification of this marker in all samples[15] 

This is an effective but inefficient strategy especially when the whole mitochondrial 

genome or reference sequences for the target (or closely related) organisms are 

unavailable. 

The primers designed to amplify the SP1 and SP2 markers were designed and 

tested on a total of nine sponge species of six orders from the class Demospongiae.[12] 

Comparison of these primers to the now available sponge mitochondrial genomes show 

that, in 16 of the 42 taxa present in GenBank, primer mismatches of at least five base 

pairs were present in one or both of the SP1 or SP2 primers. If a mismatch of five base 

pairs is sufficient to prevent effective primer annealing and lead to failed amplification,[12] 

this would result in a reduced coverage of ~38 % of sampled Demospongiae taxa. This 
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highlights that even within the phylum Porifera it is difficult to find a set of primers that 

will amplify the same marker in all Porferian taxa. 

In markers that incorporate the intergenic regions between genes, such as the SP1 

and SP2,[12] the order of genes plays a role in the successful amplification. The presence 

of genes between the primer-binding sites can alter the length of these markers and 

prevent successful amplification and sequencing. During the development of these 

primers the SP2 marker was unable to be amplified from the sponge Amphimedon erina 

(Haplosclerida). Using the currently available whole mitochondrial sponge genomes a 

variety of spacer structures can be observed. Interestingly, the SP2 region contains 

additional genes in all available Haplosclerida sponges, which might provide an 

explanation of the failed SP2 amplification in A. erina. This could also provide the reason 

for the failed amplification of SP2 in N. chaliniformis.[15] 

 

4.3.7 Moving forward in sponge molecular taxonomy 

The original Folmer primers were designed to be as widely applicable across as 

much of the animal kingdom as possible. However, amplification failure occurs at least 

in part due to mismatches in the primers preventing efficient annealing. Subsequently 

the Folmer primers were redesigned to include degenerative sites and enable more 

relaxed primer annealing.[34, 47] Despite these modifications the degenerative Folmer 

primers are not truly universal and further efforts at modification have been undertaken. 

Using available CO1 sequences present in GenBank Geller et al.[47] provided another set 

of revised primers (called jgLCO1490 and jgHCO2198) designed specifically for CO1 

barcoding in Metazoans. When tested on marine invertebrates spanning 23 phyla in the 

Mo’orea Biocode Project the newly designed primers resulted in an amplification rate of 

72.5 % (8612 PCR attempts), compared to 44 % (2095 PCR attempts) for the original 

Folmer primers.[47] Of the samples that failed amplification using Folmer primers, a further 

42 % were successfully amplified using the jg primer pair.[47] 
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The jg primers have since been applied to sponge taxa.[48-49] When reconstructing 

the molecular phylogeny of the family Polymastiidae CO1 sequences of satisfactory 

quality for the species Polymastia corticata could only be obtained using the jg primers.[49] 

The jg primers were also used to sequence sponges collected on Japanese tsunami 

marine debris comprising twelve species from 49 sponge samples.[48] These sequences 

were comprised of five species of three orders from the class Calcarea, together with 

seven species of five orders from the class Demospongiae.[48] 

As these primers were published after the commencement of this study future work 

would include the application of the jg primer pair to the sponge samples sequenced 

here to try to improve sequencing success for the CO1 marker. The diversity of samples 

examined here would provide a good comparison between the degenerative Folmer 

primers and the revised jg primers. Additionally, this same approach could be used to 

provide further modification of the SP1 and SP2 primers. By taking into consideration the 

position and nature of primer mismatches this could help to further improve the 

successful amplification of these markers. 

The diversity of mitochondrial genome structures already documented for sponges 

provide another source of potentially phylogenetically informative characters.[50] 

Presumably rearrangement of genes, especially if they interrupt its correct functioning, 

occurs rarely. High density of non-coding intergenic regions, like those observed in 

sponges, permit the non-lethal rearrangement of gene order.[50-51] Gene order is a 

selectively neutral trait with no evolutionary advantage to a particular order of genes.[50] 

In theory the number of possible gene rearrangements limits the chances of convergent 

gene orders. However, the presence of rearrangement hotspots could result in 

convergence and misleading phylogenetic reconstructions.[50-51] 

Individual mitochondrial genes alone do not provide sufficient information to 

resolve Demospongiae relationships, and different phylogenetic markers are informative 

at different levels.[1, 52] The incorporation of additional independent markers would help 

to resolve the deeper relationships that are unable to be resolved based on mitochondrial 

markers alone.[52] A combination of nuclear and mitochondrial markers have been 

applied in sponge molecular studies, often revealing different levels of phylogenetic 

information (e.g. [14-15, 53]). In terms of species delimitation the inclusion of multiple loci 

will increase the accuracy. In a simulated dataset, when based on a single locus, species 

were correctly delimited less than 50 % of the time, and when three loci were included 

this rate increased to 90 %.[54] Specifically for this dataset the inclusion of a nuclear 

marker, such as 28S, that has a considerable number of reference sequences available 

in databases would help to resolve some of the incongruence observed between these 

markers. 
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Marine sponges are a group that possess complicated taxonomy and would benefit 

from a model-based approach to species delimitation, incorporating both molecular 

evidence together with other datasets such as morphological characters (e.g. like that 

applied to Caribbean sponges[55]). For the samples analysed here, the logical next step 

would be to complete extensive morphological examination. However, this would require 

access to expert sponge taxonomists. Considering the large diversity of chemical 

structures that have been isolated and reported from marine sponges[44] and their 

apparent taxonomic specific patterns, biochemical characters provide another useful 

dataset to corroborate conclusions based on molecular evidence. In contrast to 

taxonomic efforts, subjecting these samples to chemical profiling requires comparatively 

shorter training times, as well as much shorter sample processing times. 

 

4.4 CONCLUSION 

Through the application of three mitochondrial markers the samples analysed here 

were successfully grouped into sets of samples that share genetic similarity. In total this 

resulted in the establishment of 34 molecular operational taxonomic units (MOTUs) that 

were comprised of 57 haplotype sequences. Phylogenetic reconstruction of sample 

sequences with reference sequences from GenBank allowed the assignment of 27 

MOTUs to six sponge orders. While all three markers showed similar sequencing 

success (approximately 50%) each marker displays a differential ability to provide 

informative order-level assignments. SP1 provided the highest portion of order-level 

assignments (73.4%) compared with SP2 (34.9%) and CO1 (29.2%). Examining the 

genetic structure of the spacer markers in available sponge mitochondrial genomes 

showed that SP1 should yield a feasible sequence in 12 of 16 examined sponge orders 

compare to SP2 (10 of 16). The amplification success improved after further removal of 

chemical inhibitors increasing from 17.9 – 34.0% before phenol-chloroform partitioning 

to 60.4% – 75.5% when PCR was re-attempted after clean up. 
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Chapter 5 

1H-13C HSQC NMR spectroscopic profiling and 

integrative approaches for the identification of Porifera 

specimens from the seabed of the Great Barrier Reef, 

Australia 

 

The previous chapter implemented an established molecular approach to 

characterise the genetic variation associated with a group of sponges collected from the 

Great Barrier Reef, Australia. This resulted in the designation of groups of individuals 

with shared genetic variability as molecular operational taxonomic units (MOTUs). In this 

chapter the HSQC spectroscopic profiling method developed earlier (chapter 3) is 

applied to a subset of these sponges to characterise the variation associated chemical 

moieties as a proxy for chemical variation. Spectroscopic profiles are used to establish 

chemical operational taxonomic units (ChOTUs) as groups of individuals that share 

spectroscopic similarity, and characteristic signals are used to infer chemical moieties of 

unknown constituents. The ChOTUs are compared with the preliminary morphological 

identifications (made at time of collection) and molecular operational taxonomic units 

(from chapter 4) resulting in the identification of putative taxa. These three datasets are 

integrated to achieve the overall aim of part B, which is to connect and compare the 

biological and chemical variation of this group of sponges. 

 

Specifically this chapter addresses the following aims: 

1) To establish chemical operational taxonomic units (ChOTUs) as groups of individuals 

that exhibit high HSQC spectroscopic similarity. 

2) To identify the proton-carbon co-ordinate signals that are characteristic of ChOTUs 

and infer the chemical moieties associated with each signal. 

3) To integrate the chemical, morphological, and molecular datasets to establish groups 

of individuals with shared chemical and biological variation as a first step in species 

delimitation.  
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5.1 INTRODUCTION 

5.1.1 Potential application of chemical characters in sponge taxonomy 

Sponge taxonomy, like other natural systems, is based on genetically controlled 

‘diagnostic’ morphological characters.[1-3] While morphological features have proven 

useful when used to catalogue morphological diversity, there is some uncertainty to what 

level these features truly represent biological diversity.[2] Morphometric approaches rely 

on the assumption that observable phenotypes are genetically controlled by the 

genotype.[4] However, the analysis of genetic diversity often provides discriminating 

power in circumstances when a strictly morphometric approach fails to differentiate 

taxa.[2, 5] Advances in the field of molecular biology have made genetic material more 

accessible allowing the incorporation of these characters into sponge taxonomic 

approaches.[2, 4-6] Although, the utilisation of molecular characters can become 

complicated when markers exhibit low variability and when genetic material from 

microbial associates are unintentionally amplified.[2-3, 7]  

Sponges are a well-established source of natural products[8-10] that can be utilised 

as an additional independent set of characters to validate taxonomic conclusions. The 

presence of unique compounds and their distribution among different taxa, can therefore 

help to delimit taxonomic groups.[11-12] The systematic potential of natural products has 

been exploited to assist in the phylogenetics and classification of biologically character-

poor groups such as sponges.[12] Despite the promise of applying chemical characters to 

sponge taxonomy, it is unlikely that chemical synapomorphies alone can resolve the 

entire phylum and no single approach to sponge taxonomy (morphometric, molecular, or 

chemical) has the power to resolve sponge taxonomy and systematics completely. 

However, integrating multiple available datasets has the potential to overcome the 

problems experienced with a single dataset.[13] 

 

5.1.2 Integrative approaches to sponges taxonomy 

Chemical and biological datasets have been integrated for the differentiation of 

sponge taxa.[14-18] Initially several morphotypes were observed in the species Clathria 

(Thalysias) lendenfeldi (family Microcionidae). Later, this species was recognised by 

protein electrophoresis to be comprised of two sympatric species (Clathria (Thalysias) 

lendenfeldi and Clathria (Thalysias) major).[14] The distinction of the two species is 

supported by patterns in protein profiles, free amino acids, and carotenoid pigments, 

while only a few morphological characters are able to differentiate these taxa. In a similar 

case, members of the genus Discodermia (family Theonellidae) display phenotypic 
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plasticity and lack clear diagnostic morphological characters. Proton (1H) nuclear 

magnetic resonance (NMR) spectroscopy was used to investigate species-specific 

patterns in chemical compounds.[16] The spectroscopic differences observed by 1H NMR 

correlated well with morphological differences, and these were integrated together with 

ecological characters to define species groups. 

In the genus Latrunculia (family Latrunculiidae) from the waters of New Zealand 

allozyme electrophoresis revealed the presence of eight genetic species.[17] Skeletal 

characters were largely overlapping and could not be used to distinguish species with 

only two morphological groups able to be recognised. However, biochemical characters 

provided good support for the genetic distinction, and the abundance of five natural 

product alkaloids, discorhabdins, was found to exhibit patterns consistent with the eight 

species. For species in the class Homoscleromorpha identification at the species level 

based solely on morphology is difficult. Chemical profiles using high performance liquid 

chromatography (HPLC) coupled to diode array (DAD), evaporative light scattering 

(ELSD), and mass spectrometry (MS) detection enabled the distinction of ten species.[15] 

Classification using chemical profiles was congruent with a phylogeny based on a 

mitochondrial marker (CO1), and identified two major chemical groups that are 

consistent with the distinction of ‘spiculate’ and ‘aspiculate’ groups. The authors 

suggested a revision of the higher grouping within the Homoscleromorpha based on the 

integration of chemical, morphological, and molecular characters. 

Species complexes have been recognised in the genus Hexadella (family 

Ianthellidae) by phylogenetic analyses. An integrative investigation of two species 

complexes incorporated chemical profiles, natural toxicity, and general and ultra 

morphological characters. Chemical profiles resulting from HPLC-DAD enabled the 

distinction of the four species, and the identification of two new species. This resulted in 

complete species descriptions that incorporate chemical characters.[18] In all these cases 

the combined interpretation of molecular, morphometric, and chemical datasets has 

facilitated the delineation of sponge species. 

 

5.1.3 Seabed biodiversity project 

A comprehensive survey of the inter-reef seabed fauna of the Great Barrier Reef, 

Australia undertaken in 2007 provided a diverse collection of sponge samples for 

analyses.[19] At time of collection, specimens were identified to operational taxonomic 

units (OTUs) as a type of morphospecies based on their gross morphology and 

preliminary analysis of sections by light microscopy. Three of the sponge families 

identified during this sampling effort include Microcionidae, Mycalidae, and Raspailiidae. 
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The families Microcionidae and Mycalidae are both located within the order 

Poecilosclerida. Poecilosclerida is considered to be the most diverse order of the phylum 

both in terms of number of species and the range and diversity of their morphological 

characters.[20] Nine valid genera are recognised in the family Microcionidae comprising 

approximately 470 valid species.[21] The family Mycalidae consists of two valid genera 

and approximately 150 valid species.[22] The family Raspailiidae is comprised of 19 valid 

genera of approximately 270 valid species and is currently assigned to the order 

Axinellida.[23] Raspailiidae has been moved back and forward between the orders 

Axinellida and Poecilosclerida based on morphology and some biochemical 

characters[23] but was more recently reallocated to Axinellida based on molecular 

evidence.[24] 

Samples from this survey[19] underwent molecular analyses (chapter 4 of this 

thesis) but sequences were only successfully obtained for a subset of these samples. 

This has resulted in a group of samples whose biological variation has been 

characterised with preliminary morphological and molecular identifications where 

sequences were available. This makes these samples an ideal collection to apply 

chemical profiling for the characterisation of chemical variation. As described (chapter 3) 

our chemical profiling approach utilises 1H-13C HSQC spectroscopic fingerprinting and 

was applied to this group of samples. This provided an additional set of characters to 

integrate with the current morphological and molecular datasets, thus assisting with 

species delimitation. 

 

5.1.4 Aims and objectives of this chapter 

We first aimed to establish chemical operational taxonomic units (ChOTUs) 

defined as groups of individuals that exhibit high HSQC spectroscopic similarity. Once 

these ChOTUs were established diagnostic proton-carbon (H-C) co-ordinate signals 

were characterised and used to infer the chemical functionality associated with each 

signal, and thus characterise the accompanying chemical moiety diversity. The 

established ChOTUs representing variations in the HSQC spectroscopic profiles were 

then compared to the identifications made using morphological characters (during the 

original sampling study[19]) and those by using molecular sequences (made in chapter 

4). Since the biosynthesis of secondary metabolites is genetically controlled it was 

hypothesised that variations in HSQC spectroscopic profiles will align more closely with 

identifications made using molecular sequences compared with those made with 

preliminary morphological features. The final aim was to integrate the chemical, 
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molecular, and morphological datasets and propose putative taxa with shared chemical 

and biological variation as a first step in species delimitation. 

 

5.2 EXPERIMENTAL SECTION 

5.2.1 Sponge material 

From the samples used in the molecular analyses (chapter 4) a total of 56 were 

selected for spectroscopic analysis. These samples have been collected from the Great 

Barrier Reef (GBR), Australia (Figure 5.1, see chapter 4 for sampling information). Based 

on preliminary morphological identifications these samples consist of 11 operational 

taxonomic units (OTUs) belonging to three sponge families (Table 5.1). Of these 

samples, sequences were successfully generated for at least one of the three genetic 

markers in 32 individuals (chapter 4). 

 

 
Figure 5.1: Sampling location of sponge samples (n = 56) collected 
from the Great Barrier Reef, Australia (Pitcher etal 2007). Samples are 
coloured by family identification. Microcionidae = blue, Mycalidae = 
green, and Raspailiidae = red. 
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Table 5.1: Specimen details for sponge samples (n = 56) used for chemical 
analysis collected from the Great Barrier Reef, Australia (Pitcher etal 2007). 
Includes the number of specimens of each operational taxonomic unit (OTU) 
and the number of specimens with a sequence obtained for at least one of the 
three markers amplified previously (see chapter 4). 

 
 

5.2.2 Chemical extraction, sample preparation, and 1H-13C HSQC NMR spectroscopy 

Samples were prepared and analysed using the spectroscopic profiling method 

developed earlier (chapter 3). However, in contrast to those methods a larger mass of 

approximately 1 g (dry weight) of freeze-dried and ground sponge was exhaustively 

extracted. The mass of crude extract dissolved in 200 µL of DMSO-d6 for NMR was 

standardised to approximately 30 mg. 1H-13C HSQC NMR spectra were acquired and 

analysed in the same way as those analysed previously (see chapter 3). Raw spectra 

are available in Appendix V (Figures S5.1 – S5.56). 

 

5.2.3 Identification of chemical operational taxonomic units (ChOTUs) 

Principal components analysis (PCA) was used to visualise the variation in HSQC 

spectroscopic profiles in two-dimensional space. The proximity on the score plot was 

used to identify groups of samples displaying HSQC spectroscopic similarity. These 

groups were defined as chemical operational taxonomic units (ChOTUs). The 

coefficients of the first (PC1) and second (PC2) principal components were used to 

determine which H-C co-ordinate signals were correlated with the each ChOTU. The 

chemical moieties associated with each distinguishing signal were determined by 

comparison of experimental chemical shifts with literature values.[25-28] Chemical moieties 

were searched in the Dictionary of Natural Products (http://dnp.chemnetbase.com/) to 

identify potential structural matches for distinctive signals. The HSQC spectra were 

Family
Operational 

taxonomic unit 
(OTU)

Number of 
specimens

Number of specimens 
with molecular data

Microcionidae OTU05 4 4

OTU06 11 8
OTU07 14 8

Mycalidae OTU09 6 3

OTU11 1 0

OTU12 3 2

Raspailiidae OTU08 6 5

OTU13 3 1

OTU16 1 1

OTU21 6 0

OTU22 1 0

Total 56 32
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manually inspected for the presence of other H-C co-ordinate signals present within the 

potential structural matches through comparison with reported literature values. 

Once ChOTUs were established the average HSQC spectroscopic similarity was 

calculated to quantify the similarity between samples assigned to the same ChOTU and 

between those belonging to different ChOTUs. Spectroscopic similarity was calculated 

pairwise between two samples and represented as the percentage of signals shared 

between two samples as a ratio to the total number of signals. The average pairwise 

similarity and associated standard error was calculated for each ChOTU, and between 

ChOTUs. 

 

5.2.4 Integration of molecular, morphological, and chemical operational taxonomic 

units for identification of putative taxa 

Patterns in chemical moiety variation were compared with associated biological 

variation. To compare the chemical moiety variation with molecular variation the PCA 

score plot was labelled with molecular operational taxonomic units (MOTUs) and 

provisional order assignments from previous analyses (chapter 4). The chemical moiety 

variation was compared with morphological variation by labelling the PCA score plot with 

sponge family identification and comparison with OTUs established on preliminary 

morphological identifications.[19] As a first step in species delimitation, the three datasets 

were used collaboratively to identify three putative taxa. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Chemical profiling and identification of chemical operational taxonomic units 

(ChOTUs) 

From the 56 samples analysed a total of 133 H-C signals were identified, of which 

12 were unique signals that only occur in a single sample. Samples contained between 

19 and 58 signals with an average of 39.6. Principal components analysis (PCA) is an 

unsupervised analysis applied to multivariate data. This method reduces the 

dimensionality into a smaller number of principal components that encompasses as 

much of the original variation as possible. A total of five principal components were 

extracted that accounted for a cumulative total of 37.41 % of the total variation. The low 

amount of variation accounted for in five principal components is an indication that the 

group of samples analysed presents high variation in HSQC spectroscopic profiles. The 

variability in HSQC spectroscopic profiles was visualised by plotting the first two principal 
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components (PC1 and PC2) (Figure 5.2). PC1 explains 12.55 % of chemical moiety 

variation in the analysed samples, and PC2 explains 8.62 %. 

 
Figure 5.2: Score plot of principal component 1 (PC1) versus principal component 2 (PC2) 
resulting from principal components analysis (PCA). PCA was conducted on the presence and 
absence of 1H-13C co-ordinate signals from HSQC NMR spectra of methanol extracts from n = 56 
sponges. Each circle represents a sample and chemical operational taxonomic units (ChOTUs) 
are indicated by coloured ovals. ChOTU01 = blue, ChOTU02 = orange, and ChOTU03 = purple. 
The size of each sample is proportional to the number of H-C signals detected, and red circles 
indicate samples that contain at least one unique H-C signal. 

 

The position of samples in the PCA was used to group those that occur in a similar 

proximity and therefore display high HSQC spectroscopic similarity. Samples that cluster 

together were defined as chemical operational taxonomic units (ChOTUs). Three 

ChOTUs were defined within this group of samples and are indicated by ovals on the 

PCA (Figure 5.2). ChOTU01 (blue) was characterised as samples that correspond to 

negative values on both PC1 and PC2. Samples within ChOTU02 (orange) and 

ChOTU03 (purple) correspond to negative values of PC2 and positive values of PC1 and 

share some common signals. The remaining samples, scattered throughout the centre 

and the positive axis of PC2, display high chemical moiety variation based on HSQC 

spectroscopic profiles and were not grouped into chemical operational taxonomic units. 

The average pairwise HSQC spectroscopic similarity and standard error was 

determined for each ChOTU as well as between all ChOTUs (Figure 5.3). ChOTU01 

contained 16 samples and displayed the highest average pairwise HSQC spectroscopic 
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similarity of 84.0±0.32 %. ChOTU02 contained six samples with an average pairwise 

HSQC spectroscopic similarity of 78.5±1.70 %. Finally, ChOTU03 was comprised of four 

samples and displayed an average similarity of 81.3±1.66 %. This is comparable to the 

average HSQC spectroscopic similarities characterised previously (chapter 3) that 

ranged from 79.1 to 87.0 % at the species level, and from 82.0 to 84.0 % at the family 

level. Similarity between the three ChOTUs ranged from 62.9 to 73.2 %. This was lower 

than those observed between both species and families (74.5 to 78.6 %) previously 

characterised in chapter 3. ChOTU02 and ChOTU03 shared higher similarity between 

each other (73.2±0.92 %) than either did to ChOTU01 (62.9±0.40 % and 70.3±0.40 % 

respectively). 

 
Figure 5.3: Average HSQC spectroscopic similarity (%) of 
chemical operational taxonomic units (ChOTUs). Calculated as 
the average percentage of pairwise shared signals both within 
each ChOTU as well as between the three ChOTUs. 
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5.3.2 Distinguishing chemical signals and putative compound identifications 

Distinguishing H-C co-ordinate signals were determined based on the PC1 and 

PC2 coefficients in combination with the presence of each signal among the ChOTUs, 

and were assigned individual signal IDs (Table 5.2). The distinguishing signals of 

ChOTU01 were identified as those that showed large absolute coefficient values in the 

negative direction of both PC1 and PC2 and a consistent presence in samples of 

ChOTU01. The distinguishing signals for both ChOTU02 and ChOTU03 were identified 

by large absolute coefficients in the positive direction of PC1 and the negative direction 

on PC2. The presence of each single between the two ChOTUs was used to determine 

which ChOTU(s) the signals are indicative of. 

For ChOTU01 a total of ten signals were identified as distinguishing. There was 

some overlap in the signals distinguishing ChOTU02 and 03. Four signals were common 

to both ChOTU02 and 03, a further four were distinctive of ChOTU02 and one distinctive 

of ChOTU03. Representative proton (Figure 5.4) and HSQC spectra (Figure 5.5) for each 

ChOTU were overlaid and the distinguishing signals were highlighted (grey boxes/ovals) 

and labelled with signal ID. 
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Table 5.2: 1H-13C co-ordinate signals that distinguish each chemical operational unit (ChOTU), including the signal ID, PC1 and PC2 coefficient, 1H and 
13C chemical shifts (ppm), the number of protons (CHx), and the chemical moiety associated with each signal. Odd = CH or CH3 groups, even = CH2 
groups, and N = nitrogen. 

 

PC1 PC1 1H ppm 13C ppm

1-01 -0.114 -0.130 1.05 55.5 odd polycycle bridge head methine
1-02 -0.158 -0.139 4.00 61.4 odd alpha-methine of amino acid
1-03 -0.172 -0.149 4.04 69.1 odd hydroxy methine
1-04 -0.143 -0.156 4.15 70.1 odd hydroxy methine
1-05 -0.144 -0.097 4.60 106.2 even exocyclic methylene
1-06 -0.136 -0.102 4.74 72.9 odd hydroxy methine
1-07 -0.125 -0.078 7.43 127.5 odd aromatic system (e.g. meta- to electron withdrawing substituent)
1-08 -0.051 -0.158 7.97 144.0 odd heteroaromatic system (e.g. alpha to heteroatom)
1-09 -0.119 -0.076 8.05 145.0 odd sp2 hybridised methine in heterocycle
1-10 -0.153 -0.024 8.31 137.6 odd sp2 hybridised methine in heterocycle

2-01 0.142 -0.088 4.35 102.0 odd anomeric methine (e.g. saccharides)
2-02 0.146 -0.036 4.41 64.9 odd alpha-methine of amino acid
2-03 0.174 -0.106 4.54 104.3 odd anomeric methine (e.g. saccharides)
2-04 0.152 -0.020 8.68 146.0 odd sp2 hybridised methine in heterocycle

2-05 0.146 -0.025 4.40 47.5 odd N-methyl
2-06 0.148 -0.044 6.81 114.8 odd aromatic system (e.g. ortho- to electron withdrawing substituent)
2-07 0.139 -0.012 7.49 120.4 odd heteroaromatic system (e.g. indole)
2-08 0.089 -0.041 9.04 145.1 odd sp2 hybridised methine in heterocycle (e.g. imidazole, thiazole)

2-09 0.147 -0.051 9.24 145.6 odd sp2 hybridised methine in heterocycle (e.g. Imidazole, thiazole)

CHx Chemical moiety

ChOTU01

ChOTU02

ChOTU03

ChOTU02 and ChOTU03

Signal ID
Coefficient Chemical shift
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Figure 5.4: Representative 1H NMR spectra for ChOTU01 (blue), ChOTU02 (orange) and ChOTU03 (purple). Proton chemical shift 
(ppm) is on the horizontal axis (f1). Grey boxes highlight the associated proton signal of 1H-13C co-ordinate signals that distinguish 
each chemical OTU and are labelled by signal IDs (see table 5.2). 
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Figure 5.5: Representative 1H-13C HSQC NMR spectra for A) ChOTU01 (blue), B) 
ChOTU02 (orange) and C) ChOTU03 (orange). Distinguishing signals are highlighted 
in grey circles labelled with signal ID (see table 5.2). Border colour indicates the 
ChOTU(s) they represent. 

 

The chemical moieties associated with each of the distinguishing signals were 

determined through comparison of H-C chemical shifts with literature.[25-28] Signal 1-01 (δH 

1.05, δC 55.5) is characteristic of a bridge head methine associated with polycyclic systems 

like those observed in terpenoids (e.g. sterols and sesquiterpenes). These signals are easily 

identified in a HSQC spectrum by the presence of an upfield proton signal (typically δH ~1.00 

– 1.50) coupled to a downfield shifted carbon signal (typically δC ~50.0 – 55.0). Signals 1-02 
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(δH 4.00, δC 61.4) and 2-02 (δH 4.41, δC 64.9) indicate the presence of amino methines in 

particular the alpha-methines present in the amide bond of peptides. Signals 1-03 (δH 4.04, δC 

69.1), 1-04 (δH 4.15, δC 70.1), and 1-06 (δH 4.74, δC 72.9) are associated with hydroxylated 

methines. Signal 1-05 (δH 4.60, δC 106.2) is also very distinctive in the HSQC spectrum and 

is one of few signals associated with an even number of protons in the low field portion of the 

carbon dimension. This signal is consistent with exocyclic methylenes often observed in 

terpenoid natural products. 

There are a number of signals that are associated with sp2 hybridised methines present 

in aromatic and heteroaromatic systems. Signals 1-07 (δH 7.43, δC 127.5) and 2-06 (δH 6.81, 

δC 114.8) are indicative of methines of aromatic systems that contain an electron-withdrawing 

substituent. Signal 1-07 is consistent with a methine located meta to an electron-withdrawing 

substituent, whereas signal 2-06 is consistent with a methine that is ortho. Signal 2-07 (δH 

7.49, δC 120.4) is indicative of an aromatic methine specifically associated with an indole 

moiety. Signals 1-08 (δH 7.97, δC 144.0), 1-09 (δH 8.05, δC 145.0), 1-10 (δH 8.31, δC 137.6), 2-

04 (δH 8.68, δC 146.0), 2-08 (δH 9.04, δC 145.1), and 2-09 (δH 9.24, δC 145.6) are all associated 

with sp2 hybridised methines of nitrogen heterocycles. In particular, the further downfield 

located signals 2-08 and 2-09 are associated with heterocycles containing multiple nitrogen 

atoms (e.g. imidazoles), and are distinctive for ChOTU02 and 03. 

Signals 2-01 (δH 4.35, δC 102.0) and 2-03 (δH 4.54, δC 104.3) and indicative of methines 

attached to two oxygen atoms likely to be anomeric methines. These signals could be a useful 

indication of glycosylated natural products. Signal 2-05 (δH 4.40, δC 47.5) is associated with a 

N-methyl moiety that can be found in heteroaromatic systems. Across the three ChOTUs there 

are a number of signals that correspond to similar functional groups. Despite the overlap in 

the identified chemical moieties, the chemical shifts associated with each H-C co-ordinate 

signal provides adequate resolution to characterise the chemical groups. For example, both 

ChOTU01 and ChOTU02 each contain a peptidic a-methine signal (signals 1-02 and 2-02). 

Despite being indicative of the same chemical moiety these signals differ by 0.41 ppm in the 

proton dimension and 3.5 ppm in the carbon dimension. This difference is sufficient enough 

to allow the distinction of the two chemical groups. 

HSQC spectroscopic profiling allows the classification of chemical groups through the 

identification of shared H-C signals without the requirement for full structural characterisation 

of compounds. The literature (available through Dictionary of Natural Products: 

http://dnp.chemnetbase.com/) was searched for chemical structures that contained the 

chemical moieties indicated by the distinguishing signals and some have been presented 

(Figure 5.6). Within these compounds H-C co-ordinate pairs that display similar chemical shifts 
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to the diagnostic signals were identified (highlighted in green, Figure 5.6). The experimental 

HSQC spectra were investigated for the presence of other H-C co-ordinate pairs (highlighted 

in blue, Figure 5.6) or the absence of H-C co-ordinate pairs (highlighted in red, Figure 5.6). 

The chemical shift values reported (Figure 5.6) are the experimental values reported in the 

literature for each relevant compound and often these are obtained in deuterated solvents 

other than DMSO-d6. This makes the confirmation of a structural match difficult and the shown 

structures are proposed here as potential structures for further investigation. 

 
Figure 5.6: Potential chemical structures reported from sponges that contain diagnostic signals. All 
chemical shifts shown are values reported in the literature. Those coloured in green and blue were 
detected in experimental HSQC spectra from this study while those in red were absent in experimental 
HSQC spectra. Chemical shifts similar to the diagnostic signals are highlighted in green and labelled 
with signal ID. Signals labelled with # (blue) indicate additional signals that were detected in the 
experimental HSQC spectra. Signals labelled with * (red) indicate chemical shifts distinctive of these 
chemical structures but were not detected in experimental HSQC spectra. 
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Ergosta-6a-hydroxy-4,24(28)-dien-3-one (1) has been reported from the sponge 

Iotrochota birotulata[29] and contains several of the distinguishing signals associated with 

ChOTU01. This includes several bridge head methines (signal 1-01), an exocyclic methylene 

(signal 1-05), and a hydroxylated methine (signal 1-03 or 1-04). Additionally, signals 

associated with a cyclic methylene (δH ~1.30 + 2.00, δC 42.0) were also observed in 

experimental HSQC spectra of ChOTU01. However, the absence of the bridge head methine 

associated with the side chain, and a distinctive olefinic methine contest the presence of this 

compound (highlighted in red). Clathric acid (2) is a bicyclic terpenoid isolated from the sponge 

Clathria (Clathria) compressa.[30] This compound also contains a bridge head methine and an 

exocyclic double bond matching signals 1-01 and 1-05 respectively. The methine of the 

carboxyl side chain presents a characteristic signal (δH ~2.30, δC ~55.0) that was absent from 

experimental HSQC spectra. The diterpene barekol (3) was isolated from a Raspailia 

species.[31] This compound contains a bridge head methine, an exocyclic methylene, and a 

hydroxylated methine that show similarity to associated signals (signals 1-01, 1-05, and 1-04 

respectively) for ChOTU01. No further signals were observed in the experimental HSQC 

spectra, and signals associated with cyclic methylenes (δH ~1.50, δC ~40.0) and other bridge 

head methines (δH ~0.90, δC ~60.0) were not detected. 

A betaine (4) has been reported from the sponge Axinella polypoides[32] that contains a 

heteroaromatic methine (signal 2-04) and a N-methyl (signal 2-05). Three additional H-C co-

ordinate pairs were observed in experimental HSQC spectra for ChOTU02 and 03. These 

include two other heteroaromatic methines (δH ~8.20, δC ~127.0 and δH ~9.10, δC ~149.0) and 

a hydroxylated methine (δH ~5.10, δC ~70.0). This evidence suggests this betaine (4), or other 

pyridinium derivatives, could provide a potential chemical moiety for the distinguishing signals 

2-04 and 2-05. Another pyridinium-containing natural product, agelongine (5), has been 

reported from the sponges Agelas cervicornis[33] and Axinella damicornis.[34] Two 

heteroaromatic methines within the pyridinium ring provide candidate chemical moieties for 

the signal 2-08. Four additional signals were also present in experimental HSQC spectra of 

ChOTU02 and 03. These include two further sp2 hybridised methines associated with the 

pyridinium ring (δH ~8.10, δC ~129.0 and δH ~9.40, δC ~148.0) and two sp2 hybridised methines 

associated with the bromopyrrole ring (δH ~7.00, δC ~126.0 and δH ~6.90, δC ~119.0). 

The final proposed chemical structure is araisoamine D (6) reported from the sponge 

Clathria (Thalysias) araiosa.[35] This compound contains bromoindole moieties that contain 

aromatic methines corresponding to signal 2-07. An additional signal (δH ~3.80, δC ~30.0) 

coinciding with the chemical shifts observed for a tri-substituted methine of the six-membered 

cyclic guanidine moiety was detected in experimental HSQC of ChOTU02 and 03. However, 
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there is the lack of the distinctive signals (δH ~4.70, δC ~55.0 and δH ~5.20, δC ~60.0), 

associated with the methines directly connected to the guanidine moieties, from the 

experiment HSQC spectra. For the six proposed chemical structures that contain the chemical 

moieties identified from the distinguishing H-C signals compounds 4 and 5 present the best-

supported chemical structures. While it is nearly impossible to provide a definitive match based 

on HSQC signals alone this information provides a starting point for the identification of 

chemical moieties associated with the distinguishing signals. Further experimental verification 

is required to identify the chemical structures associated with these signals. 

 

5.3.3 Comparing chemical and biological variation 

Preliminary identifications based on gross morphological features were determined at 

the time of original sample collection (See methods chapter 4;[19]). The PCA resulting from the 

HSQC spectroscopic profiles was labelled with family level identifications to provide 

comparison of chemical and biological variation (Figure 5.8). Interestingly, the ChOTUs 

display congruence with family-level morphological identifications. All samples within 

ChOTU01 were identified as the family Microcionidae, while all members of both ChOTU02 

and ChOTU03 were identified as the family Raspailiidae. It seems that in the PCA, Microcionid 

sponges predominately occur in the negative direction of both PC1 and PC2, while Raspailiid 

sponges predominately occur in the positive direction of PC1 and the negative direction of 

PC2. The chemical distinction of the Microcionid from the Raspailiid sponges supports the 

recent reallocation of the family Raspailiidae back to the order Axinellida from 

Poecilosclerida.[24] Sponges from the family Mycalidae mostly occur towards the centre of the 

scores plot. The samples occurring in the centre are dispersed indicating spectroscopic 

variation and were not grouped into ChOTUs. These samples display a high variation in HSQC 

spectroscopic profiles accompanied by a high diversity in morphology with samples belonging 

to three different families. 
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Figure 5.8: Score plot of principal component 1 (PC1) versus principal component 2 (PC2) resulting 
from principal components analysis (PCA) where each circle represents an individual sponge. PCA was 
conducted on the presence and absence of 1H-13C signals from HSQC NMR spectral fingerprints of 
methanol extracts from n = 56 sponges. Samples are coloured based on the preliminary family 
identifications completed on gross morphological features when sampled (Pitcher etal 2007). 
Individuals of identified chemical operational taxonomic units (ChOTUs) are circled. ChOTU01 = blue, 
ChOTU02 = orange, and ChOTU03 = purple. 

 

The operational taxonomic units (OTUs) established based on gross morphology were 

compared with the HSQC spectroscopic variation (see Table S5.1 in Appendix V for full listing 

of sample OTUs). Most of the OTUs have a low number of replicate samples (see Table 5.1) 

and displayed high spectroscopic variation. As was observed with the family-level 

identifications, OTU classifications failed to show any discernable agreement for majority of 

the samples scattered throughout the centre of the PCA and on the positive end of the PC2 

axis. However, some congruence is observed between the ChOTUs and OTUs established 

based on morphology (Figure 5.9). Most of ChOTU01 (13 out of 16 samples) were identified 

as a single OTU (OTU07) with only one sample of this OTU occurring outside ChOTU01 

boundaries. The remaining three samples of ChOTU01 are identified as the same OTU 

(OTU06, not shown in Figure 5.9). All samples classified as ChOTU02 were identified as 

OTU21. ChOTU03 was comprised entirely of samples identified as single OTU (OTU08) with 

a two additional samples of the same OTU occurring outside of ChOTU03. 
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Figure 5.9: Score plot of principal component 1 (PC1) versus principal component 2 (PC2) resulting 
from principal components analysis (PCA) where each circle represents an individual sponge. PCA was 
conducted on the presence and absence of 1H-13C signals from HSQC NMR spectral fingerprints of 
methanol extracts from n=56 sponges. Individuals of identified chemical operational taxonomic units 
(ChOTUs) are circled. ChOTU01 = blue, ChOTU02 = orange, and ChOTU03 = purple. 

 

To compare chemical and biological variation the score plot resulting from the PCA of 

HSQC spectroscopic profiles was coloured with the MOTUs and provisional order 

assignments (Figure 5.10) based on molecular evidence (chapter 4). Samples are coloured in 

black if molecular sequences were not obtained or were insufficient for identification. 
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Figure 5.10: Score plot of principal component 1 (PC1) versus principal component 2 (PC2) resulting 
from principal components analysis (PCA) where each circle represents an individual sponge. PCA was 
conducted on the presence and absence of 1H-13C signals from HSQC NMR spectral fingerprints of 
methanol extracts from n = 56 sponges. Individuals are coloured by the molecular operational 
taxonomic units (MOTUs) previously characterised (chapter 4). Samples are coloured black if molecular 
sequences were unavailable or were inconclusive. Individuals of identified chemical operational 
taxonomic units (ChOTUs) are circled. ChOTU01 = blue, ChOTU02 = orange, and ChOTU03 = purple. 

 

Three of the 16 samples comprising ChOTU01 were assigned to the same molecular 

operational taxonomic unit (MOTU01) and provisionally assigned to the order Poecilosclerida. 

One additional sample was also assigned as MOTU01, yet its position in the centre of the 

PCA indicates it does not share HSQC spectroscopic similarity with the other samples of 

MOTU01. The order Poecilosclerida remains one of the largest orders within the phylum[20, 24, 

36] so it is not surprising that there is a large chemical diversity accompanying this biological 

diversity. Further, the one sample identified as MOTU02 that was also assigned as the order 

Poecilosclerida, is the same sample identified as OTU07 that did not cluster with the other 

samples identified as OTU07 within the ChOTU01 cluster. 

None of the six samples classified as ChOTU02 had available sequences for molecular 

analysis. Interestingly, the four samples of ChOTU03 were assigned to two MOTUs despite 

their high spectroscopic similarity. Two samples (MOTU11) were provisionally assigned to the 

order Axinellida, and the other two (MOTU17) to the order Verongiida (Figure 5.10). For 

MOTU11 the assignment to the order Axinellida based on molecular evidence supports the 
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morphological identification of these samples to the family Raspailiidae. Recently the family 

Raspailiidae has been reallocated from the order Poecilosclerida to the order Axinellida.[24] 

However, the molecular variation of the four samples of ChOTU03 was not reflected in the 

HSQC spectroscopic similarity. The remaining MOTUs display high HSQC spectroscopic 

variability and are distributed around the centre of the plot and on the positive side of the PC2 

axis. Again mirroring both the chemical and morphological variation of these remaining 

samples. 

 

5.3.4 Geographic variation of chemical operational taxonomic units 

To visualise the geographic variation of HSQC spectroscopic similarity the sampling 

location of each sample was labelled with the identified ChOTUs (Figure 5.11). Samples of 

ChOTU01 were collected along the entire length of the Queensland coast over a range of 

approximately 1800 km. ChOTU02 was restricted to the southern region of the sampling range 

spanning a distance of 210 km and ChOTU03 was restricted to the northern region collected 

over approximately 150 km. 

The wide distribution of ChOTU01 coupled with a high average HSQC spectroscopic 

similarity (84.0±0.32 %) provides evidence for chemical consistency over a scale in the 

hundreds of kilometres. Samples of ChOTU02 and 03 are located at the southern most and 

northern most extremities of the sample collection range, respectively. The locations of these 

samples do not overlap, yet the average HSQC spectroscopic similarity between ChOTU02 

and 03 (73.2±0.92 %) is higher than either share with ChOTU01 (62.9±0.40 %, 70.3±0.40 % 

respectively). In terms of chemical moieties ChOTU02 and 03 share several diagnostic H-C 

signals (e.g. signals 2-05 – 2-04), and posses others that indicate related chemical moieties. 

This indicates presence of related chemical constituents despite their disparate locations. The 

higher spectroscopic similarity between ChOTU02 and 03 is in congruence with the family 

level identifications made using morphology that identify both as the family Raspailiidae in 

contrast to samples of ChOTU01 that are identified as the family Microcionidae. This evidence 

shows that the ChOTUs identified here display chemical consistency over geographic scales, 

and that HSQC spectroscopic similarity reflect similarity of chemical moieties between 

samples independent of sampling location. 
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Figure 5.11: Map showing the geographic location of samples collected from the 
Queensland coast of Australia used in this study. Samples are labelled with the chemical 
operational taxonomic unit (ChOTU) identified using HSQC spectroscopic similarity. 
Samples from ChOTU01 are labelled in blue, ChOTU02 in orange, ChOTU03 in purple. 
Samples unassigned to a ChOTU are coloured yellow. 
 

 

5.3.5 Combining chemical, molecular, and morphological datasets for species delimitation 

The three available datasets were used in combination for species delimitation resulting 

in the proposal of three putative taxonomic groups that comprise 26 of the 56 examined 

samples (Table 5.3). The first putative taxon consists of one ChOTU, two morphological OTUs 

and one MOTU (where molecular information is available). The family identification of 

Microcionidae based on morphology is congruent with the order-level assignment of 

Poecilosclerida using molecular evidence. From the proposed structural matches compounds 

1 and 2 have been isolated from Poecilosclerid sponges of the families Iotrochotidae[29] and 

Microcionidae[30] respectively. 

  



 149 

Table 5.3: Three putative taxa established from the chemical operational 
taxonomic units (ChOTUs) based on HSQC spectroscopic similarity, 
molecular operational taxonomic units (MOTUs) established previously 
(chapter 4) and the operational taxonomic units (OTUs) established at time of 
collection (Pitcher etal) using morphology. 

 
 

The second putative taxon is comprised of one ChOTU and one morphological OTU. 

Molecular information remains unavailable for these samples. The final putative taxon 

(putative taxon 3) consists of one ChOTU, one morphological OTU, and two MOTUs. The 

assignment of MOTU11 to the order Axinellida based on molecular evidence is in congruence 

with the assignment to the family Raspailiidae (order Axinellida) based on morphological 

evidence. However, the assignment of the MOTU17 to the order Verongiida is in conflict with 

the morphological assignment as well as the variation observed in both the morphology and 

HSQC spectroscopic similarity. Compounds 4 and 5 were the highest supported structural 

matches and have been isolated from sponges of the order Axinellida.[33-34] 

Collection 
Number 

(Queensland 
Museum)

Chemical 
Operational 

Taxonomic Unit 
(ChOTU)

Operational 
Taxonomic 
Unit (OTU)

G333465 ChOTU01 Unavailable OTU06 Microcionidae

G333469 ChOTU01 Unavailable OTU07 Microcionidae

G333470 ChOTU01 Unavailable OTU07 Microcionidae

G333471 ChOTU01 Unavailable OTU07 Microcionidae

G333472 ChOTU01 Inconclusive OTU07 Microcionidae

G333473 ChOTU01 Unavailable OTU07 Microcionidae

G333474 ChOTU01 Unavailable OTU07 Microcionidae

G333477 ChOTU01 MOTU01 OTU07 Microcionidae

G333478 ChOTU01 Inconclusive OTU07 Microcionidae

G333479 ChOTU01 MOTU01 OTU07 Microcionidae

G333480 ChOTU01 MOTU01 OTU07 Microcionidae

G333481 ChOTU01 Inconclusive OTU07 Microcionidae

G333482 ChOTU01 Inconclusive OTU07 Microcionidae

G333484 ChOTU01 Unavailable OTU07 Microcionidae

G333459 ChOTU01 Inconclusive OTU06 Microcionidae

G333460 ChOTU01 Inconclusive OTU06 Microcionidae

G333442 ChOTU02 Unavailable OTU21 Raspailiidae

G333443 ChOTU02 Unavailable OTU21 Raspailiidae

G333444 ChOTU02 Unavailable OTU21 Raspailiidae

G333445 ChOTU02 Unavailable OTU21 Raspailiidae

G333446 ChOTU02 Unavailable OTU21 Raspailiidae

G333448 ChOTU02 Unavailable OTU21 Raspailiidae

G333370 ChOTU03 MOTU11 OTU08 Raspailiidae

G333371 ChOTU03 MOTU17 OTU08 Raspailiidae

G333375 ChOTU03 MOTU17 OTU08 Raspailiidae
G333376 ChOTU03 MOTU11 OTU08 Raspailiidae

Molecular 
Operational 

Taxonomic Unit 
(MOTU)

Family

Putative taxon 1

Putative taxon 2

Putative taxon 3
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The remaining 30 samples are unassigned to a putative taxon and display high 

chemical, morphological, and molecular variability. Morphological identifications indicate the 

samples belong to three different and diverse families. Molecular evidence suggests this group 

exhibit high diversity encompassing members of at least four different orders. HSQC 

spectroscopic profiles indicate the samples contain a high chemical variation. Comparison to 

a greater number of more closely related samples is required to help assign these samples to 

putative taxa for species delimitation. From a biodiscovery perspective, these samples are 

chemically unrelated and show potential for containing unique chemistry. 

The information obtained from the chemical profiling of sponges is powerful and has 

previously enabled the differentiation of sympatric and cryptic species when other datasets 

were insufficient or in conflict.[14, 17-18] Chemical profiles are useful for characterising sponge 

taxa as they can be relatively easily obtained for all samples and the processing of the resulting 

data can be completed by a non-expert when provided training. In comparison, both molecular 

and morphological characters can at times be unavailable often limited by sample quality. 

Here, spectroscopic profiles provide an additional line of evidence that can be rapidly and 

easily obtained and used comparatively with biological datasets. 

The considerations of applying chemical characters to sponge taxonomy have been 

highlighted and discussed.[12] Distribution of compounds among unrelated taxa, the potential 

of convergence, and intra-specific variation over geographic scales need to be considered.[12, 

37] Variation in compound production by sponges can be influenced by biotic factors that can 

initiate production, or can be affected by abiotic factors such as season, temperature, and 

water depth.[12] Sponges can exist in epizoic complexes so care needs to be taken when 

sampling to ensure specimens are adequately separated from other organisms.[12, 37] Many 

sponges also harbour microorganism within their tissues or extracellular cavities in symbiotic 

relationships therefore the original producers of the chemical compounds (e.g. the host 

sponge versus microbial associate) has been questioned.[37-42] If the relationship is indeed 

host-specific then contamination of microbial associated compounds is less of an issue. This 

highlights the need to investigate the biosynthetic pathways of compounds, in addition to the 

distribution of compounds in unrelated taxa, to identify compounds of microbial origin. 
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Molecular and morphometric approaches to identifying sponge species also come with 

their own sets of limitations. The acquisition of molecular sequences from sponges is 

associated with high amplification failure rates, and high contamination due to high microbial 

abundance.[7] As a consequence complete molecular datasets can be difficult to obtain as was 

experienced for these samples. When sequences are obtained the interpretation can be 

complicated by other factors. In vertebrate taxa mitochondrial markers have proven useful for 

phylogenetic analyses. Their application to sponges, however, can be complicated by a slow 

rate of evolution exhibited in sponge mitochondria.[43-44] Mitochondrial inheritance can be 

further complication by the presence of microbial associates and can result in a high variation 

of sequences.[45] 

Morphological characters can be difficult to obtain, most need to be viewed by 

microscopy often requiring extensive sample processing. At times morphological characters 

can be completely absent from a specimen, or can be difficult to interpret, especially for a non-

expert. An additional consideration is the issue of convergent evolution. Large inter-specific 

and intra-specific variation in sponge shape can occur as a response to extrinsic factors, such 

as hydrodynamics, light and turbidity.[46] Further, the silica content of seawater can have an 

effect on spicule expression.[2] The limitations of any one of these datasets can be minimised 

by the incorporation and integration of multi-discipline datasets to provide additional lines of 

enquiry. 

 

5.3.6 Further directions 

In total 26 out of the 56 investigated samples were assigned to one of the three putative 

taxa. The remaining samples display a high chemical variation in HSQC spectroscopic 

profiles. For these samples there is insufficient molecular evidence to corroborate the 

taxonomic units established based on gross morphological features. In addition, insufficient 

replication allowed them to be grouped into chemical operational taxonomic units. Further 

information is required to help establish putative taxonomic groups for these samples. This 

could come in the form of more detailed chemical, molecular, and morphometric investigation. 

More in depth examination of morphological characters of the specimens involving sectioning 

and microscopy would increase the confidence in the OTU assignments. Further work to both 

obtain a full dataset of the currently examined molecular markers and to extend the dataset to 

include other independent non-mitochondrial markers would improve the quality of the 

molecular evidence. However, for both these datasets is it not always possible to obtain these 

characters. 
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The chemical dataset, despite being complete for these samples, can be further 

supplemented. Currently the dataset based on HSQC spectroscopic profiles provides 

information on H-C spin pairs. There is a multitude of other NMR experiments capable of 

detecting other molecular features, as well as other non-NMR chemical detection techniques, 

that could be implemented (discussed in chapter 3). Due to the nature of the HSQC 

experiment exchangeable protons do not show a H-C correlation and have were not included 

in this analysis. These signals are easily detected in a 1H-NMR experiment when using 

solvents such as DMSO-d6 and could be easily included in the analysis. Other NMR 

experiments that detect other molecular components such as entire spin systems (e.g. TOCSY 

type experiments), longer range H-C coupling (e.g. HMBC), related to molecular size (e.g. 

DOSY), or coupling constants (e.g. J-res) could provide further information on chemical 

moieties. Additionally chromatographic separation of extracts can help to reduce extract 

complexity and in turn spectroscopic complexity, and analysis with more sensitive detection 

techniques, such as MS, can help to detect the minor components present in mixtures. 

For those samples assigned to the putative taxa further work is required for identification 

and formal species descriptions. Preliminary morphological work based on gross features, 

phylogenetics of amplified markers, and chemical profiling based on HSQC spectra have led 

to the putative assignment of taxa. However, for formal species descriptions to be established 

further work is required to formulate and test species boundaries. This would involve 

comprehensive morphological investigation, further phylogenetic analyses that include 

additional independent markers, and the identification of chemical entities responsible for the 

spectroscopic differences. However, while identification of the compounds leading to the 

chemical differences is desirable and ideal, spectroscopic profiles have previously been 

incorporated into taxonomic descriptions.[18] 

 

5.4 CONCLUSIONS 

This work has demonstrated how HSQC spectroscopic profiles can be obtained and 

integrated with preliminary molecular and morphological datasets to identify taxonomic groups 

as a first step in species delimitation. Using HSQC spectroscopic profiles, three chemical 

operational taxonomic units were established and H-C co-ordinate signals with associated 

chemical moieties that distinguish each ChOTU were identified. Further samples that display 

high chemical moiety variation were unable to be assigned to a ChOTU. The OTUs 

established at time of collection, the MOTUs established in chapter 4 together with the 

ChOTUs established in this chapter were used in combination to propose three putative taxa. 
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No single approach to the classification of sponges (chemical, molecular, or 

morphometric) has the ability to unequivocally resolve sponge taxonomy. Chemical taxonomy 

is complicated by convergent production of compounds, intra-specific chemical variation, or 

non-sponge chemistry. Molecular taxonomy is associated with a high cost and with high 

contamination and amplification failure rates in sponges. Morphometric approaches are 

complicated by a lack of clear diagnostic characters and phenotypic plasticity. But when these 

datasets are integrated the taxonomic conclusions that follow become more reliable. 
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Chapter 6 

Summary of thesis work, future recommendations, and 

contributions 

 

6.1 GENERAL DISCUSSION AND CONCLUSIONS 

6.1.1 Phylum Porifera – a primitive taxon providing a prolific source of natural 

products 

The work in this thesis is centred on characterising the chemical variation of marine 

sponges and comparing this with biological variation. In terms of natural products 

discovery, the phylum Porifera is one of the most intensely studied taxa that have proven 

to be a prolific source of biologically active chemical structures.[1-2] However, the 

classification and taxonomy of this primitive group is challenging, complicated by 

conservative and difficult to access morphological characters that leave many 

unresolved classifications at all levels.[3-4] Chemistry drives many biological interactions 

in the marine environment, consequently the biology and chemistry of sponges is 

inherently connected. Developing an understanding of one of these aspects can help to 

both inform and understand the other. The secondary metabolites produced by sponges 

are made to serve particular functional roles, and the biosynthesis of these molecules is 

genetically encoded. In this sense, there is evidence to suggest the secondary 

metabolome of sponges is taxon-specific and could provide an additional line of evidence 

for distinguishing taxa.[5] Characterising chemical diversity can assist with delimiting of 

species, biodiversity assessments, and understanding patterns in biogeography. 

Additionally, knowledge of the genetic variation, biogeographic distribution, and the 

taxonomic and evolutionary relationships between sponges can prove useful to inform 

and direct natural product discovery ventures. Though, this information is not always 

readily available or understood for all sponges.[6-7] 

The natural products isolated from sponges can vary due to biotic and abiotic 

factors. One of the most intriguing aspects of sponges is the extensive associations that 

they form with micro-organisms. Microbial-associates are known producers of natural 

products and this leads to uncertainty of the true origin of many sponge natural 

products.[8-9] The complex of the sponge-host and the associated microbial community 

has become defined as a ‘holobiont’[10-11] and efforts are focused on characterising and 
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understanding the diversity and composition of the sponge-associated microbial 

community. The diversity and richness of the microbial community can vary drastically 

between species, and is often consistently host-specific and remains stable through time 

and space.[9-11] Additionally, abiotic factors (e.g. water depth, temperature, and season) 

can affect the production of natural products in sponges[5] making it important to 

characterise the variation in chemical profiles over geographic scales. 

 

6.1.2 Exploring, detecting, and characterising chemical diversity 

Currently, there is already a wealth of information about the distribution of natural 

products among different sponge taxa and geographic locations contained within the 

published natural products literature. The known chemical diversity of the family 

Mycalidae reported in the literature is presented as a comprehensive chemical review 

(chapter 2). The summary of this literature presents the known chemical diversity in 

terms of compound classes, biological activity, and their distribution among taxa and 

geography. The literature provided evidence that the family Mycalidae is a good source 

of bioactive macrocyclic polyketides, and trisoxazole macrolides, cyclic peroxides, and 

2,5-disubstituted pyrrole derivatives are compounds classes with taxonomic potential for 

this group. In broader terms, the chemical literature is valuable to inform natural products 

discovery efforts, enabling the selection of taxa related to those that have previously 

been the source of active compounds with the aim of discovering related chemistry. 

Alternatively, it maybe rewarding to focus instead on taxa that have been seldom 

reported in the hope they are unexplored. In a similar way, sampling efforts could be 

focused towards geographic areas that have been underexplored. 

However, the biggest caveat of using information from the chemical literature to 

characterise known chemical diversity is that it is biased by research efforts and is often 

incomplete. The geographic areas sampled from, the taxa investigated, and the 

compound classes targeted, are all a result of research efforts. Furthermore, the 

published literature is biased towards positive findings, only publishing new and novel 

structures. The reisolation of known chemical structures, even if found in a new area or 

taxon, are seldom published. This becomes problematic when trying to compare the 

known chemical diversity from the literature with biological diversity, or when trying to 

use it to inform the identification of potential chemotaxonomic markers.[5] It is difficult to 

know whether the lack of published literature for a given taxon or geographic area is 

attributed to lack of research efforts, or were in fact investigated but yielded no 

publishable result. This needs to be considered when using the information present in 
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the chemical literature for the characterisation of known chemical diversity and to guide 

and inform discovery efforts. 

While literature on previously isolated chemistry is useful to gain an understanding 

of known chemical diversity, analytical techniques that can survey and characterise the 

undiscovered chemical constituents are of supreme value. In chapter 3 the utility of 2D 

HSQC NMR spectroscopic profiles to detect similarities and differences in the chemical 

extracts of marine sponges was presented. Currently, mass spectrometry-based 

chemical profiling approaches are heavily utilised in the natural products discovery field. 

These methods measure an intrinsic property of molecules, their molecular mass, and 

enable the rapid de-replication of known compounds through comparison with spectral 

libraries.[12] However, the ability of MS detection to provide information on the 

uncharacterised chemical composition, and more importantly the novelty within that 

chemical composition, is limited. The power of an approach based on NMR lies in the 

wealth of information it provides about the chemical moieties and scaffolds present within 

an extract.[13] An experiment like 1H-13C HSQC results in a spectroscopic ‘map’ of the 

extract can be used to recognise different regions of the spectra that contain signals 

belonging to interesting, and hopefully new or novel, chemical scaffolds. This 

spectroscopic ‘map’ also provides a chemical profile of the extract much like a fingerprint 

that can be compared between samples. In chapter 3 it was seen that the HSQC profiles 

correlated well with the family-level taxonomy of the investigated samples. In chapter 5 

the same HSQC spectroscopic profiling approach applied to a group of sponges 

collected from the Great Barrier Reef, Australia, enabled the comparison of chemical 

moiety diversity with biological variation (in the form of a partial molecular dataset and 

preliminary morphological identifications). 

There are a few practical limitations to the application of NMR spectroscopy for 

spectroscopic profiling. The major issue encountered is the low sensitivity, especially 

problematic when analysing complex crude extracts, in which there are bound to be 

components present in small quantities that will remain undetected. However, with the 

rapid pace of instrumentation developments these issues should begin to be minimised 

and eventually overcome. Comprehensive spectroscopic databases for NMR spectra are 

lacking, limiting the identification of known compounds in complex samples via NMR.[13-

14] NMR spectroscopic databases of small biologically relevant compounds are becoming 

well established and are applied in the metabolomics field (e.g. HMDB). Those 

databases currently focused on natural products (e.g. MarinLit and DEREP-NP[15]) are 

most useful for purified or semi-purified extracts. There is a large amount of experimental 

NMR spectra published in the literature and once these are populated into searchable 
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databases this would enhance the capacity for identification of known natural products 

in complex samples using NMR spectroscopic profiling. 

 

6.1.3 Connecting and comparing chemical and biological variation 

Due to the inherent interconnection between the chemistry and biology of marine 

sponges, an understanding of the chemical variation can help to inform biological 

aspects such as species descriptions and biodiversity estimates. Additionally, knowledge 

of biological aspects, such as taxonomic identity or genetic diversity, could help to inform 

understanding of chemical diversity. For a group of marine sponges the biological 

diversity comprised of genetic variation (chapter 4) and taxonomic variation (determined 

previously[16]) were compared with the chemical variation as determined by HSQC 

spectroscopic profiles (chapter 5). 

Due to the close connection between natural products and the genes that encode 

their biosynthesis it was thought that genetic variation (characterised as molecular 

operational taxonomic units) would closely emulate the chemical variation (characterised 

as chemical operational taxonomic units). However, this was difficult to ascertain due to 

the high amplification failure rates observed during the collection of molecular markers 

(chapter 4). As a result sequences were unable to be obtained for a portion of the 

investigated samples. Chemically “cleaning” DNA templates improved amplification rates 

and it was suspected that further optimisation of the PCR protocol could improve this 

further. However, if the aim is to quickly and efficiently identify species and establish 

operational taxonomic units for further species description this is neither ideal nor 

economical. Furthermore, the mitochondrial markers selected in this study proved 

inadequate to differentiate species-level variation within these samples. So even when 

the sequences could be obtained, they remained uninformative for species identifications 

and were only capable or order-level assignments. 

Chapter 5 reports on the integration of all available datasets resulting in the 

comparison of the chemical and biological variation. Of the three datasets, the chemical 

profiles were the most easy and reliable to generate across all samples. In comparison 

with difficulty experienced generating DNA sequences (chapter 4), any sample can be 

extracted, and a HSQC spectroscopic profile generated. We have shown that 1 g 

samples (chapter 5) of dried material provided ample material to acquire HSQC spectra. 

Furthermore, ~300 mg of dried material was also shown to be sufficient (chapter 3). The 

samples analysed in chapters 4 and 5 had preliminary morphological identification based 

on gross morphology and microscope analysis of sectioned material that were made 

during the original study.[16] Frequently, sponge morphological characters are often 
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difficult to obtain, requiring sectioning and microscopic work, and their interpretation is 

still difficult especially for the non-expert. In this case, NMR spectroscopic profiles of 

extracts has provided an additional tool that was especially helpful to provide character 

traits when the other datasets were lacking or in conflict. 

 

6.2 REMARKS AND FUTURE DIRECTIONS 

6.2.1 Reflection on thesis aims 

This thesis aimed to characterise and connect the chemical and biological variation 

found within marine sponges, along three themes. The first aim was to characterise 

chemical variation within the family Mycalidae. The known chemical diversity associated 

with previously reported chemical structures from this family were summarised in a 

comprehensive literature review (chapter 2). A HSQC spectroscopic profiling approach 

was developed and implemented together with LC-MS/MS molecular networking 

(chapter 3) to characterise the chemical variation within three species from the family 

Mycalidae and variation was also compared with samples from two other families 

(Microcionidae and Raspailiidae). These two chapters provide a summary of the 

characterised and uncharacterised chemical variation of the family. 

The second aim, was to develop a 2D HSQC NMR spectroscopic profiling 

technique and apply it to a group of unidentified samples. The developed HSQC profiling 

technique (chapter 3) performed well in identifying family-level differences in 

spectroscopic profiles and identifying diagnostic H-C signals responsible for these 

differences. This method was then applied to a collection of unidentified samples 

(chapter 5) and this resulted in the classification of some of the samples into three groups 

that shared spectroscopic similarity (chemical operational taxonomic units) and to 

identify the H-C signals that distinguish them. These chapters demonstrated that through 

the development and successful application of a HSQC profiling technique spectroscopic 

profiles could be rapidly generated and the results used to identify groups of chemically 

similar samples. 

The final aim was to characterise and compare chemical moiety diversity, with 

molecular and morphological variation of a group sponges from the Great Barrier Reef, 

Australia. Groups of samples that share genetic similarity were established as molecular 

operational taxonomic units using mitochondrial markers (chapter 4). The variation in 

spectroscopic profiles (chapter 5) was compared with variation in morphological 

identifications (made at time of collection[16]), and the genetic variation observed (chapter 
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4). These two chapters were used to propose candidate taxa on the basis of three 

datasets that can be used as a first step in species delimitation. 

 

6.2.2 Future work and further applications of HSQC spectroscopic profiling 

The utility of applying a chemical profiling method to assist with species delimitation 

was demonstrated (chapter 5). The integration of the three datasets enabled the 

identification of candidate taxa, and from here further work is required to test species 

boundaries and provide formal descriptions. The spectroscopic profiling approach allows 

an additional set of characters to be considered and included in species descriptions 

alongside the traditional morphological and molecular characters. The HSQC 

spectroscopic map generated from the chemical analysis can be used to identify the H-

C signals that are consistently present in all samples of the same taxon, after which, the 

molecules connected to these signals can be targeted for isolation, purification, and 

structural characterisation. Once identified, these chemical compounds can be assessed 

for suitability as chemical characters to be used for taxonomic identification. If these 

characters are in fact incorporated into species descriptions, this can allow rapid 

chemical identification of species. HSQC spectra can be generated with relatively little 

sample processing, and the recognition of diagnostic H-C signals can be performed with 

little training. 

A further application of the developed HSQC profiling technique is to screen 

extracts to guide natural products discovery efforts. HSQC spectroscopic profiles could 

be combined with other chemical datasets, like those obtained from LC-MS approaches, 

together with other biological datasets, such as activity exhibited in a bioassay. This 

technique can allow the easy recognition of samples that display unique chemical 

profiles, and de-replicate samples that contain similar chemical profiles. The combined 

analysis would be useful to select and prioritise samples. Furthermore, an NMR centred 

approach can help to provide insight into the chemical moieties contained within extracts, 

enabling the prioritisation of extracts that show promise of yielding unique chemical 

scaffolds. 

 

6.2.3 Improving the approach – the future potential of NMR spectroscopic profiling 

Despite the increased resolution offered by a two-dimensional NMR experiment 

some regions of the HSQC spectrum remain crowded. Physical separation of extracts 

can help to further reduce extract complexity. This can either be done offline, at the trade-

off of increased sample processing time, or paired inline. The development of 
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sophisticated automated systems also permit the analysis of samples with multiple 

analytical detectors, for example LC-MS-NMR. The combination of these two detectors 

can help to alleviate limitations of the low sensitivity of NMR and the selectivity based on 

ionisation of MS.[13] In chapter 3 MS was able to verifying putative structures identified 

through NMR analysis, and vice versa, highlighting the strength in integrating multiple 

analytical detection. 

The HSQC experiment detects correlations between H-C co-ordinate pairs, which 

result in the detection of multiple H-C signals that belong to the same molecule. There 

are multitudes of other NMR experiments that reveal other properties of compounds, 

such as multiple-bond correlation experiments (e.g. HMBC) and those that show 

correlations between atoms located within the same spin-system (e.g. TOCSY). These 

experiments provide possible alternatives to the use of HSQC NMR and could be 

developed in this approach. A multi-experiment approach that incorporates the 

information obtained from different types of experiments can help to further chemically 

resolve extracts. The inclusion of chromatography, integration of multiple analytical 

detectors, or the application of a multi-experiment approach, would increase the volume 

of data acquired per extract, and inturn the complexity of analyses that are required 

downstream. 

The true power of NMR-based methods for chemical profiling will be realised with 

advances to the computational analyses of spectra. With improved analysis, NMR 

spectroscopic profiling will become highly useful for two applications, rapid sample 

identification proving especially useful for difficult to identify taxa, and for the prioritisation 

of extracts in natural products discovery. In essence, an NMR spectrum is an image, and 

has the potential to be analysed with pattern recognition algorithms. Ideally, analysis 

would involve an algorithm that is capable of organising large numbers of spectra into 

groups of shared similarity, rapidly identifying samples by matching sample spectra to a 

database of characterised spectra, and recognising unique features within spectra for 

prioritisation. This would limit the need for the spectra to be processed into a feature 

matrix, and enables the analysis of spectra in their raw state. Previously, the CO1 

standard barcoding fragment (see chapter 4) has been hailed as a universal barcode for 

life[17-18] yet has displayed suboptimal performance in sponges. NMR spectroscopic 

profiles have the potential to become the chemical ‘barcode’ for marine sponges and 

rival that offered by DNA barcoding. 
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6.3 CONCLUSIONS AND CONTRIBUTION OF THESIS 

6.3.1 Contributions to NMR metabolomics for sponge taxonomy and natural products 

discovery 

Here, two-dimensional NMR spectroscopy has been applied in an unconventional 

way to characterise chemical variation of entire crude extracts. 2D NMR spectroscopy is 

typically applied to pure compounds for structure elucidation and only more recently has 

it begun to be applied in metabolomics studies. The approach developed here allows the 

rapid generation of spectroscopic profiles that can be analysed without direct 

characterisation of individual chemical components. This method can be used to profile 

natural extracts and applied to biodiscovery and taxonomy, but can also have other 

broader applications to the medical field and to industry. 

Furthermore, this work challenges how spectroscopic profiles can be implemented 

in sponge taxonomy. In this field, a traditional morphometric approach to sponge 

taxonomy is at its limit. Molecular approaches have helped to resolve many relationships 

that were unclear based solely on morphology. However, molecular analyses often 

produce confounding and confusing results. Chemical characters can provide further 

clarity to these current issues. Spectroscopic profiles can be used to identify groups of 

samples that share chemical similarity, and to characterise chemical variation over 

geographic scales. The most significant finding from the development and application of 

this method is that spectroscopic profiles were able to distinguish sponge families and 

demonstrated chemical consistency over geographic scales as large as 1700 km. 

By far the biggest advantage of this approach is its application to both de-replicate 

and prioritise samples in natural products discovery projects. With the development of 

adequate databases, and utilisation of those that already exist, spectroscopic profiling 

can provide a way to de-replicate compounds before isolation efforts are wasted. 

Additionally, this method has the ability to prioritise samples. The spectroscopic profiles 

of large groups of samples can be assessed rapidly and with little sample preparation. 

Visualising the chemical variation of these profiles enables the clear identification of 

groups of samples that share similar profiles and can limit the duplication of isolation 

efforts on chemically similar samples. It can also recognise samples that are chemically 

distinct from other samples and contain unique H-C signals. Further, the H-C signals, 

and their associated chemical moieties, that are responsible for the distinction can be 

identified and this can provide leads for isolation efforts. 
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6.3.2 Conclusion 

The work presented here profiles and characterises the chemical diversity 

associated with two groups of sponges, and then compares this with observed biological 

variation. This has resulted in the characterisation of the known and unknown chemical 

diversity of the family Mycalidae, the development of a chemical profiling method based 

on NMR spectroscopic profiling, and the establishment of candidate species groups 

based on genetic, morphological, and chemical variation. The development and 

application of a HSQC spectroscopic profiling technique illustrates its utility in 

characterising the chemical diversity of marine sponges and its potential for application 

to natural products discovery ventures. The comparison of chemical variation with 

biological variation highlights the advantage of incorporating chemical datasets when 

characterising the diversity of marine sponges, showing that an integrative approach 

proves most powerful. 
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Appendix II 

Supporting information for Chapter 2: Chemical and 

biological aspects of marine sponges of the family 

Mycalidae 
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Table 1S Number of compounds in each compound class isolated from the different subgenera 
of the family Mycalidae 

 Subgenus 
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Alkaloids  1 6 78    2 87 
Polyketides 12 11  7    12 42 
Terpenes and terpenoids  2 8  3 1  17 31 
Lipids   21 4   1 5 31 
Peptides 5        5 
Nucleosides and nucleobases    1    4 5 
Others   3 2    4 9 
Total 17 14 38 92 3 1 1 44 210 

 

Table 2S Number of Mycalid compounds in each compound class isolated from the world 
oceans 

 Ocean 
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Alkaloids 15 27 53 2  97 
Polyketides  3 18 9  30 
Terpenes and terpenoids 5 2 2 18  27 
Lipids 5 20 4 1 1 31 
Peptides   5   5 
Nucleosides and nucleobases 1  4   5 
Others 5  4   9 
Total 31 52 90 30 1 204 
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Table 3S Number of Mycalid compounds of each reported activity type within each compound 
class categorised as: anti-infective activity (antibacterial, antifungal, antimalarial, antiviral and 
nematocidal), cytotoxic, other (protein synthesis inhibition, enzyme inhibition and 
immunosuppressive activity) and none reported (no activity reported in the literature) 

 Anti-infective Cytotoxic Other 
None 

reported Total 
Alkaloids 5 47  36 88 
Polyketides 3 24 5 4 36 
Terpenes/terpenoids 2 3  23 28 
Lipids  12  17 29 
Peptides   5  5 
Nucleosides and nucleobases  3  2 5 
Others  1  8 9 
Total 10 90 10 90 200 
 

 

Figure 1S The number of Mycalid compounds with reported biological activities categorised as: 
anti-infective activity (antibacterial, antifungal, antimalarial, antiviral and nematocidal), cytotoxic, 
other (protein synthesis inhibition, enzyme inhibition and immunosuppressive activity) and none 
reported (no activity reported in the literature) 
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Table 4S The number of biologically active Mycalid compounds within each compound class 
categorised as either potently active (<1µM), moderately active (1-20µM), with a low activity 
(>20µM) or with no activity reported (None reported) 

 
Potently 
active 

Moderately 
active 

Low 
activity 

None 
Reported Total 

Alkaloids 1 41 8 36 86 
Lipids  2 10 17 29 
Nucleosides and nucleobases  2 1 2 5 
Others  1  8 9 
Peptides 4 1   5 
Polyketides 23 3  4 30 
Terpenes and terpenoids 1 2  23 26 
Total 29 52 19 90  

 

 

Table 5S The number of publications for each country reporting the isolation of compounds 
from sponges of the family Mycalidae through time in five year increments from 1985 to 2014 

Year 
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1985-1989  2      2   1  1    
1990-1994  2      1   2  2  1  
1995-1999  4    1  2      1  1 
2000-2004    2  2  1  1 2    1  
2005-2009    1   2 3 2   1     
2010-2014 1  3  1      3      
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Figure 2S The number of publications reporting compounds isolated from members of the 
family Mycalidae published for each country through time from 1985 until 2014. 
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Appendix III 

Supporting information for Chapter 3: Chemical 

profiling of marine sponges (phylum Porifera) using 1H-

13C HSQC NMR spectroscopy and LC-MS/MS 

 

Supplemental Experimental 

Extract clean-up by solid phase extraction (SPE) 

Crude extracts prepared by exhaustively extracting approximately 1.0 g of freeze 

dried and ground sponge material with MeOH. Extracts were bonding onto C18 powder 

in an approximate 1:1 ratio. Fritted SPE cartridges (3 cc) were loaded with 

approximately 1 g of C18 powder and were preconditioned using the following scheme: 

10 mL of MeOH, 10mL of 1:1 MeOH:H2O, and 10mL of H2O. After preconditioning C18 

bonded extracts were loaded in the SPE and then washed and eluted. For washing 3 

volumes of 10 mL of H2O were used, followed by elution using 2 volumes of 6 mL of 

MeOH. Extracts were then dried and prepared for NMR by dissolving in 200μL of 

DMSO-d6 and placed in 3mm NMR tubes. 1H-13C HSQC spectra were acquired as per 

Section 3.2.3. 

 

1H-13C HSQC NMR optimisations 

For NMR optimisations spectra were acquired on an 800 MHz NMR spectrometer 

(Bruker Advance III HDX). DMSO-d6 was used for field frequency locking and chemical 

shift reference. 1H experiments were acquired using a zg30 pulse sequence with a 

spectroscopic range of δH -0.520 to 15.504. Edited 1H-13C HSQC spectra were 

acquired using a hsqcedetgsisp2.2 pulse sequence with a spectroscopic range of δH -

0.520 to 15.504 and δC -2.951 to 162.633. All experiments were performed with an 

interscan relaxation delay = 0.8 s and were fourier transformed. Comparisons were 

made between experiments acquired on a 5 mm CPTCI triple resonance CryoProbe 

and a 5 mm PATXI room temperature triple resonance probe. Experiments performed 

using the CryoProbe were acquired at 298 K and with a 1H 90deg pulse = 7.3 μs and 

those performed on the room temperature probe were acquired at 303.4 K with a 1H 
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90deg pulse = 8.8 μs. Experiments varying the number of scans (4, 8, and 16) and the 

number of experiments (64 and 128) were repeated on the same test samples. 

Supplemental Figures 

Table S3.1 Sample information including Queensland Museum registration numbers, sponge 
family and species level identifications, and sample location as decimal degrees. 

 
  

Latitude Longitude

G320682 Microcionidae Clathria (Thalysias) reinwardti -14.302417 144.813568
G320682-2 Microcionidae Clathria (Thalysias) reinwardti -14.302417 144.813568
G320719 Microcionidae Clathria (Thalysias) reinwardti -14.448133 144.881393
G320771 Microcionidae Clathria (Thalysias) reinwardti -14.519834 144.981522
G301442 Microcionidae Clathria (Thalysias) vulpina -28.200278 153.568889
G307888 Microcionidae Clathria (Thalysias) vulpina -16.385278 145.567500
G307899 Microcionidae Clathria (Thalysias) vulpina -16.384444 145.552222
G314913 Microcionidae Clathria (Thalysias) vulpina -20.152584 149.042328
G315391 Microcionidae Clathria (Thalysias) vulpina -20.825649 150.335495
G305653 Mycalidae Mycale (Arenochalina) mirabilis -21.733611 152.417778
G316811 Mycalidae Mycale (Arenochalina) mirabilis -9.420000 143.500000
G320991 Mycalidae Mycale (Arenochalina) mirabilis -9.680000 143.370000
G321059 Mycalidae Mycale (Arenochalina) mirabilis -10.420000 142.360000
G321591 Mycalidae Mycale (Arenochalina) mirabilis -23.446683 151.898350
G321605 Mycalidae Mycale (Arenochalina) mirabilis -23.446683 151.898350
G316821 Mycalidae Mycale (Aegogropila) pectinicola -10.220000 142.430000
G316838 Mycalidae Mycale (Aegogropila) pectinicola -9.500000 143.030000
G316869 Mycalidae Mycale (Aegogropila) pectinicola -10.130000 142.390000
G316872 Mycalidae Mycale (Aegogropila) pectinicola -9.990000 142.620000
G316900 Mycalidae Mycale (Aegogropila) pectinicola -9.850000 142.750000
G321061 Mycalidae Mycale (Aegogropila) pectinicola -10.420000 142.360000
G315007 Mycalidae Mycale (Oxymycale) acerata -67.000000 47.000000
G315027 Mycalidae Mycale (Oxymycale) acerata -67.000000 47.000000
G300793 Raspailiidae Echinodictyum cancellatum -13.018056 136.716667
G303497 Raspailiidae Echinodictyum cancellatum -12.516944 141.034444
G316890 Raspailiidae Echinodictyum cancellatum -10.450000 142.920000
G316906 Raspailiidae Echinodictyum cancellatum -10.490000 142.880000
G321022 Raspailiidae Echinodictyum cancellatum -10.170000 141.650000

Sample	location	(decimal	degrees)
SpeciesFamilyRegistration number 

(Queensland Museum)
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Table S3.2 Extract mass lost during solid phase extraction (SPE) clean-up protocol on group 
of trial samples. 

 
 
 

 
Figure S3.1 Example concentration calculations 

Mycale (Aegogropila) OTU 358 G333377 50.9 5.8 45.1 88.6

Mycale (Aegogropila) OTU 358 G333379 72.7 6.2 66.5 91.5

Mycale (Aegogropila) OTU 358 G333382 35.7 3.4 32.3 90.5

Mycale (Aegogropila) pectinicola G333393 110.1 11.0 99.1 90.0

Mycale (Aegogropila) pectinicola G333394 196.9 12.4 184.5 93.7

Mycale (Aegogropila) pectinicola G333395 195.8 12.3 183.5 93.7

Mycale (Aegogropila) pectinicola G333398 141.1 11.2 129.9 92.1

Mycale (Aegogropila) pectinicola G333399 40.9 8.6 32.3 79.0

Mycale (Aegogropila) pectinicola G333400 100.3 9.0 91.3 91.0

Mycale (Aegogropila) pectinicola G333401 140.4 13.6 126.8 90.3

Mycale (Aegogropila) pectinicola G333402 115.4 13.3 102.1 88.5

Mycale (Aegogropila) pectinicola G333403 47.2 13.0 34.2 72.5

Mycale (Aegogropila) pectinicola G333404 19.1 4.8 14.3 74.9

Mycale (Aegogropila) pectinicola G333405 25.1 5.0 20.1 80.1

Mycale (Aegogropila) pectinicola G333406 163.5 15.2 148.3 90.7

Mycale (Aegogropila) pectinicola G333407 103.6 14.3 89.3 86.2

Mycale (Aegogropila) pectinicola G333408 65.8 5.7 60.1 91.3

Average 95.6 9.7 85.9 87.3

Standard Deviation 57.5 3.9 54.7 6.6

Minimum 19.1 3.4 14.3 72.5

Maximum 196.9 15.2 184.5 93.7

Operational Taxonomic Unit (OTU)
Collection Number 

(Queensland 
Museum)

Extract Mass (mg) Mass Loss
Before SPE After SPE mg Percent (%)

Estimation of the analyte concetration using residual solvent peak

Purity (DMSO-d6) = 99.98%

Purity (DMSO-d5) = 100% - 99.98%

= 0.02%

Volume (total DMSO) = 200 μL

Volume (DMSO-d5) = 200 μL x 0.02%

= 0.04 μL = 4.00 x10-5 mL

Density (DMSO-d6) = 1.19 g/cm3

Mass (DMSO-d5) = 1.19 g/cm3 x 4.00 x10-5 mL

= 4.76 x10-5 g
Molar mass (DMSO-d5) = 83.165 g/mol

Mole (DMSO-d5) = 4.76 x10-5 g / 83.165 g/mol

= 5.72 x10-7 mol

Concentration (DMSO-d5) = 5.72 x10-7 mol / 2.00 x10-4 L

= 2.86 x10-3 M
= 2.86 mM

Calculating the concentration of residual
deuterated dimethyl sulfoxide (DMSO)

Estimating analyte concentration
from DMSO concentration

Concentration of unknown
1H integral of unknown

Concentration of DMSO-d5

Integral of DMSO-d5
=

Concentration of unknown

4.2221

2.86 mM

386.2802
=

Eg.

Concentration of unknown = 3.13 x10-2 mM

= 31.3 μM
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Figure S3.2 Overlay of HSQC spectra of two Antarctic specimens of Mycale (Oxymycale) 
acerata A) specimen G315027 – the outlying sample in PCA (Fig 3.7) and B) specimen 
G315007. The 23 signals that are unique to sample G315027 (A) are highlighted {proton, 
carbon chemical shifts in ppm} 
 

 
Figure S3.3 Extracted ion chromatogram for upenamide molecular ion m/z [M+H]+ 523.3538. 
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Figure S3.4 Extracted ion chromatogram for mycalisine A molecular ion m/z [M+H] + 288.1091 
 

 
Figure S3.5 Extracted ion chromatogram for (+)-echinobetaine B molecular ion m/z [M+H] + 
185.0921. 
 

 
Figure S3.6 Extracted ion chromatogram for mycalamide A molecular ion m/z [M+Na] + 526.263 
and chemical structure highlighting diagnostic 1H-13C signals detected in HSQC NMR spectra. 
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Figure S3.7: Raw HSQC spectrum registration number G320682. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.8: Raw HSQC spectrum registration number G320682-2. Carbon dimension = f1 and 
proton dimension = f2 



 180 

 
Figure S3.9: Raw HSQC spectrum registration number G320719. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.10: Raw HSQC spectrum registration number G320771. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.11: Raw HSQC spectrum registration number G301442. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.12: Raw HSQC spectrum registration number G307888. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.13: Raw HSQC spectrum registration number G307899. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.14: Raw HSQC spectrum registration number G314913. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.15: Raw HSQC spectrum registration number G315391. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.16: Raw HSQC spectrum registration number G305653. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.17: Raw HSQC spectrum registration number G316811. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.18: Raw HSQC spectrum registration number G320991. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.19: Raw HSQC spectrum registration number G321059. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.20: Raw HSQC spectrum registration number G321591. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.21: Raw HSQC spectrum registration number G321605. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.22: Raw HSQC spectrum registration number G316821. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.23: Raw HSQC spectrum registration number G316838. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.24: Raw HSQC spectrum registration number G316869. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.25: Raw HSQC spectrum registration number G316872. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.26: Raw HSQC spectrum registration number G316900. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.27: Raw HSQC spectrum registration number G321061. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.28: Raw HSQC spectrum registration number G315007. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.29: Raw HSQC spectrum registration number G315027. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.30: Raw HSQC spectrum registration number G300793. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.31: Raw HSQC spectrum registration number G303497. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.32: Raw HSQC spectrum registration number G316890. Carbon dimension = f1 and 
proton dimension = f2 
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Figure S3.33: Raw HSQC spectrum registration number G316906. Carbon dimension = f1 and 
proton dimension = f2 

 

 
Figure S3.34: Raw HSQC spectrum registration number G321022. Carbon dimension = f1 and 
proton dimension = f2 
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Appendix IV 

Supporting information for Chapter 4: Molecular 

approaches to the identification of Porifera specimens 

from the seabed of the Great Barrier Reef, Australia 

 

Table S4.1: Sample information including Queensland Museum registration numbers, 
provisional family and species identifications made at time of collection, operational taxonomic 
units (OTUs), and molecular operational taxonomic units (MOTUs). 

 
  

Collection Number 
(Queensland 

Museum)
Family Species

Operational 
Taxonomic 
Unit (OTU)

Molecular Operational 
Taxonomic Unit 

(MOTU)
G325169 Halichondriidae Amorphinopsis maculosa OTU20 No sequence obtained
G333345 Microcionidae Clathria (Clathria) sp. OTU18 No sequence obtained
G333354 Microcionidae Clathria (Clathria) sp. OTU18 No sequence obtained
G333355 Raspailiidae Echinodictyum sp. OTU17 No sequence obtained
G333356 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333357 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333358 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333359 Raspailiidae Raspailia (Raspailia) sp. OTU13 MOTU31
G333360 Raspailiidae Raspailia (Raspailia) sp. OTU13 MOTU09
G333362 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333363 Agelasidae Agelas gracilis OTU02 MOTU04
G333364 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333365 Raspailiidae Raspailia (Raspailia) sp. OTU13 No sequence obtained
G333366 Raspailiidae Echinodictyum cancellatum OTU08 MOTU29
G333367 Raspailiidae Echinodictyum cancellatum OTU08 MOTU32
G333368 Raspailiidae Echinodictyum cancellatum OTU08 No sequence obtained
G333369 Raspailiidae Echinodictyum cancellatum OTU08 MOTU33
G333370 Raspailiidae Echinodictyum cancellatum OTU08 MOTU11
G333371 Raspailiidae Echinodictyum cancellatum OTU08 MOTU17
G333372 Raspailiidae Echinodictyum cancellatum OTU08 MOTU24
G333373 Raspailiidae Echinodictyum cancellatum OTU08 MOTU24
G333374 Raspailiidae Echinodictyum cancellatum OTU08 MOTU11
G333375 Raspailiidae Echinodictyum cancellatum OTU08 MOTU17
G333376 Raspailiidae Echinodictyum cancellatum OTU08 MOTU11
G333377 Mycalidae Mycale (Aegogropila)  sp. OTU11 MOTU14
G333378 Mycalidae Mycale (Aegogropila)  sp. OTU11 No sequence obtained
G333379 Mycalidae Mycale (Aegogropila)  sp. OTU11 MOTU14
G333380 Mycalidae Mycale (Aegogropila)  sp. OTU11 MOTU09
G333381 Mycalidae Mycale (Aegogropila)  sp. OTU11 No sequence obtained
G333382 Mycalidae Mycale (Aegogropila)  sp. OTU11 MOTU27
G333383 Agelasidae Agelas gracilis OTU02 MOTU03
G333384 Agelasidae Agelas gracilis OTU02 MOTU03
G333385 Raspailiidae Aulospongus  sp. OTU04 MOTU12
G333386 Agelasidae Agelas gracilis OTU02 MOTU03
G333387 Raspailiidae Raspailia (Parasynringella) australiensis OTU19 No sequence obtained
G333389 Raspailiidae Raspailia (Raspailia) sp. OTU16 No sequence obtained
G333390 Raspailiidae Raspailia (Raspailia) sp. OTU16 MOTU31
G333391 Raspailiidae Raspailia (Raspailia) sp. OTU15 MOTU26
G333392 Raspailiidae Raspailia (Raspailia) sp. OTU15 MOTU31
G333393 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333394 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333395 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333396 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU24
G333397 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333398 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333399 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333400 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333401 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333402 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU24
G333403 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333404 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
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Table S4.1 continued.. 

 
  

Collection Number 
(Queensland 

Museum)
Family Species

Operational 
Taxonomic 
Unit (OTU)

Molecular Operational 
Taxonomic Unit 

(MOTU)
G333405 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU16
G333406 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333407 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333408 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU27
G333409 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333410 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333411 Mycalidae Mycale (Aegogropila) pectinicola OTU12 No sequence obtained
G333412 Mycalidae Mycale sp. OTU10 MOTU20
G333413 Mycalidae Mycale sp. OTU10 No sequence obtained
G333414 Mycalidae Mycale sp. OTU10 MOTU18
G333415 Agelasidae Agleas cavernosa OTU01 MOTU05
G333416 Raspailiidae Raspailia (Raspailia) sp. OTU14 MOTU29
G333417 Raspailiidae Raspailia (Raspailia) sp. OTU14 MOTU26
G333418 Raspailiidae Raspailia (Raspailia) sp. OTU14 MOTU26
G333419 Raspailiidae Raspailia (Raspailia) sp. OTU14 MOTU26
G333420 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU30
G333421 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU30
G333422 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333423 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333424 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333425 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333426 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333427 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU30
G333428 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333429 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU24
G333430 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU30
G333431 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU25
G333432 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU31
G333433 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU31
G333434 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU26
G333435 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU31
G333436 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU10
G333437 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU30
G333438 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU22
G333439 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU24
G333440 Microcionidae Clathria (Thalysias) reinwardti OTU05 MOTU31
G333449 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU30
G333450 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU26
G333451 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333452 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333453 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333454 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU30
G333455 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU26
G333457 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU26
G333458 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU30
G333459 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU30
G333460 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU26
G333461 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU26
G333462 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333463 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333464 Microcionidae Clathria (Thalysias) vulpina OTU06 MOTU06
G333465 Microcionidae Clathria (Thalysias) vulpina OTU06 No sequence obtained
G333466 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU02
G333467 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333468 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU23
G333469 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333470 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333471 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333472 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU31
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Table S4.1 continued.. 

 
 

Collection Number 
(Queensland 

Museum)
Family Species

Operational 
Taxonomic 
Unit (OTU)

Molecular Operational 
Taxonomic Unit 

(MOTU)
G333473 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333474 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333475 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333476 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU01
G333477 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU01
G333478 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU30
G333479 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU01
G333480 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU01
G333481 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU30
G333482 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 MOTU34
G333483 Agelasidae Agelas mauritiana OTU03 MOTU04
G333484 Microcionidae Echinochalina (Echinochalina) intermedia OTU07 No sequence obtained
G333485 Mycalidae Mycale (Aegogropila) pectinicola OTU12 MOTU07
G333486 Mycalidae Mycale sp. OTU09 MOTU28
G333487 Mycalidae Mycale sp. OTU09 No sequence obtained
G333488 Mycalidae Mycale sp. OTU09 MOTU19
G333489 Mycalidae Mycale sp. OTU09 No sequence obtained
G333490 Mycalidae Mycale sp. OTU09 MOTU06
G333491 Mycalidae Mycale sp. OTU09 MOTU28
G333492 Mycalidae Mycale sp. OTU09 MOTU19
G333493 Mycalidae Mycale sp. OTU09 MOTU27
G333494 Mycalidae Mycale sp. OTU09 MOTU13
G333495 Mycalidae Mycale sp. OTU09 MOTU13
G333496 Mycalidae Mycale sp. OTU09 No sequence obtained
G333497 Mycalidae Mycale sp. OTU09 MOTU13
G333498 Mycalidae Mycale sp. OTU09 MOTU21
G333499 Mycalidae Mycale sp. OTU09 MOTU15
G333500 Mycalidae Mycale sp. OTU09 MOTU27
G333501 Mycalidae Mycale sp. OTU09 MOTU27
G333502 Mycalidae Mycale sp. OTU09 MOTU08
G333503 Niphatidae Niphates sp. OTU23 MOTU01
G333504 Mycalidae Mycale sp. OTU09 MOTU15
G333505 Mycalidae Mycale sp. OTU09 MOTU16
G333506 Mycalidae Mycale sp. OTU09 No sequence obtained
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Figure S4.1: Raw Maximum Likelihood tree generated from CO1 sequences 
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Figure S4.2: Raw Bayesian Inference tree generated from CO1 sequences 
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Figure S4.3: Raw Maximum Likelihood tree generated from SP1 sequences 
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Figure S4.4: Raw Bayesian Inference tree generated from CO1 sequences 
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Figure S4.5: Raw Maximum Likelihood tree generated from SP2 sequences 
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Figure S4.6: Raw Bayesian Inference tree generated from CO1 sequences 
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Figure S4.7: Raw Maximum Likelihood tree generated from concatenated CO1, SP1, and SP2 
sequences 
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Figure 4.8: Raw Bayesian Inference tree generated from concatenated CO1, SP1, and SP2 
sequences 
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Appendix V 

Supporting information for Chapter 5: 1H-13C HSQC 

NMR spectroscopic profiling and integrative 

approaches for the identification of Porifera specimens 

from the seabed of the Great Barrier Reef, Australia 

 

Table S5.1: Sample information including Queensland Museum registration numbers, 
chemical operational taxonomic units (ChOTU) assigned in chapter 5, molecular 
operational taxonomic units (MOTU) assigned in chapter 4, morphological operational 
taxonomic units (OTU) and family identifications made at time of collection. 

 

  

Collection Number 
(Queensland 

Museum)

Operational 
Taxonomic Unit 

(OTU)
G333362 NA Unavailable OTU13 Raspailiidae
G333364 NA Unavailable OTU13 Raspailiidae
G333368 NA Unavailable OTU08 Raspailiidae
G333369 NA Inconclusive OTU08 Raspailiidae
G333370 ChOTU03 MOTU11 OTU08 Raspailiidae
G333371 ChOTU03 MOTU17 OTU08 Raspailiidae
G333375 ChOTU03 MOTU17 OTU08 Raspailiidae
G333376 ChOTU03 MOTU11 OTU08 Raspailiidae
G333381 NA Unavailable OTU11 Mycalidae
G333388 NA Unavailable OTU22 Raspailiidae
G333390 NA MOTU31 OTU16 Raspailiidae
G333401 NA MOTU27 OTU12 Mycalidae
G333406 NA MOTU27 OTU12 Mycalidae
G333409 NA Unavailable OTU12 Mycalidae
G333420 NA Inconclusive OTU05 Microcionidae
G333421 NA Inconclusive OTU05 Microcionidae
G333422 NA Inconclusive OTU05 Microcionidae
G333432 NA Inconclusive OTU05 Microcionidae
G333442 ChOTU02 Unavailable OTU21 Raspailiidae
G333443 ChOTU02 Unavailable OTU21 Raspailiidae
G333444 ChOTU02 Unavailable OTU21 Raspailiidae
G333445 ChOTU02 Unavailable OTU21 Raspailiidae
G333446 ChOTU02 Unavailable OTU21 Raspailiidae
G333448 ChOTU02 Unavailable OTU21 Raspailiidae
G333449 NA Inconclusive OTU06 Microcionidae
G333450 NA Inconclusive OTU06 Microcionidae
G333451 NA Unavailable OTU06 Microcionidae
G333455 NA Inconclusive OTU06 Microcionidae
G333457 NA Inconclusive OTU06 Microcionidae
G333458 NA Inconclusive OTU06 Microcionidae
G333459 ChOTU01 Inconclusive OTU06 Microcionidae
G333460 ChOTU01 Inconclusive OTU06 Microcionidae
G333463 NA Unavailable OTU06 Microcionidae
G333464 NA MOTU06 OTU06 Microcionidae
G333465 ChOTU01 Unavailable OTU06 Microcionidae
G333466 NA MOTU02 OTU07 Microcionidae

Molecular Operational 
Taxonomic Unit 

(MOTU)
Family

Chemical Operational 
Taxonomic Unit 

(ChOTU)
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Table S5.1 continued.. 

 

 

 

 

 
Figure S5.1: Raw HSQC spectrum registration number G333362. Carbon dimension = 
f1 and proton dimension = f2 

Collection Number 
(Queensland 

Museum)

Operational 
Taxonomic Unit 

(OTU)
G333469 ChOTU01 Unavailable OTU07 Microcionidae
G333470 ChOTU01 Unavailable OTU07 Microcionidae
G333471 ChOTU01 Unavailable OTU07 Microcionidae
G333472 ChOTU01 Inconclusive OTU07 Microcionidae
G333473 ChOTU01 Unavailable OTU07 Microcionidae
G333474 ChOTU01 Unavailable OTU07 Microcionidae
G333477 ChOTU01 MOTU01 OTU07 Microcionidae
G333478 ChOTU01 Inconclusive OTU07 Microcionidae
G333479 ChOTU01 MOTU01 OTU07 Microcionidae
G333480 ChOTU01 MOTU01 OTU07 Microcionidae
G333481 ChOTU01 Inconclusive OTU07 Microcionidae
G333482 ChOTU01 Inconclusive OTU07 Microcionidae
G333484 ChOTU01 Unavailable OTU07 Microcionidae
G333487 NA Unavailable OTU09 Mycalidae
G333492 NA MOTU19 OTU09 Mycalidae
G333495 NA MOTU13 OTU09 Mycalidae
G333496 NA Unavailable OTU09 Mycalidae
G333497 NA MOTU13 OTU09 Mycalidae
G333503 NA MOTU01 OTU23 Raspailiidae
G333506 NA Unavailable OTU09 Mycalidae

Chemical Operational 
Taxonomic Unit 

(ChOTU)

Molecular Operational 
Taxonomic Unit 

(MOTU)
Family
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Figure S5.2: Raw HSQC spectrum registration number G333364. Carbon dimension = 
f1 and proton dimension = f2 
 

 
Figure S5.3: Raw HSQC spectrum registration number G333368. Carbon dimension = 
f1 and proton dimension = f2 
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Figure S5.4: Raw HSQC spectrum registration number G333369. Carbon dimension = 
f1 and proton dimension = f2 
 

 
Figure S5.5: Raw HSQC spectrum registration number G333370. Carbon dimension = 
f1 and proton dimension = f2 
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Figure S5.6: Raw HSQC spectrum registration number G333371. Carbon dimension = 
f1 and proton dimension = f2 
 

 
Figure S5.7: Raw HSQC spectrum registration number G333375. Carbon dimension = 
f1 and proton dimension = f2 
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Figure S5.8: Raw HSQC spectrum registration number G333376. Carbon dimension = 
f1 and proton dimension = f2 
 

 
Figure S5.9: Raw HSQC spectrum registration number G333381. Carbon dimension = 
f1 and proton dimension = f2 
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Figure S5.10: Raw HSQC spectrum registration number G333388. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.11: Raw HSQC spectrum registration number G333390. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.12: Raw HSQC spectrum registration number G333401. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.13: Raw HSQC spectrum registration number G333406. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.14: Raw HSQC spectrum registration number G333409. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.15: Raw HSQC spectrum registration number G333420. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.16: Raw HSQC spectrum registration number G333421. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.17: Raw HSQC spectrum registration number G333422. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.18: Raw HSQC spectrum registration number G333432. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.19: Raw HSQC spectrum registration number G333442. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.20: Raw HSQC spectrum registration number G333443. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.21: Raw HSQC spectrum registration number G333444. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.22: Raw HSQC spectrum registration number G333445. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.23: Raw HSQC spectrum registration number G333446. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.24: Raw HSQC spectrum registration number G333448. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.25: Raw HSQC spectrum registration number G333449. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.26: Raw HSQC spectrum registration number G333450. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.27: Raw HSQC spectrum registration number G333451. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.28: Raw HSQC spectrum registration number G333455. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.29: Raw HSQC spectrum registration number G333457. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.30: Raw HSQC spectrum registration number G333458. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.31: Raw HSQC spectrum registration number G333459. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.32: Raw HSQC spectrum registration number G333460. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.33: Raw HSQC spectrum registration number G333463. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.34: Raw HSQC spectrum registration number G333464. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.35: Raw HSQC spectrum registration number G333465. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.36: Raw HSQC spectrum registration number G333466. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.37: Raw HSQC spectrum registration number G333469. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.38: Raw HSQC spectrum registration number G333470. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.39: Raw HSQC spectrum registration number G333471. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.40: Raw HSQC spectrum registration number G333473. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.41: Raw HSQC spectrum registration number G333472. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.42: Raw HSQC spectrum registration number G333474. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.43: Raw HSQC spectrum registration number G333477. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.44: Raw HSQC spectrum registration number G333478. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.45: Raw HSQC spectrum registration number G333479. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.46: Raw HSQC spectrum registration number G333480. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.47: Raw HSQC spectrum registration number G333481. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.48: Raw HSQC spectrum registration number G333482. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.49: Raw HSQC spectrum registration number G333484. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.50: Raw HSQC spectrum registration number G333487. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.51: Raw HSQC spectrum registration number G333492. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.52: Raw HSQC spectrum registration number G333495. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.53: Raw HSQC spectrum registration number G333496. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.54: Raw HSQC spectrum registration number G333497. Carbon dimension 
= f1 and proton dimension = f2 
 

 
Figure S5.55: Raw HSQC spectrum registration number G333503. Carbon dimension 
= f1 and proton dimension = f2 
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Figure S5.56: Raw HSQC spectrum registration number G333506. Carbon dimension 
= f1 and proton dimension = f2 
 

 




