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HIGHLY BRANCHED ISOPRENOID ALKENES FROM DIATOMS:  

A BIOSYNTHETIC AND LIFE CYCLE INVESTIGATION 

 

by 

Guillaume Gabriel Massé 

ABSTRACT 

In addition to the production of phytol (from chlorophylls) and sterols, a limited number of diatom 
species are capable of synthesising unusual C25 and C30 highly branched isoprenoid (HBI) alkenes. At 
the outset of the current investigation, the structures of most C25 and C30 HBIs had been identified. 
Some environmental factors had been shown to control their production, although a detailed 
understanding of these remained unclear. In addition, the biological functions of the chemicals 
remained unknown, and the reasons for their production by some species and not by others, was not 
understood. 

Investigations on the distributions of C25 and C30 HBI alkenes biosynthesised by Rhizosolenia 
setigera demonstrated a dependence on the physiological status of the cells, as measured by the 
position of this diatom in its life cycle. Thus, while C30 HBIs were observed at every stage of the life 
cycle, C25 HBIs were not always present in the cells. Since the synthesis of C25 HBIs appears to be 
stimulated by the onset of auxosporulation (sexual reproduction), an explanation is provided as to 
why they have rarely been observed in previous studies. 

Two novel monocyclic C30 alkenes (previously reported in other strains of Rhizosolenia setigera), and 
a novel monocyclic C25 alkene were also observed during life cycle experiments. The two C30 
hydrocarbons structures were subsequently characterised and the potential geochemical relevance of 
these compounds was highlighted by comparison of their mass spectral and chromatographic 
properties with those of alkenes reported in sediments and suspended water column particles. 

An investigation of terpenoid (including HBI) biosynthesis in the diatoms Haslea ostrearia, 
Rhizosolenia setigera and Pleurosigma intermedium has been performed. Evidence for species and 
organelle dependent biosynthetic pathways has been observed. Phytol is synthesised by each species 
investigated according to the recently discovered methyl-erythritol phosphate (MEP) pathway. This 
pathway is also involved in the synthesis of C25 HBIs in the two species Haslea ostrearia and 
Pleurosigma intermedium. In contrast, C25 and C30 HBIs, and (at least) one monocyclic C30 alkene, 
appear to be made predominantly via the mevalonate (MVA) route in the diatom R. setigera. 
Evidence for the contribution of the MVA pathway to the biosynthesis of sterols was found for the 
diatoms Rhizosolenia setigera, and Pleurosigma intermedium. In contrast, only contributions from 
the MEP pathway were found for the biosynthesis of sterols in Haslea ostrearia. Preliminary 
evidence for dynamic interchange between the two pathways has also been observed. 

Fractionation of Rhizosolenia setigera cells revealed that phytol was present in the chloroplasts, while 
sterols and HBIs were present in the cytoplasm. 



 

ii 

Table of Contents  

 Page 

Abstract i 

Table of Contents ii 

List of Figures vi 

List of Tables xi 

Acknowledgements xvi 

Author’s Declaration xvii 

List of Common Abbreviations xx 

  

Chapter One 

Introduction  

1.1 Diatoms 1 

1.2 Highly Branched Isoprenoid alkenes: sources and structural features 4 

1.3 Environmental controls on the production of HBIs in diatoms 9 

1.4 The present study 10 

  

Chapter Two  

HBI distributions in the diatom Rhizosolenia setigera: Life cycle effects  

2.1 Introduction 12 

2.2 Experimental 17 

2.2.1 Algal cultures 17 

2.2.2 Life cycle investigations with Rhizosolenia setigera 17 

2.2.3 Hydrocarbon analysis 19 

2.3 Results 20 

2.3.1 Investigations on the hydrocarbon distribution within Rhizosolenia and 

related species 20 

2.3.2 Preliminary experiment: RS-0 24 

2.3.3 HBI distributions in R. setigera during the post-auxosporulation phase: 

RS-1 26 

2.3.4 HBI distributions in R. setigera during an entire life cycle: RS-2 28 

2.4 Discussion 35 

2.4.1 Taxonomic comments 35 



 

iii 

2.4.2 Variations in HBI distributions between Rhizosolenia and related species 37 

2.4.3 Variations in HBI distributions in Rhizosolenia setigera as a function of 

the position of the cells in the life cycle 38 

2.5 Conclusion 42 

  

Chapter Three 

Identification of novel monocyclic C25 and C30 hydrocarbons from the diatom 

Rhizosolenia setigera  

3.1 Introduction 49 

3.2 Experimental 52 

3.2.1 Algal cultures 52 

3.2.2 Isolation of HBIs 52 

3.3 Results 53 

3.3.1 Hydrocarbon distribution in Rhizosolenia setigera (strain RS 99) and 

Rhizosolenia cf. setigera (strain CCMP 1694) 53 

3.3.2 Chromatographic and mass spectral analysis of two novel C30 

hydrocarbons from CCMP1694 56 

3.3.3 Chromatographic and mass spectral analysis of a novel C25 hydrocarbon 

from RS 99 61 

3.3.4 Characterisation of C30:4:1 (X) by 1H and 13C NMR spectroscopy 63 

3.3.5 Characterisation of C30:5:1 (XI) by 1H and 13C NMR spectroscopy 63 

3.3.6 Hydrogenation of C30:4:1 (X) and analysis by 1H and 13C NMR 

spectroscopy 68 

3.3.7 Characterisation of C25:3:1 (XII) 69 

3.4 Discussion 70 

3.4.1 C25 and C30 cyclic isoprenoid alkenes: structural relationships with 

previously characterised HBIs in diatoms 70 

3.4.2 Taxonomical implications 71 

3.4.3 Occurrence of monocyclic C30 alkenes in sediments and water-column 

particles 73 

3.4.4 Occurrence of a monocyclic C25 alkene in sediments, water-column 

particles and biota 74 

3.5 Conclusion 74 



 

iv 

Chapter Four 

Isoprenoid biosynthesis in three diatom species  

4.1 Introduction 75 

4.2 Experimental 81 

4.2.1 Algal cultures 81 

4.2.2 Cell fractionation 81 

4.2.3 Inhibition experiments 83 

4.2.4 Isotopic labelling: small scale experiments 84 

4.2.5 Isotopic labelling: large scale experiments 87 

4.2.6 Monitoring of stable isotope incorporation by GC-MS: isotopic 

enrichment factors 88 

4.2.7 Natural 12C/13C isotope ratios, GC-irm-MS 89 

4.2.8 Monitoring of stable isotope incorporation by NMR spectroscopy 90 

4.3 Results 90 

4.3.1 Non-saponifiable lipids from the diatom Rhizosolenia setigera. 90 

4.3.2 Compartmentation of isoprenoids in the diatom Rhizosolenia setigera 92 

4.3.3 Isoprenoid biosynthesis in the diatom Rhizosolenia setigera 93 

4.3.3.1 Inhibition experiments 93 

4.3.3.2 Isotope labelling: small scale experiments 98 

4.3.3.3 Isotope labelling: large scale experiments 105 

4.3.3.4 Analysis of lipids from R. setigera by GC-irm-MS: A preliminary 

study 121 

4.3.4 Discussion 124 

4.3.4.1 Dynamic allocation of both pathways, life cycle effects 127 

4.3.5 Non-saponifiable lipids from the diatom Haslea ostrearia  130 

4.3.6 Hydrocarbon biosynthesis in the diatom Haslea ostrearia 132 

4.3.6.1 Inhibition experiments 132 

4.3.6.2 Isotope labelling: small scale experiments 136 

4.3.6.3 Analysis of lipids from H. ostrearia by GC-irm-MS: A 

preliminary study 139 

4.3.6.7 Influence of light intensity on the biosynthesis of HBIs in the 

diatom Haslea ostrearia 140 

4.3.7 Discussion 141 



 

v 

4.3.8 Non-saponifiable lipids from the diatom Pleurosigma intermedium 143 

4.3.9 Isoprenoid biosynthesis in the diatom Pleurosigma intermedium 145 

4.3.9.1 Inhibition experiments 145 

4.3.9.2 Isotope labelling: small scale experiments 148 

4.3.9.3 Analysis of lipids from P. intermedium by GC-irm-MS: A 

preliminary study 151 

4.3.10 Discussion 152 

4.4 Conclusion 153 

  

Chapter Five  

Experimental Details  

5.1 General Procedures 156 

5.2 Sampling methodology 156 

5.3 Species identification, light microscopy, scanning electron microscopy 157 

5.4 Diatom isolation and general culturing conditions 157 

5.5 Cell harvesting 158 

5.6 Hydrocarbon extraction from small scale algal cultures 160 

5.7 Isoprenoid extraction from large scale algal cultures 161 

5.8 Isolation and purification of isoprenoids 161 

5.9 Microscale hydrogenation 163 

5.10 Gas chromatography-mass spectrometry 163 

5.11 Nuclear magnetic resonance spectroscopy 164 

Chapter Six  

Conclusions and Future Work 165 

References 175 

Appendix  

Other considerations 188 

 



 

vi 

List of Figures  

 Page 

Figure 1.1 Scanning electron micrographs of diatoms. 2 

Figure 1.2 Rhizosolenia setigera cells auxosporulating: initial cell formation. 3 

Figure 1.3 Structure and numbering scheme of the parent carbon skeleton of C25 

HBIs. 5 

Figure 1.4 Structures of C25 HBI alkenes identified from cultures of Haslea 

species. 5 

Figure 1.5 Structures of the C25 HBIs identified in Haslea nipkowii. 6 

Figure 1.6 Structure of the C25 HBIs identified from cultures of Pleurosigma 

species. 7 

Figure 1.7 Structure of the parent carbon skeleton of C30 HBIs. 8 

Figure 1.8 Structures of the C30 HBIs identified from cultures of Rhizosolenia 

setigera. 8 

Figure 2.1 Diagrammatic representation of diatom cells, showing the gradual 

reduction in size of cells through consecutive generations.  14 

Figure 2.2 Light micrographs of the diatom Rhizosolenia setigera.  16 

Figure 2.3 Experimental procedure for experiment RS-1. 19 

Figure 2.4 Structures of the non-saponifiable lipids indentified in this study. 21 

Figure 2.5 Scanning electron micrographs of Rhizosolenia spp. and related 

species.  22 

Figure 2.6 Partial TIC chromatograms of the non-saponifiable lipids from 

cultures of Rhizosolenia spp. and related species. 23 

Figure 2.7 Partial TIC chromatograms of the non-saponifiable lipids from 

cultures of Rhizosolenia setigera. 25 

Figure 2.8 Partial TIC chromatograms of the non-saponifiable lipids from RS-1 

(cycle 1)

26 



 

vii 

(cycle 1).  

Figure 2.9 Partial TIC chromatograms of the non-saponifiable lipids from 

cultures of Rhizosolenia setigera. 32 

Figure 2.9 (continued) Partial TIC chromatograms of the non-saponifiable lipids 

from cultures of Rhizosolenia setigera. 33 

Figure 2.9 (continued) Partial TIC chromatograms of the non-saponifiable lipids 

from cultures of Rhizosolenia setigera. 34 

Figure 2.10 Estimation of the position of the diatom through its life cycle in 

relation to cell size and cycle number. 35 

Figure 2.11 Taxonomic relationships between Rhizosolenia setigera and related 

species. 36 

Figure 2.12 Hydrocarbon distribution in Rhizosolenia setigera as a function of 

cell cycle. 41 

Figure 3.1 Representative structures of hydrocarbons previously identified in 

cultures of the diatom Rhizosolenia setigera. 55 

Figure 3.2 Partial TIC chromatograms showing the hydrocarbon distribution in 

Rhizosolenia setigera RS 99. 57 

Figure 3.3 Partial TIC chromatograms showing the hydrocarbon distribution in 

Rhizosolenia setigera CCMP 1694. 58 

Figure 3.4 Mass spectra of (a) authenticated C30:5 (VI), (b) C30 (5 DBEs), 

compound A and (c) C30 (6 DBEs), compound B isolated from 

cultures of the diatom Rhizosolenia setigera. 59 

Figure 3.5 Mass spectra of (a) C30 (6 DBEs), (b) C30 (5 DBEs) and (c) authentic 

C30:5 (VI) after extensive hydrogenation. 60 

Figure 3.6 Mass spectra of (a) C30 (6 DBEs), (b) C30 (5 DBEs) and (c) C25 (4 

DBEs) compounds isolated from cultures of the diatom Rhizosolenia 

setigera. 62 



 

viii 

Figure 3.7 Structures of novel monocyclic C30 hydrocarbons (X-XII) 

characterised in this study and proposed structure of a C25 analogue 

(XIII) identified in cultures of the diatom Rhizosolenia setigera. 69 

Figure 3.8 Simplified representation corresponding to a hypothetical 

biosynthetic pathway of C25 (A) and C30 (B) isoprenoid alkenes. 71 

Figure 3.9 Simplified representation of a hypothetical biosynthetic pathway of 

monocyclic C30 isoprenoid alkenes. 71 

Figure 4.1 Biosynthetic pathways to isopentenyl diphosphate and dimethylallyl 

diphosphate.  79 

Figure 4.2 Reversible conversion of isopentenyl pyrophosphate to dimethylallyl 

pyrophosphate by an isomerase. 76 

Figure 4.3 Incorporation of [1-13C] labelled acetate into isopentenyl 

pyrophosphate.  77 

Figure 4.4 Schematic diagram illustrating the fractionation procedures for 

Rhizosolenia setigera cells. 82 

Figure 4.5  Structures of fosmidomycin [1] and both active [2] and inactive [3] 

forms of mevinolin. 84 

Figure 4.6 Labelling of isopentenyl pyrophosphate from [1-13C] glucose via the 

mevalonate pathway (●) or via the MEP pathway (■). 86 

Figure 4.7 Purpose-built culturing flask used for 13CO2 incorporation 

experiments. 87 

Figure 4.8 Non-saponifiable lipids obtained from various cultures of the diatom 

Rhizosolenia setigera. 91 

Figure 4.9 Hydrocarbon distribution in Rhizosolenia setigera cells at the end of 

the exponential growing phase in the presence of varying 

concentrations of pathway-specific inhibitor (µg ml-1).  95 

Figure 4.10 Ag-HPLC chromatogram of an hydrocarbon extract of Rhizosolenia 

setigera RS 99.  107 



 

ix 

Figure 4.11 Partial TIC chromatograms of fractions A-G obtained from Ag-

HPLC of an hydrocarbon fraction from Rhizosolenia setigera RS 99. 108 

Figure 4.12 Numbering scheme and observed labelling pattern in C30:5 (Z, IV) 

HBI after feeding Rhizosolenia setigera cells with [1-13C] labelled 

acetate. 111 

Figure 4.13 Numbering scheme and observed labelling pattern in C25:3 (E, VIII) 

after feeding Rhizosolenia setigera cells with [1-13C] labelled acetate. 113 

Figure 4.14 Proposed arrangement of six IPP units within C30:4:1 (XI). 114 

Figure 4.15 Numbering scheme and observed labelling pattern in C30:4:1 (XI) after 

feeding Rhizosolenia setigera cells with [1-13C] labelled acetate.  114 

Figure 4.16 Numbering scheme and observed labelling pattern in desmosterol 

after feeding Rhizosolenia setigera cells with [1-13C] labelled acetate. 115 

Figure 4.17 Changes in the δ13C values of the non-saponifiable lipids from 

Rhizosolenia setigera as a function of growth cycle. 124 

Figure 4.18 Representative partial TIC chromatogram of a non-saponifiable lipid 

fraction from Haslea ostrearia.  130 

Figure 4.19 Non-saponifiable lipids obtained from various cultures of the diatom 

Haslea ostrearia.  131 

Figure 4.20 Hydrocarbon distribution in Haslea ostrearia cells at the end of the 

exponential growing phase in the presence of varying concentrations 

of pathway-specific inhibitor (µg ml-1).  133 

Figure 4.21 Non-saponifiable lipids identified in various cultures of the diatom 

Pleurosigma intermedium.  144 

Figure 4.22 C25 HBI concentrations (pg cell-1) in Pleurosigma intermedium cells 

cultured in the presence of increasing concentrations of 

fosmidomycin (µg ml-1). 146 

Figure 5.1 Small scale cultures of various diatom species under controlled 

conditions. 159 



 

x 

Figure 5.2 Bulk cultures of a planktonic diatom (left) and of a benthic diatom 

(right). 159 

Figure 5.3 Typical growing curve of a diatom culture. 160 

Figure 6.1 Structures of C25 and C30 HBI alkenes identified previously in 

cultured diatoms. 167 

Figure 6.2 Structures of two novel monocyclic C30 alkenes characterised in this 

study. 170 

 



 

xi 

List of tables  

 Page 

Table 2.1 Hydrocarbon distribution from six diatom species. 20 

Table 2.2 Cell dimensions and non-saponifiable lipid concentrations 

obtained from six consecutive cycles (experiment RS-1). 27 

Table 2.3 Non-saponifiable lipid concentrations (pg cell-1) obtained from 

fifty-nine consecutive cycles (Cycle 1-30, experiment RS-2). 45 

Table 2.3 Non-saponifiable lipid concentrations (pg cell-1) obtained from 

fifty-nine consecutive cycles (Cycle 31-59, experiment RS-2). 46 

Table 2.4 Biomass data, cell dimensions and non-saponifiable lipid 

concentrations obtained from fifty-nine consecutive cycles 

(Cycle 1-30, experiment RS-2). 47 

Table 2.4 Biomass data, cell dimensions and non-saponifiable lipid 

concentrations obtained from fifty-nine consecutive cycles 

(Cycle 31-59, experiment RS-2). 48 

Table 3.1 1H NMR data for the C30:4:1 X. 64 

Table 3.2 13C NMR data for the C30:4:1 X. 65 

Table 3.3 1H NMR data for the C30:5:1 XI. 66 

Table 3.4 13C NMR data for the C30:5:1 XI. 67 

Table 3.5 1H NMR data for the C30:1:1 XII. 68 

Table 3.6 13C NMR data for the C30:1:1 XII. 68 

Table 4.1 Non-saponifiable lipid composition (percentage) of fractions 

obtained from Rhizosolenia setigera. 92 



 

xii 

Table 4.2 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1)  of Rhizosolenia setigera cells (mother 

cells) at the end of the exponential growing phase in the 

presence of varying concentrations of fosmidomycin and 

mevinolin (µg ml-1). 96 

Table 4.3 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) of Rhizosolenia setigera (daughter 

cells) cells at the end of the exponential growing phase in the 

presence of varying concentrations of pathway-specific inhibitor 

(µg ml-1). 97 

Table 4.4 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) in Rhizosolenia setigera cells after 

incubation with varying concentrations of unlabelled acetate. 99 

Table 4.5 Isotopic enrichment factors for non-saponifiable lipids from 

Rhizosolenia setigera after incubation with 13C and 2H labelled 

precursors. 100 

Table 4.6 Isotopic enrichment factors for non-saponifiable lipids from 

Rhizosolenia setigera after incubation with varying 

concentrations of 13C labelled acetate (g l-1). 102 

Table 4.7 Biomass data (cell ml-1) and non-saponifiable lipids 

concentration (pg cell-1) in Rhizosolenia setigera cells after 

incubation with [1-13C] acetate and fosmidomycin. 104 

Table 4.8 Isotopic enrichment factors for non-saponifiable lipids from 

Rhizosolenia setigera cells after incubation with [1-13C] acetate 

and fosmidomycin. 104 

Table 4.9 Large-scale experiments using isotopically labelled substrates in 

cultures of the diatom Rhizosolenia setigera. 105 

Table 4.10 Isotope enrichment factors for non-saponifiable lipids from 

Rhizosolenia setigera after incubation with labelled (13C or 2H) 

precursors (large scale experiments). 106 



 

xiii 

Table 4.11 Quantities of non-saponifiable lipids obtained (µg) from large-

scale cultures of Rhizosolenia setigera containing isotopically 

enriched substrates. 109 

Table 4.12 13C NMR data for C30:5 (Z, IV) obtained from Rhizosolenia 

setigera grown in the presence of various isotopically labelled 

substrates. 116 

Table 4.13 Average 13C enhancements of individual IPP carbon atoms 

within C30:5 (Z, V) HBI isolated from Rhizosolenia setigera cells 

cultured in the presence of various 13C labelled substrates. 111 

Table 4.14 13C NMR data for C30:5 (E, V) obtained from Rhizosolenia 

setigera grown in the presence of [1-13C] acetate. 117 

Table 4.15 Average 13C enhancements of individual IPP carbon atoms 

within C30:5 (E, VIII) HBI isolated from Rhizosolenia setigera 

cells cultured in the presence of [1-13C] acetate. 112 

Table 4.16 13C NMR data for C25:3 (E, VIII) obtained from Rhizosolenia 

setigera grown in the presence of [1-13C] acetate. 118 

Table 4.17 Average 13C enhancements of individual IPP carbon atoms 

within C25:3 (E, VIII)  HBI isolated from Rhizosolenia setigera 

cells cultured in the presence of [1-13C] acetate. 112 

Table 4.18 13C NMR data for C30:4:1 (XI) obtained from Rhizosolenia 

setigera grown in the presence of [1-13C] acetate. 119 

Table 4.19 Average 13C enhancements of individual IPP carbon atoms 

within the monocyclic C30 hydrocarbon C30:4:1 (XI) isolated from 

Rhizosolenia setigera cells cultured in the presence of 20% 

enriched [1-13C] acetate. 114 

Table 4.20 13C NMR data for desmosterol (III) obtained from Rhizosolenia 

setigera grown in the presence of [1-13C] acetate. 120 



 

xiv 

Table 4.21 Average 13C enhancements of individual IPP carbon atoms 

within desmosterol (III) isolated from Rhizosolenia setigera cells 

cultured in the presence of 20% enriched [1-13C] acetate. 115 

Table 4.22 δ13C values of the non-saponifiable lipids obtained from cultures 

of Rhizosolenia setigera grown in natural conditions and in the 

presence of fosmidomycin (75 µg ml-1). 122 

Table 4.23 δ13C values of the non-saponifiable lipids obtained from cultures 

of Rhizosolenia setigera during different phases of its life cycle. 123 

Table 4.24 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) for Haslea ostrearia cultured in the 

presence of increasing concentrations of mevinolin or 

fosmidomycin (µg ml-1). 134 

Table 4.25 Non-saponifiable lipid distributions expressed as percentages of 

the total hydrocarbon content in Haslea ostrearia in the presence 

of increasing concentrations of fosmidomycin (µg ml-1). 135 

Table 4.26 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) for Haslea ostrearia cultured in the 

presence of increasing concentrations of fosmidomycin (µg ml-1) 

and sodium acetate (g l-1). 135 

Table 4.27 Biomass data (cell ml-1) and hydrocarbon concentration (pg cell-

1) in Haslea ostrearia cells after incubation with varying 

concentrations of unlabelled acetate (g l-1). 137 

Table 4.28 Isotopic enrichment factors for lipids from Haslea ostrearia 

after incubation with labelled precursors. 138 

Table 4.29 δ13C values of the non-saponifiable lipids obtained from cultures 

of Haslea ostrearia grown under natural conditions and in the 

presence of mevinolin (10 µg ml-1).  140 



 

xv 

Table 4.30 Mean C25 concentrations (pg cell-1) obtained from cultures of 

Haslea ostrearia grown under different light intensities (µmol 

photon m-2 s-1). 141 

Table 4.31 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) of Pleurosigma intermedium grown in 

the presence of mevinolin and fosmidomycin (µg ml-1). 147 

Table 4.32 Biomass data (cell ml-1) and non-saponifiable lipid 

concentrations (pg cell-1) of Pleurosigma intermedium grown in 

the presence of both mevinolin and fosmidomycin (µg ml-1). 148 

Table 4.33 Biomass data (cell ml-1) and hydrocarbon concentration (pg cell-

1) in Pleurosigma intermedium cells after incubation with 

varying concentrations of unlabelled acetate (g l-1). 149 

Table 4.34 Isotopic enrichment factors for the non-saponifiable lipids from 

Pleurosigma intermedium after incubation with labelled 

precursors. 150 

Table 4.35 δ13C values of the non-saponifiable lipids obtained from cultures 

of Pleurosigma intermedium grown in natural conditions and in 

the presence of mevinolin (10 µg ml-1) or fosmidomycin (75 µg 

ml-1). 152 

Table 4.36 Biosynthetic pathways and location of isoprenoids in 

Rhizosolenia setigera, Haslea ostrearia and Pleurosigma 

intermedium. 155 

Table 5.1  Chemical composition F/2 and CHU-10 culture media. 158 

Table 5.2  Isoprenoid composition of the fractions obtained by open 

column chromatography. 162 

Table 5.3  Elution volumes required for the isolation of phytol and sterols 

by open column chromatography. 162 

Table 6.1 A summary of all the diatom species investigated for the 

presence of HBI alkenes. 168 



 

xvi 

 



 

 

ACKNOWLEDGEMENTS 

I would like to thank my supervisors, Dr. Simon Belt and Prof. Steve Rowland for their 

friendship, support, advice and encouragement during the course of this study. I also would 

like to thank them for their help regarding this manuscript. 

I am also indebted to Guy Allard for the good time spent with him in the laboratory. Thanks 

also for his encouragement, discussions, ideas and friendship. 

I would also like to thank the technical staff of the School of Environmental Sciences, 

University of Plymouth for their expertise and assistance. 

The rest of PEGG, past and present, especially Paul S., Paul Mac, Andy and Emma, for their 

help and friendship. 

I also do not forget Dr. Phil Jones and Dr. Pavel Nesterenko for the preparative LC. 

Finally, thanks to Jo for her friendship and patience (especially during the long discussions 

about work with her husband). 

 

Je souhaite remercier tous le membres du Laboratoire de Biologie Marine (Université de 

Nantes, France) et en particulier Jean-Michel Robert pour avoir mis à ma disposition son 

savoir et son laboratoire pendant de nombreuses années.  

Sans oublier Michel Poulin (pas que pour son petit accent), Philippe T. Delavault et bien sur 

Alain Barreau du service commun de Microscopie électronique (Université de Nantes, 

France) pour ses prouesses et les bon moments passés ensemble devant le MEB. 

Enfin, un grand merci à Stéphanie pour son amour, sa patience et ses encouragements de 

tous les instants. 



 

 

AUTHOR’S DECLARATION 

At no time during the registration for the degree of Doctor of Philosophy has the author been 

registered for any other University award. 

This study was financed with the aid of a research assistantship from the University of 

Plymouth. 

A programme of advanced study was carried out, with relevant scientific seminars and 

conferences attended at which work was often presented. 

Publications: 

 

Belt, S.T., Allard, G., Massé, G., Robert, J.-M., and Rowland, S.J. (2000). Important 
sedimentary sesterterpenoids from the diatom Pleurosigma intermedium. Chemical 
Communications, 501-502. 

Belt, S.T., Allard, W.G., Massé, G., Robert, J.-M., and Rowland, S.J. (2000). Highly 
branched isoprenoids (HBIs): Identification of the most common and abundant 
sedimentary isomers. Geochimica et Cosmochimica Acta, 64: 3839-3851. 

Allard, W.G., Belt, S.T., Massé, G., Naumann, R., Robert, J.-M., and Rowland, S.J. 
(2001). Tetra-unsaturated sesterterpenoids (Haslenes) from Haslea ostrearia and 
related species. Phytochemistry, 56: 795-800. 

Belt, S.T., Massé, G., Allard, W.G., Robert, J.-M., and Rowland, S.J. (2001). Identification 
of a C25 highly branched isoprenoid triene in the freshwater diatom Navicula 
sclesvicensis. Organic Geochemistry, 32: 1169-1172. 

Belt, S.T., Massé, G., Allard, W.G., Robert, J.-M., and Rowland, S.J. (2001). C25 highly 
branched isoprenoid alkenes in planktonic diatoms of the Pleurosigma genus. 
Organic Geochemistry, 32: 1271-1275. 

Belt, S.T., Allard, W.G., Johns, L., König, W.A., Massé, G., Robert, J.-M., and Rowland, 
S.J. (2001). Variable stereochemistry in highly branched isoprenoids from diatoms. 
Chirality, 13: 415-419. 

Belt, S.T., Allard, W.G., Massé, G., Robert, J.-M., and Rowland, S.J. (2001). Structural 
characterisation of C30 highly branched isoprenoid alkenes (Rhizenes) in the marine 
diatom Rhizosolenia setigera. Tetrahedron Letters, 42: 5583-5585. 

Massé, G., Rincé, Y., Cox, E.J., Allard, W.G., Belt, S.T., and Rowland, S.J. (2001). Haslea 
salstonica sp. nov. and Haslea pseudostrearia sp. nov. (Bacillariophyceae), two new 
epibenthic diatoms from the Kingsbridge Estuary, U.K. Comptes rendus de 



 

 

l'Académie des Sciences, Paris, Sciences de la Vie / Life Sciences, 324: 617-626. 

Massé, G., Poulin, M., Belt, S.T., Robert, J.-M., Barreau, A., Rincé, Y., and Rowland, S.J. 
(2001). A simple method for SEM examination of sectionned diatom frustules. 
Journal of Microscopy, 204: 87-92. 

Rowland, S.J., Belt, S.T., Wraige, E.J., Massé, G., Roussakis, C., and Robert, J.-M. 
(2001). Effects of temperature on polyunsaturation in cytostatic lipids of Haslea 
ostrearia. Phytochemistry, 56: 597-602. 

Rowland, S.J., Allard, W.G., Belt, S.T., Massé, G., Robert, J.-M., Blackburn, S., Frampton, 
D., Revill, A.T., and Volkman, J.K. (2001) Factors influencing the distributions of 
polyunsaturated terpenoids in the diatom, Rhizosolenia setigera. Phytochemistry, 58: 
717-728. 

Belt, S.T., Massé, G., Allard, W.G., Robert, J.-M., and Rowland, S.J. (2002). Effects of 
auxosporulation on distributions of C25 and C30 isoprenoid alkenes in Rhizosolenia 
setigera. Phytochemistry, 59: 141-148. 

Poulin, M., Massé, G., Belt, S. T., Delavault, P., Rousseau, F., Robert, J.-M. and Rowland, 
S. J., (submitted). Morphological, biochemical and molecular evidence for the 
transfer of Gyrosigma nipkowii Meister to the genus Haslea, European Journal of 
Phycology. 

 
Papers Presented 

Michel Poulin, Guillaume Massé, Simon T. Belt, Yves Rincé, Jean-Michel Robert, and 
Steven J. Rowland. The striking case of a sigmoid diatom sharing morphological 
similarities with Haslea species. 16th International Diatom Symposium, 2000 (Athens, 
Greece). 

Yves Rincé, and Guillaume Massé, Nouvelles espèces du genre Haslea. 19ème Colloque de 
l'Association des Diatomistes de Langue Francaise, 2000 (Mont-Rigi, Belgium).  

Simon T. Belt, W. Guy. Allard, Lesley. Johns, W. A .König, Guillaume Massé, Jean-Michel 
Robert and Steven J. Rowland. Variable stereochemistry in highly branched 
isoprenoids from diatoms. Symposium on Biological Chirality, 2000 (Szeged, 
Hungary). 

W. Guy Allard, Simon T. Belt, Guillaume Massé, Laurence A. Nafie, Steven J. Rowland & 
Stuart Wakeham. Sedimentary transformations of diatomaceous HBI alkenes. 11th 
meeting of the European Union of Geosciences, 2001 (Strasbourg, France).  

W. Guy Allard, Simon T. Belt, Guillaume Massé, Jean-Michel Robert, Laurence A. Nafie 
and Steven J. Rowland. Cytostatic polyunsaturated alkenes from diatomaceous algae. 
Natural Products Biology, 2001 (Warwick, U.K).  



 

 

Simon T. Belt, Guillaume Massé, W. Guy Allard and Steven J. Rowland. The effects of 
auxosporulation on the distributions of C25 and C30 highly branched isoprenoid (HBI) 
alkenes in the diatom Rhizosolenia setigera. 20th International Meeting on Organic 
Geochemistry, 2001 (Nancy, France).  

Guillaume Massé, W. Guy Allard, Simon T. Belt, Jean-Michel Robert, and Steven J. 
Rowland. New biosynthetic pathways to Highly Branched Isoprenoid (HBI) alkenes in 
diatoms. 23rd International Symposium on the Chemistry of Natural Products, 2002 
(Florence, Italy).  

Simon T. Belt, Guillaume Massé, and Steven J. Rowland. Biosynthetic studies of di-, sester- 
and triterpenoids from diatoms. 23rd International Symposium on the Chemistry of 
Natural Products, 2002 (Florence, Italy).  

Michel Poulin, Guillaume Massé, Simon T. Belt, Philippe Delavault, Florence Rousseau, 
Jean-Michel Robert, and Steven J. Rowland. Morphological, biochemical and 
molecular evidence for the transfer of Gyrosigma nipkowii Meister to the genus 
Haslea. 17th International Diatom Symposium, 2002 (Ottawa, Canada). 

Michel Poulin, Guillaume Massé, Simon T. Belt, Philippe Delavault, Florence Rousseau, 
Jean-Michel Robert, and Steven J. Rowland. Evidence morphologiques biochimiques 
et moléculaires pour le transfert de Gyrosigma nipkowii dans le genre Haslea. 21ème 
Colloque de l'Association des Diatomistes de Langue Française, 2002 (Nantes, 
France).  

 

 

Signed………………………………. 

Date………………………………… 



 

xx 

List of common abbreviations  

  

DBE Double Bong Equivalent 

DOXP Deoxy-D-Xylulose Phosphate 

GC-irm-MS Gas Chromatography-isotope ratio monitoring-Mass Spectrometry 

GC-MS Gas Chromatography-Mass Spectrometry 

Haslenes C25 highly branched isoprenoids 

HBI Highly Branched Isoprenoids 

HPLC High Performance Liquid Chromatography 

IEF Isotopic Enrichment Factor 

LC Liquid Chromatography 

MEP Methyl-erythritol Phosphate 

NMR Nuclear Magnetic Resonance 

NSL Non-Saponifiable Lipid 

Rhizenes C30 highly branched isoprenoids 

THE Total Hexane Extract 

TIC Total Ion Current 

TOE Total Organic Extract 

 



 

 3 

Based on differences of the wall morphology, Round and co-workers (1990) divided the 

diatoms into three class: Coscinodiscophyceae, Fragillariophyceae and Bacillariophyceae. 

Given their widespread occurrence, diatoms also exhibit large differences in their ecology. 

As a result, diatoms are divided into planktonic and benthic species. Planktonic species live 

mainly in the water column, while benthic species live in, or near to, the substratum. Due to 

these ecological differences and necessary adaptations to their habitats, the valves of benthic 

diatoms are usually strongly silicified, while planktonic diatoms usually exhibit lightly 

silicified valves to minimise their sinking rates (Figure 1.1). 

 

 

 

 

 

Figure 1.2 Rhizosolenia setigera cells auxosporulating: initial cell formation. 
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1.2 Highly Branched Isoprenoid alkenes: sources and structural features 

Lipids are important diatom constituents, representing up to 60% of their dry weight 

(reviewed by Groth-nard and Robert, 1993). Polar lipids (phospholipids and glycolipids) are 

usually the most abundant of these, representing up to 90% of the total lipids. Neutral lipids 

(tri-glycerides, phytol, sterols and hydrocarbons) are usually less abundant. Recently, 

investigations into the non-saponifiable lipids obtained from laboratory cultures of several 

diatom species, showed that in addition to the production of phytol (from chlorophylls) and 

sterols, some species are capable of synthesising unusual C25 and C30 highly branched 

isoprenoid (HBI) alkenes (Volkman et al., 1994; Belt et al., 2000a, 2001a,b,c). These HBIs 

occur in a wide range of sedimentary environments (reviewed by Rowland and Robson, 

1990) and since their first discovery in diatom cultures (Volkman et al., 1994), several 

studies have enabled for the structures of numerous C25 and C30 HBI isomers to be fully 

characterised. Indeed, from bulk cultures of the diatom Haslea ostrearia (Bory) Simonsen, 

Belt et al. (1996) and Johns et al. (1999) characterised the structures of several C25 isomers 

via NMR spectroscopy. Later, Wraige et al. (1999) excluded the possibility of a bacterial 

origin of these HBIs (as suggested by Farrington et al. (1977), Boehm and Quinn (1978) and 

Requejo and Quinn (1983)) by reporting the same HBIs in axenic cultures of this species. 

More recently, several other diatom species belonging to the Haslea genus have been 

reported to be capable of synthesising HBIs (Allard et al., 2001). From large-scale cultures 

of these three newly identified producers (Haslea crucigera, Haslea salstonica and Haslea 

pseudostrearia), they determined the structures of new tetra-unsaturated alkenes. 

Interestingly, all the HBI alkenes found in Haslea species share common structural features 

(Figure 1.4). Indeed, while these hydrocarbons exhibit differences in their degree of 

unsaturation (2-6 double bonds), all possess the same parent carbon skeleton (Figure 1.3; 
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Robson and Rowland, 1986). The main characteristic of this acyclic skeleton consists of an 

alkyl side chain at C7 of the main chain. 

 

 

 

Figure 1.3 Structure and numbering scheme of the parent carbon skeleton of C25 HBIs. 

In addition, all of these isomers possess a vinyl moiety at C23-C24, a second double bond in 

either the C5-C6 or C6-C17 positions, and a saturated branch point at C7 (Figure 1.4).  

 

 

 

 

 

 

 

 

 

Figure 1.4 Structures of C25 HBI alkenes identified from cultures of Haslea species. 
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Most recently, two previously characterised C25 HBIs and a new C25 isomer (Figure 1.5) 

were identified in a further Haslea species, previously classified as Gyrosigma nipkowii 

(sigmoidal species) and recently transferred into the genus Haslea (Belt et al., 2001d; Poulin 

et al., 2000, 2002, submitted). In contrast to all other C25 HBI alkenes from Haslea species, 

two of these compounds were present as diastereoisomers (Figure 1.5). With the discovery of 

this particular isomer, a geometrical isomerism at position C9-C10 was reported for the first 

time within the alkenes produced by Haslea species. 

 

 

 

 

 

 

Figure 1.5 Structures of the C25 HBIs identified in Haslea nipkowii. 

An identical isomerism was also reported by Belt et al., (2000a, b), who identified two 

Pleurosigma species (P. intermedium and Pleurosigma sp.) as sources for the most 

commonly reported C25 HBIs in sediments. From bulk cultures of these diatoms, they 

elucidated the structures of eight novel C25 HBI isomers (Figure 1.6). The structures of these 

alkenes were found to be isomeric to those found in Haslea species. For these isomers, the 

major branch point at C7 was found to be unsaturated, with a double bond in the C7-C20 

position, while the double that was present in either the C5-C6 or C6-C17 positions in HBIs 
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from Haslea species was absent for isomers obtained for P. intermedium. In addition, these 

compounds were found to range in their unsaturation between 3 and 5 (double bonds), while 

the relative concentrations of both E and Z isomers (C9-C10) were found to be variable 

within different Pleurosigma cultures (usually ca 50% E / 50% Z). 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Structure of the C25 HBIs identified from cultures of Pleurosigma species. 

Finally, from bulk cultures of the diatom Rhizosolenia setigera Brightwell, Belt et al. 

(2001a) elucidated the structures of four C30 HBIs (two C30 pentaenes and two C30 hexaenes) 

for the first time. Similar structural features to the C25 HBIs were observed from these 

compounds. Consistent with structural features found for HBIs from P. intermedium, the 
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main branch point was located at C7 (Figure 1.7) and found to be unsaturated with a double 

bond at C7-C25, while geometric isomerism at C9-C10 was also observed. 

 

 

 

 

Figure 1.7 Structure of the parent carbon skeleton of C30 HBIs. 

 

 

 

 

 

 

Figure 1.8 Structures of the C30 HBIs identified from cultures of Rhizosolenia setigera. 

 

 

 

1
2

3

4

5
6

7

8

9
10

11

12

13
14

15

20 21 22 23

25 26

2728

29

30

16

17
18

19

24



 

 9 

1.3 Environmental controls on the production of HBIs in diatoms 

In addition to the structural characterisation of most C25 and C30 HBI isomers, the influence 

of environmental parameters such as salinity (Wraige et al., 1998) and temperature 

(Rowland et al., 2001a) have also been investigated. While Wraige et al. demonstrated that 

variations in the salinity of the culture media did not affect significantly HBI distributions in 

H. ostrearia, Rowland and co-workers reported a significant effect of the culturing 

temperature on the distribution of HBIs produced by this species. A low (5°C) culturing 

temperature increased the saturation of the alkenes (C25:2) contained in the cells, while a high 

(25°C) culturing temperature increased the proportions of the more unsaturated isoprenoids 

(C25:4 - C25:5), suggesting that this diatom was sensitive to changes in the environmental 

conditions and that HBIs may have a significant biological function. In contrast, no clear 

correlation between changes in the environmental conditions and HBI distributions was 

detected when similar experiments were performed with the diatom Pleurosigma 

intermedium (Allard et al., unpublished results). 

Moreover, while the culture of Rhizosolenia setigera investigated by Volkman et al. (1994) 

was found to contain three C30 pentaenes and two C30 hexaenes with no C25 HBIs, Sinninghe 

Damsté et al. showed that a strain of R. setigera (CCMP 1330) contained only a single C25 

pentaene in addition to two novel n-alkenes, with no C30 homologues (Sinninghe Damsté et 

al., 1999a,b, 2000). The strain of R. setigera (RS-99) isolated from northern France by Belt 

et al. (2001a) contained only four C30 HBI isomers (two C30 pentaenes and two C30 

hexaenes) with no C25 HBIs. Additionally, Rowland et al. (2001b) demonstrated that cells 

from the same R. setigera strain (RS-99) were capable of producing both C25 and C30 HBI 

alkenes. Further, these variations were also observed even under well-controlled culturing 

conditions, indicating that factors other than environmental conditions were also affecting 

HBI biosynthesis in diatoms. 
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1.4 The present study 

At the outset of the present study, it was clear that the likely sources and the structures of 

most C25 and C30 HBIs had been identified, and that environmental factors were to some 

extent controlling their production. However, the controls on variations in their distributions 

observed during previous studies still remained unclear. In addition, the biological functions 

of the chemicals remained unknown, although it had been suggested that they may be 

membrane constituents (Ourisson and Nakatani, 1994; Rowland et al., 2001a). Finally, the 

reasons for their production by some species and not by others (including very closely 

related species) was not understood. Therefore, the main aims of this study were to:  

(i) investigate the distribution of C25 and C30 HBI alkenes biosynthesised by R. 

setigera as a function of the position of the diatom in its life cycle. 

(ii) search for new HBI producing diatoms in order to understand better the reasons 

for the occurrence of HBIs in some species and their absence in others. 

(iii) perform a comprehensive study of the mechanisms involved in the biosynthesis 

of HBIs in diatoms. 

(iv) examine the intra-cellular compartmentation of isoprenoids in diatoms. 

The results of this combined investigation are the main subject of this thesis and are 

described as follows: 

Chapter 2 describes an examination of (selected) lipid distributions in several species 

belonging to the Rhizosolenia genus and members of closely related genera, together with an 

investigation of the distributions of C25 and C30 HBI alkenes biosynthesised by R. setigera as 

a function of its life cycle. As a result, a further species capable of producing both C25 and 



 

 11 

C30 HBI alkenes has been identified and most of the differences in distributions observed in 

previous studies have been explained. The formation of one new monocyclic C25 and two 

monocyclic C30 hydrocarbons have also been observed during a limited phase within the life 

cycle of R. setigera.  

Chapter 3 describes the structural characterisation of these novel monocyclic C30 alkenes. 

The HBI distributions of two R. setigera strains were investigated, and sufficient quantities 

of pure compounds were isolated from bulk cultures of these two strains to allow for the 

characterisation of their structures via GC-MS and NMR spectroscopy. 

Chapter 4 describes the intra-cellular fractionation of R. setigera cells in an attempt to 

understand better the compartmentation and function of isoprenoids in diatoms. In a 

comprehensive study, the biosynthetic mechanisms involved in terpenoid (including HBIs) 

formation in the diatoms Haslea ostrearia, Rhizosolenia setigera and Pleurosigma 

intermedium has been carried out. This has included culturing each species in the presence of 

pathway-specific inhibitors, together with feeding experiments containing isotopically 

labelled substrates. Analysis of natural carbon isotope fractionation in these lipids by GC-

irm-MS has been used to complement the results from other approaches. Evidence for 

species and organelle dependent biosynthetic pathways is presented, together with 

preliminary evidence for dynamic interchange between the two pathways. 

 

(n.b. Individual compounds identified in diatom non-saponifiable fractions are numbered on 

a chapter-by-chapter basis) 


