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A B S T R A C T 

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 (HBl) 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 HBl 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 setigerd), 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 HBl) biosynthesis in the diatoms Haslea ostrearia, 
Rhizosolenia setigera and Pleurosigma intermeclium has been performed. Evidence for species and 
organelle dependent biosynthetic pathways has been observed. Phytol is synlhesised 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 
Pleio-osigma 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 be^veen 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. 
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CHAPTER ONE 

Introduction 

This thesis describes an investigation into lipids from diatoms in an attempt to understand the 

biological controls leading to their production. In particular, the study focuses on the 

distributions of polyunsaturated alkenes in various species of diatom, the factors that affect 

these distributions and the biosynthetic mechanisms that are responsible for their formation. 

The thesis begins with an introduction to diatoms together with an overview of 

polyunsaturated alkenes in these microorganisms. 

1.1 Diatoms 

Diatoms (Bacillariophyta) are unicellular, eukaryolic algae that require water and light to 

stimulate their photosynthesis. As a result, they are distributed in virtually all natural waters 

worldwide. Recent studies, based on a comparison of infrared properties of diatoms and 

those obtained from interstellar dust (Hoover et ai, 1986, 1999), also suggest an 

extraterrestrial occurrence of these or very similar organisms. Within marine environments 

on Earth, diatoms exhibit a great diversity (> 30 000 species described), and are considered 

as one of the most important groups of primary producers in the oceans. Diatom cells contain 

the same organelles as other photosynthetic eukaryotes (e.g. nucleus, mitochondria, 

chloroplasts) and are encased by a highly differentiated wall. This wall, consisting of two 

valves linked by so-called girdle elements, is impregnated with hydrated silica (Figure 1.1) 

forming the most distinctive structural features of diatoms. Indeed, it is the ultra-structural 

features of these valves that provide some of the most useful tools in diatom taxonomy 

(Anonymous, 1975). Diatoms are capable of reproduction by binary fission (asexual 

reproduction) such that the new valves and girdle elements are formed within the cell (Figure 



1.1 c). These new valves are smaller than those of the parent cells, and over lime, there is a 

significant reduction in the average cell size. When the cells reach critical dimensions, their 

initial size is usually restored via sexual reproduction and auxospore formation (Figure 1.2). 

Figure 1.1 Scanning electron micrographs of diatoms. A. Haslea crucif»era, a: valve, b: 

girdle element. B. Transapical thin section of Haslea cruci^era, a: valve, b: girdle elements. 

C. Transapical thin section of a dividing cell of Gyrosi^ma litnosum showing new valves 

being formed iniemally. D. Internal view of a strongly silicified valve of the benihic species 

Navicula ramosissima. E, F. External views of lightly silicified valves of planktonic diatoms 

Chaetoceros sp. and Rhizosolenia cf. sryliformis. 



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 bcnthic species. Planktonic species live 

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

these ecological ditTerenccs 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 rales (Figure 1.1). 

Figure 1.2 Rhizosolenia sciii^era cells auxosporulating: initial cell formation. 



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 a!., 1994; Belt et ai, 2000a, 2001a,b,c). These HBls 

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 HBls 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 HBls (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), ail possess the same parent carbon skeleton (Figure 1.3; 



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. 



Most recently, two previously characterised C25 HBIs and a new C25 isomer (Figure 1.5) 

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

(sigmoidal species) and recently transferred into the genus Haslea (Belt et aL, 200Id; Poulin 

et aL, 2000, 2002, submitted). In contrast to all other C25 HBI alkenes fi-om 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 

lime 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 stmctures 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 



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 HBls 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 HBls from P. intermedium, the 



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. 



1.3 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 diat 

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 (025:2) contained in the cells, while a high 

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

(025:4 - 025:5), 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 

Damste et al. showed that a strain of R. setigera (OOMP 1330) contained only a single O25 

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

aL, 1999a,b, 2000). The strain of R. setigera (RS-99) isolated from northem 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 O30 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. 



1.4 The present study 

A l the outset of the present study, it was clear that the hkely 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. 

seiigera 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 comparlmenialion 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 disuibutions in several species 

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

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

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

0 



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 ofR. 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 Hoslea 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 biosynihetic pathways is presented, together with 

preliminary evidence for dynamic interchange be^veen the two pathways. 

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

a chapter-by-chapter basis) 
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CHAPTER TWO 

H B I distributions in the diatom Rhizosolenia setigera: L i f e cycle effects 

2.1 Introduction 

Since Volkman and co-workers (1994) discovered C30 HBIs (rhizenes) in laboratory cultures 

of the diatom Rhizosolenia setigera, several studies have shown that the factors controlling 

their distribution are not as clear as for the C25 HBIs produced by Haslea ostrearia and 

Pleurosigma intermedium. The culture of R. setigera investigated by Volkman et al (strain 

CS 62) was found to contain three C30 pentaenes (€30:5) and two C30 hexaenes (€30:6) and no 

C25 alkenes were detected (Volkman et al., 1994). Belt and co-workers (2001a) noted a 

similar, though not identical distribution of C30 HBIs (two C30:5 and two €30:6) in R. setigera 

isolated from northem France (strain RS 99) and elucidated the structures of the C30 HBIs for 

the first time. In contrast, Sinninghe Damste et al. showed that a strain o f R. setigera isolated 

from Vineyard Sound, MA, USA (CCMP 1330) contained only a single C25 pentaene in 

addition to two novel w-alkenes, with no C30 homologues (Sinninghe Damste et al., 1999a). 

The structure of the C25:5 in this strain was subsequently shown to be that previously found in 

cultures of H. ostrearia (Sinninghe Damste et al., 1999b). 

During the course of our own studies, we have observed both C25 and C30 HBI alkenes 

within the same cultures of R. setigera together with considerable variations in their 

distributions (Rowland et al., 2001b). It is of course possible that these differences may be 

attributable to changes in phenotypic variables employed during the culturing experiments 

(e.g. light, salinity, temperaUire, nutrients, etc) or to the use of different strains of diatoms 

belonging to the same species. Indeed, we have noted some variation in distributions with 

temperature and salinity, and also with the origin of the diatom strain. Significantly however. 

12 



we have also observed variations in distributions under 'controlled' conditions (constant 

temperature, salinity, light cycle, etc.) using a single strain, indicating that other factors are 

also important (Rowland et aL, 2001b). In addition, Sinninghe Damste et al. (2000) have 

reported that distributions of the HBI C25:5 and C25 and C27 w-alkenes produced by R. 

setigera were quite variable in experiments performed at the same temperature. 

One factor worthy of investigation to explain these variations concerns the relationship 

between the position of the diatom in its life cycle and the variations observed in the HBI 

distributions. Indeed, significant differences in the dimensions of the cells of RS 99 (northern 

France) were noticed during consecutive growth cycles. This phenomenon, which occurs as 

a direct result of cell division (Wimpenny, 1966; Robert, 1978), relates to the fact that the 

diatom cell content is encased within a silica box or frustule. This exoskeleton is constructed 

of two almost equal halves (valves), the smaller fitting into the larger like a petri dish. As a 

result, upon cell division, one of the daughter cells is of the same size as the corresponding 

parent cell, while the other is smaller by an amount equal to twice the thickness of the 

frustule (Figure 2.1; Hendey, 1964). Over many generations, the difference in size between 

initial cells and mother cells is considerable, and the cells reach critical dimensions (Figure 

2.2 b, c) such that sexual reproduction, followed by an auxospore formation (Figure 2.2 d, e) 

is needed to restore their initial size (Figure 2.2 a, c). It is common to observe 

auxosporulation in laboratory cultures of diatoms, especially centric species such as 

Rhizosolenia species. Many authors have intensively studied this phenomenon, though their 

investigations have focussed mainly on the factors controlling the auxosporulation and the 

ultrastructural changes induced (reviewed by Round ei al., 1990; Mann et ai, 1999). In 

contrast, very few studies have considered the biochemical implications of such a process, 

even i f several authors assume that auxosporulation has a major impact on the physiological 

status of the cells. As an example, the concept of''turning or cardinal points in the life cycle 
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of diatoms" first developed by Geitler (1932) has been amended by Davidovich (1994) 

proposing that this concept should be first interpreted as "dramatic changes in the 

physiological and metabolic status of the cell rather than in its size". 

P' divisbn dK'ision 

mean 0 = 1, mean 0 = (1,+ y 12 

division 

mean 0 - ( l , + 2l2+ 13)74 

Figure 2.1 Diagrammatic representation of diatom cells, showing the gradual reduction in 

size of cells through consecutive generations. Redrawn from Hendey (1964). 

It was therefore decided to investigate the distribution of C25 and C30 HBI alkenes 

biosynihesised by R. setigera as a function of the position of the ceils through their life cycle. 

In a preliminary experiment, the effects of auxosporulation only, on the distribution of C25 

and C30 HBI alkenes in R. setigera were investigated. Thus, single "daughter" cells were 

isolated from a culture of the strain RS 99 where an auxosporulation event had recently been 

observed. In contrast to the HBI disu-ibution of previous cultures of this strain, both C25 and 

C30 HBI alkenes were observed within the non-saponifiable fractions obtained from cultures 

of these daughter cells, indicating that C25 biosynthesis may be related to the aaxosporulation 

event. In a second, more extensive set of experiments, the variation in the HBI distribution as 

a function of the position of the cells through their entire life cycle, including the 

regeneration of their original size through auxosporulation were measured. Therefore, two R. 
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setigera strains were replicated several times over a period of one year and the non-

saponifiable lipid fractions obtained from each growth cycle were analysed. The evolution of 

R. seiigera through its life cycle was estimated using cell size criteria (Figure 2.10). In 

addition, given the variability of the HBI distribution within the different R. seiigera strains, 

it was first decided to examine the distribution of hydrocarbons in several species belonging 

to the Rhizosolenia genus in addition to members of closely related genera. Therefore, non-

saponifiable lipid fractions obtained from six different species of the genus Rhizosolenia and 

closely related genera were examined by GC-MS. 
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Figure 2.2 Light micrographs of the diatom Rhizosolenia setigera. A. Two daughter cells. B. 

One mother cell. C. Mother and daughter cells. Note the differences in the cell dimensions. 

D. Auxospore. E. Formation of the initial cell. 
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2.2 Experimental 

2.2.7 Algal cultures 

Rhizosolenia pungens was isolated in May 2000 from the Ranee Estuary, He et Vilaine 

(France). Rhizosolenia robusta was isolated in July 2000 from surface waters of the Etel 

River, Morbihan (France). Urosolenia cf. longiseta was isolated in June 2001 from surface 

waters of the freshwater lake from the "Vallee Mabile", Loire-Atlantique (France). 

Proboscia indica, Guinardia delicatula and Guinardia stolterfothii were isolated in June 

2001 from surface waters of the Aber ildut, Finistere (France). 

Al l marine species were grown on F/2 enriched seawater (Guillard, 1975) while the 

freshwater Urosolenia was grown on CHU-10 media (Stein, 1973). Cultures were performed 

under standard controlled conditions ( M X , 100 \imo\ photon cm"^ s'', 14/10 light/dark 

cycle) and cells were harvested by filtration at the end of the exponential growing phase. 

Cells were quantified by light microscopy, using a Nageotte counting plate. Cell widths were 

measured by light microscopy using a micrometer (mean values of a hundred 

measurements). Cell volumes were obtained using a Beckman Coulter multisizer (100 |im 

orifice tube, 2 ml counted). 

2.2.2 Life cycle investigations with Rhizosolenia setigera 

Preliminary experiment: RS-0 

A single cell of the diatom /?. setigera (RS 99) was isolated from a natural assemblage of the 

ph>loplankton obtained from surface waters of the Etel River, France (25/03/1999) and 

grown in 250 ml Erienmeyer flasks containing 150 ml F/2 Guillard medium under standard 
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controlled conditions. After numerous replications (approx. 1 year), the cells were 

sufficiently small for auxosporulation to occur. Three different single "daughter" cells were 

therefore isolated (sub-strains 1-3) and cultured using the same method. At the end of the 

exponential growing phase, cells were harvested by filtration and stored (-20°C) prior to 

analysis. 

Experiment 1: RS-1 (Figure 2.3) 

R. seiigera was isolated from Le Croisic, France (8/8/2000) and grown in 250 ml Erlenmeyer 

flasks containing 150 ml F/2 Guillard medium under standard controlled conditions. In order 

to ensure complete equilibration with the culture conditions, cells were replicated several 

times over a period of one month. After this equilibration period, 150 ml of new F/2 medium 

was inoculated with a concentration of 100 cell mf ' (cycle 1). At the end of the exponential 

growing phase (11 days), cells were harvested by filtration, with a sub-sample being used to 

inoculate a second flask (cycle 2) with the same cell concentration as per cycle 1. This 

procedure of culturing, harvesting and ftirther inoculation was repeated a further four times 

to yield a total of six cycles (Figure 2.3). For each cycle, cell counting was performed using 

light microscopy and cell volumes were detemiined with a Beckman Coulter-Counter. 

Experiment 2: RS-2 

R. setigera (RS 99) was isolated from the Etel River, France (25/03/1999) and cultured using 

the same general method as described for Experiment 1 with the following exceptions: the 

cell concentration at the beginning of each cycle was 500 cell m f ' and cells were harvested 

after 7 days. In addition, single cells were isolated from the strain RS 99 which had been 

equilibrated in the laboratory for more than one year. As a result, all of the cells were 

extremely small (ca 4 ^m width) and believed to be close to the critical size for auxospore 
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formation and the onset of auxosporulation. The procedure of culturing, harvesting and 

further inoculation was repeated a further fif^y-seven times {ca 1 year) to yield a total of 

fifty-nine cycles. 

2.2.3 Hydrocarbon analysis 

The extraction of HBIs and their analysis by GC-MS was performed following the general 

methodology described in Chapter 5. 

An internal standard (7-hexylnonadecane, l . l | ig filter'') was added to each filter prior to 

extraction in order to quantify the HBI cell concentrations. 

I Cell 

Isolation of 
R. setigera 

100 Cell.m! ' 100 CelLml ' 

1 month fl^l 1 daysj, \ 11 day^^ ^ 1 day 
equilibration 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 

• Microscopy 

Coulter 

Cycle 6 

HBI 
analysis 

by GC-MS 

HBI distributions Cell counts and dimensions 

Figure 2.3: Experimental procedure for experiment RS-1 
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2.3 Results 

Figure 2.4 shows the structures of the non-saponifiable lipids identified in these studies. 

2. J. / Investigations on the hydrocarbon distribittion within Rhizosolenia and related species 

Table 2.1 summarises the results obtained for the analysis of the non-saponifiable lipid 

(NSL) fractions obtained from small scale cultures of six different Rhizosolenia species and 

related genera. 

Analysis of the hydrocarbon fractions obtained from Rhizosolenia robusta, Proboscia indica, 

Guinardia delicatula, Guinardia stolterfothii and Urosolenia cf. longiseta (Figure 2.5) 

revealed that these species produce n-Cjx^fy (1, henicosa-3,6,9,12,15,18-hexaene) and phytol 

(V) but do not produce any HBI alkenes (C25 or C30 HBIs). In contrast, the NSLs obtained 

from Rhizosolenia pungens exhibited a similar HBI distribution to those observed for the 

diatom Rhizosolenia setigera (with the exception of the strain CCMP 1820 and CCMP 

1330). Indeed, a total ion current (TIC) chromatogram of the NSL fraction obtained from a 

culture of this diatom (Figure 2.6) demonstrated the presence of n-Qix.e (!)> phytol (V), tri, 

tetra and penta-unsaturated C25 HBIs isomers and six C30 HBI alkenes (VI-Xl ) . 

Table 2.1: Hydrocarbon distribution from six diatom species. 

Species investigated Phytol V n-Ciut I HBI Alkenes detected 
Rhizosolenia pungens + + II- IV, V I - X I 
Rhizosolenia robusta + + 
Proboscia indica + + 
Guinardia delicatula + + 
Guinardia stolterfothii + -
Urosolenia cf longiseta + -
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Figure 2.4 SdTJCtures of the non-saponifiable lipids identified in these studies. 

21 



Figure 2.5 Scanning electron micrographs of Rhizosolenia spp. and related species. A, B. 

Rhizosolenia setigera. C. D. Rhizosolenia pimgens. E, F. Proboscia indica. G, H. 

Rhizosolenia robusta. 
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Figure 2.6 Partial TIC chromatograms of the non-saponifiable lipids from cultures of 

Rhizosolenia spp. and related species (a) Rhizosolenia pungens (b) Rhizosolenia robusta (c) 

Proboscia indica. 
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2.3.2 Preliminary experiment: RS-0 

Following extraction and derivatisation, a TIC chromatogram of the non-saponifiable lipid 

fraction obtained from a culture of the diatom R. setigera kept during one year in the 

laboratory (Figure 2.7 a) demonstrated the presence of n-C2i:6 (I), phytol (V) and four C30 

HBI (VI-IX) (Rowland et al., 2001a,b), but no C25 HBIs alkenes (haslenes) were detected. In 

addition, the major rhizenes were the pentaene isomers (€30:5 / €30:6 = 5.4). However, when 

the non-saponifiable lipid fractions obtained from cultures of the daughter cells were 

analysed (sub-strains 1-3), some differences were observed (Figure 2.7 b-d). Phytol (V), n-

C2i:6 (I) and the C30 rhizenes were detected as before, but in addition, the TIC 

chromatograms revealed the presence of C25 HBI isomers. In cultures of the sub-strains 1 

and 3 (Figure 2.7 b, d), E isomers of tri and tetra-unsaturated C25 HBIs (II and III) were 

detected, together with small amounts of the related pentaene isomer (IV). In cultures of the 

sub-strain 2 (Figure 2.7 c), only C25 triene and tetraene isomers were delected, with the 

proportion of tetraene being substantially reduced than for sub-strains 1 and 3. 
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Figure 2.7 Partial TIC chromatograms of the non-saponifiable lipids from cultures of R. 

setigera (a) "mother" cells (b) "daughter" cells 1 (c) "daughter" cells 2 (d) "daughter" cells 3. 
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2.3.3 HBI distributions in R. setigera during the post-auxosporulaiion phase: RS-1 

This experiment was carried out for a total of 6 cycles corresponding (broadly) to a phase 

distant to that of auxosporulation in the life cycle of the diatom. 

Following extraction and derivatisation, TIC chromatograms of the non-saponifiable lipid 

fractions obtained from each cycle demonstrated the presence of phytol (V), «-C2i:6 (I) 

four C30 HBI alkenes (VI-IX) as the main identifiable components (Table 2.2). A small 

amount of C25 triene (II) could also be detected in cycle 1 (Figure 2.8). Similar 

chromatograms were obtained for the following 5 cycles, except that the €25:3 observed in 

cycle 1 could not be detected. For all cycles, the major rhizenes were the pentaene isomers 

with the pentaene to hexaene ratio remaining essentially constant (Csors / €30:6 = 12 ± 1.4). 

c 

C30:5(Z) 

Int. Std. 

«-Cll:6 Ph)l0l 

i l l 
30 35 40 45 

Retention thne 

Figure 2.8 Partial TIC chromatogram of a non-saponifiable lipid fraction from RS-1 (cycle 

!)• 
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Table 2.2 Cell dimensions and non-saponifiable lipid concentrations obtained from six 

consecutive cycles (experiment RS-1). 

Biomass « - C 2 l : 6 Phytol Total HBI Total C25 Total C30 C30:3 Qo:6 
(Cell ml ') (Pficell-) (pgceir') (pficeir') (pgceir') (pKceir') CPKcell*') (pficelP') 

Cycle 1 11640 0.09 0.16 10.40 0.41 9.99 8.90 1.10 
Cycle2 12400 0.00 3.74 11.70 0.00 11.70 10.67 1.03 
Cycle3 10120 0.11 0.48 9.60 0.10 9.51 8.86 0.64 
Cycle4 9360 0.16 4.20 13.36 0.00 13.36 12.45 0.91 
Cycles 10720 0.12 0.09 9.33 0.02 9.31 8.65 0.66 
Cycle6 14800 0.00 2.49 10.12 0.00 10.12 9.38 0.74 

Mean Width Mean volume Total HBI Total Cjo C 3 0:5/^3 0:6 

(urn) (Mm̂ ) (fSMm-̂ ) (fSMm-̂ ) 
Cycle 1 18.71 1309 7.94 7.6 8.12 
Cycle2 18.05 1279 9.15 9.1 10.33 
Cycle3 17.21 964 9.96 9.9 13.82 
Cycle4 16.55 1254 10.65 10.7 13.70 
Cycles 15.85 1151 8.11 8.1 13.12 
Cycle6 14.98 1090 9.29 9.3 12.65 
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2.3.4 HBI distributions in R. setigera during an entire life cycle: RS-2 

A summary of the data obtained for RS-2 are given in Tables 2.3 and 2.4 (pages 45-48), 

while Figure 2.9 shows representative partial total ion current chromatograms obtained 

from several growth cycles. 

For this experiment, an inoculum was generated from the strain RS 99. In contrast to RS-1, 

the cells were believed to be close to the onset of auxosporulation (Figure 2.2 b). Indeed, 

during the third cycle, auxospores could be detected using light microscopy (Figure 2.2 d). 

In cycle 3, daughter cells (Figure 2.2 a) represented 14% of the total population, with the 

proportion increasing (61 %) during cycle 4. By cycles 5 and 6, virtually all cells could be 

considered to be present as a result of auxosporulation (93 and 100% daughter cells 

respectively). Cells from a further 53 cycles were harvested to allow for a comparison with 

the results from RS-1 and to cover an entire life cycle of the diatom. As expected dramatic 

changes in the cell volume were observed as a result of auxosporulation (Table 2.4, Figure 

2.10). Thus, cell volumes were determined for mother (195 ± 15 lam"*) and daughter (3196 

± 170 lim"') cells using a coulter counter (Table 2.4). Between cycles 7 and 51, the cell 

volumes gradually decreased (3369 to 356 jim"*) due to consecutive cell division (Figure 

2.10). In cycle 35, a few auxospores were detected using microscopy, and the resulting 

daughter ceils were obser\'ed in all of the subsequent 24 cycles. However, this 

phenomenon appeared to be limited and certainly not as dramatic as it appeared in the first 

auxosporulation stage (cycles 3 to 6) where the whole mother cell population was rapidly 

replaced by daughter cells. As a result, this new generation represented only a very small 

proportion (< 0.5%) of the whole population in cycles 36 to 48. During cycle 49, new 

auxospores were detected, and on this occasion, the resulting daughter cells rapidly 

replaced the mother cells: In cycle 50, daughter cells represented 4.3% of the total 
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population, with the proportion increasing during cycle 51 (21%) and 52 (64%). By cycle 

53, all cells were present as a result of this second auxosporulation (100% daughter cells). 

As observed previously, dramatic changes in the cell volume were associated with the 

auxosporulation (Table 2.4, Figure 2.10). As a comparison, the volume of the mother cells 

(cycles 48-51) was 364 ± 23 jam^ whereas the volume of the daughter cells (cycles 52 to 

60) was 6522 ± 439 ^m^ 

When the non-saponifiable lipid fractions for each cycle were analysed quantitatively by 

GC-MS, some substantial differences in the HBl distributions were observed and these were 

correlated with the major biological phases of the life cycle (Figure 2.9). 

Pre-auxosporulation 1 (Figure 2.9 a; cycles 1-2): A partial TIC chromatogram from cycle 

1 indicated the presence of the same C3015 (VI , VIII ) and €30:6 ( V I I , IX) HBI alkenes that 

were detected in RS-1, although phytol (V) and n-Ciue (0 were undetected. In addition, 

there was a trace amount of the C25 triene (II) which was mostly absent in the first 

experiment (RS-1) and there was a higher concentration of the pair of C30 hexaenes 

compared to the pentaenes. Thus, the €30:5 / €30:6 ratio was 0.93 which compares with a 

mean ratio of 12 ± 1.4 in RS-1. Similar obser\'ations were made in cycle 2 (Table 2.3). 

Auxosporulation 1 (Figure 2.9 b, c; cycles 3-4): During cycle 3, when auxospores and 

daughter cells were first detected using light microscopy, the €25:3 observed im low 

concentration in the first two cycles was absent and the C30 pentaenes were the dominant 

isomers (€30:5 / C30:6 ratio increased sharply to 3.6). In cycle 4, when over 60% of the 

culture corresponded to daughter cells, the €30:5 / C30;6 ratio increased further (4.4). In 

addition, rt-C2i:6 (I), the C25 triene (II) and phytol (V) were also detected and the total 

concentration of HBIs (pg cell'') increased significantly during this cycle (Table 2.4). 

Post-auxosporulation 1 - Pre-auxosporulation 2 (Figure 2.9 d-k; cycles 5-49): From cycle 

5 to cycle 12, the concentration of the C25 triene detected in cycle 4 increased sharply to 
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reach a maximum of 41 pg cell'' in cycle 12 and then gradually decreased between cycles 13 

and 50. In addition, a C25 tetraene (III) was detected during cycle 5 while a C25 pentaene (IV) 

was detected in cycle 11. Interestingly, the trends observed for the triene (II) could also be 

made for both C25A and €25:5 isomers. Thus, their concentrations first increased dramatically 

(from cycle 11, the tetraene was the most abundant isomer in the cells with a maximum 

concentration of 107 pg cell"' during cycle 13, whereas the pentaene reached a maximum 

concentration of 18 pg cell"' during cycle 12) and then gradually decreased between cycles 

13-14 and cycle 49. From cycle 42 to cycle 52, only traces of the C25 pentaene were detected. 

Collectively, the total concentration of HBIs ( C 2 5 and C 3 0 HBIs), increased dramatically 

between cycles 5 and 12 (approximately 10 fold) to reach a maximum of 201 pg cell"' in 

cycle 12 followed by a gradual decrease until cycle 49. Further, during the phase where the 

total HBI concentration increased, the C 2 5 HBI concentrations increased at a greater rate 

compared with those for the C30 HBIs ( C 2 5 / C30 ratio increased from 0 to 3.8 between cycles 

4 and 12, Table 2.3). Additional changes were observed which appeared unrelated to the 

auxosporulation. For example, small amounts of a further C25 triene (XI I , cf. Chapter 3) and 

C30 tetraene (X, cf. Chapter 3) were first detected during cycle 17. The Z isomer of the C30 

hexaenes (VII) was absent from cycle 18 to cycle 24, apparently replaced by the new C30 

tetraene (X). From cycle 19, small amounts of a third C30 pentaene (XI , cf. Chapter 3) were 

also observed. Finally, the C30:5 / C30:6 ratio underwent frirther changes with a gradual 

reduction between cycles 4 and 17 (4.4 to 1.4) followed by a sharp increase from cycle 18, 

probably as a result of the absence of the C30 hexaene (VII). 

Auxosporulation 2 (cycles 50-52): During cycle 50, a large number of auxospores were 

delected using light microscopy with subsequent and rapid formation of daughter cells (20% 

in cycle 51 and 64% during cycle 52). Consistent with the first auxosporulation event, 

significant changes in the cell lipid contents were observed: phytol, n-C2]:6 and both C25:3 and 
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C25:4 concentrations increased sharply from cycle 50. However, on this occasion, no 

significant changes in the C30 unsaturation were observed during the auxosporulation event. 

Thus the C30:5/C30:6 remained unchanged (3.1 ± 0.3). 

Post-auxosporulation 2 (Figure 2.9 1; cycles 53-59): During cycle 53, the C25 triene (III) 

reached a maximum of 25 pg cell"* while the C25 pentaene (IV) was detected for the first 

time since cycle 42. In addition, the C25 teiraene and pentaene concentrations increased 

further until cycle 54 to reach a maximum of 87 and 21 pg cell"*, respectively. 
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Figure 2.9 Partial TIC chromatograms of the non-saponifiable lipids ft^om cultures of 

Rhizosolenia setigera (a) growth cycle 1, (b) growth cycle 3, (c) growth cycle 4, (d) growth 

cycle 6. 
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Figure 2.9 (continued) Partial TIC chromatograms of the non-saponifiable lipids fi-om 

cultures of R. setigera (e) growth cycle 12, (f) growth cycle 17, (g) growth cycle 18, (h) 

growth cycle 23. 
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Figure 2.9 (continued) Partial TIC chromatograms of the non-saponifiable lipids from 

cultures of R. setigera (i) growth cycle 32, (j) growth cycle 42, (k) growth cycle 48, (1) 

growth cycle 53. 
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Figure 2.10 Estimation of the position of the diatom through its life cycle in relation with cell 

size and cycle number. 

2.4 Discussion 

2.4. J Taxonomic comments 

The genus Rhizosolenia Brightwell is one of the most important genera of marine 

phytoplankton (Sundstrom, 1986). It is widely distributed and sometimes dominates the 

phytoplankton biomass in highly productive areas of the ocean (Hayward, 1993; Shipe et ai, 

1999). 

Before the revisions of Sundstrom (1986) and Round et al. (1990), this genus was considered 

as: "an inhomogeneous group of centric diatoms having in common the tubular cell shape 
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and the valve terminated by a single process or process-like structure". Sundstrom created 

the new genera Proboscia to separate Rhizosolenia alata and R. indica, and Pseudosolenia to 

separate Rhizosolenia calcar-avis fi-om the other species. He also pointed out the need to 

create new genera to accommodate species possessing long needle-like processes like R. 

pungem and R, setigera, fi*eshwater species such as R. eriensis and R. longiseta and finally a 

third genus to separate R. robusta from the "true" Rhizosolenia species. In addition. Round et 

al. (1990) transferred R. eriensis and R. longiseta into the new genus Urosolenia, and Hasle 

transferred R. delicatula and R. stolterfothii into the genus Guinardia H. Peragallo. As a 

result, a large number of the species investigated here, which were formerly placed in the 

Rhizosolenia group, have been transferred into different genera (Figure 2.11). However, the 

species investigated in this study share several ullrastructural features and even i f placed in 

distinct genera, are still closely related taxa. 

Family Genus Species 

-Rhizosoleniaceae 

•Rhizosolenia 

-Proboscia 

-Urosolenia 

'Guinardia 

•R. pungens 
•R. setigera 

'R. robusta 

-P. indica 

U. cf. longiseta 

G. delicatula 
G. stolterfothii 

Figure 2.11 Taxonomic relationships between Rhizosolenia setigera and related species. 
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2.4.2 Variations in HBI distributions benveen Rhizosolenia and related species 

The non-saponifiable lipid fractions obtained from six species closely related to the genus 

Rhizosolenia have been investigated. Surprisingly, neither HBI alkenes, nor n-alkenes were 

detected in the hydrocarbon fractions from most of these species (Table 2.1). The only 

diatom, in addition to R. setigera which has been found to be capable of synthesising HBI is 

the diatom R. pimgens. This may not be too surprising since the ultra-structure of R. pungens 

is almost identical to that of R setigera. Similarly, it seems surprising that HBIs were not 

detected in the related species investigated, although there are other cases where the general 

trend between morphology and HBI production is not always observed. For example, C25 

HBIs were absent from cultures of Pleurosigma angulatum, Navicula gracilis, N. 

ramossisima, N. lanceolata and N. Phyllepta, despite their morphological similarities with 

Pleurosigma intermedium and Navicula sclesviscensis, two species capable of producing C25 

HBIs (Belte/ a/., 2001b). 

Given some of the historical difficulties associated with the classification of some 

Rhizosolenia (and closely related genera) species, a more expansive taxonomic and lipid 

investigation of the Rhizosolenia genus may prove helpful in establishing firmer conclusions. 

Further, well characterised Rhizosolenia species, including R. fallax, R. cf. shrubshrolei as 

well as R. cf. hebetata f semispina and Proboscia alata have been successfully isolated and 

samples are awaiting analysis. 

It seems likely that in culture, the vegetative multiplication phase is more extended than in 

natural conditions. During experiment RS-2, the cell isolated to create an irmoculum for this 

experiment was very small {ca 4 ^m width) while the lower threshold of the size ranges 

recorded in floras is not less than 6-8^m (Hustedt, 1930; Hendey, 1964; Van der Werf and 

Hulls, 1957-1974). Similar observations were reported by Mann et al. (1999) who showed 
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that cells from the pennate diatom Sellaphora pupula can achieve smaller dimensions in 

culture than those encountered in natural populations. They also noted that for Sellaphora 

pupula, a lower and an upper threshold existed for the sexual reproduction of this diatom, 

whereas in natural populations, these thresholds did not exist and cells were capable of 

sexual reproduction at any time. Thus, it seems likely that in natural environments, the cells 

are in a physiological state where they synthesise both C25 and C30 HBIs, whereas in culture, 

it is only the C30 HBIs that are always synthesised. Therefore, the fact that C25 HBIs are 

absent during a part of the life cycle of R. setigera may be an artefact associated with 

laboratory culturing. Further, it is probable that these alkenes are always biosynthesised by 

this diatom in natural conditions. Indeed, the occurrence of both C25 and C30 HBIs in the 

non-saponifiable lipid fractions of both R. pungens and R. setigera (described herein) when 

they were cultured and analysed immediately following isolation from a natural environment 

is noteworthy. 

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

the cells in the life cycle 

When the hydrocarbon fraction obtained from a culture of the diatom /?. setigera (RS 99) 

kept during one year in the laboratory was examined by GC-MS, only four C30 HBI alkenes 

(Vl-IX) and no C25 homologues were detected. However, when the corresponding fractions 

obtained from cultures of three isolated daughter cells from this strain were analysed, some 

major differences were observed. Not only were the same C30:5 (VI , VII I ) and C30:6 (VII , IX) 

HBI alkenes detected, but the TIC chromatograms revealed the presence of C25 HBI isomers 

(II-IV). These observations clearly demonstrated that despite the effects of environmental 

parameters on HBI biosynthesis (Sinninghe Damsle et ai, 2000; Rowland et al., 2001b), the 

physiological status of the cells must have a major impact on the HBI distribution within the 

38 



cells. More importantly, the C25 biosynthesis seems to be strongly correlated to a major 

biological event: auxosporulation. During experiment RS-1, the small amount of C25 triene 

(II) detected during the first growth cycle was absent from the following five cycles. The 

single cell, when isolated from a natural sample was probably in the middle of the vegetative 

multiplication phase. As a result, this experiment was probably rather limited in terms of the 

entire life cycle, taking place a long time after auxosporulation and probably at the end of the 

phase when C25 HBI biosynthesis occurs. To check this hypothesis ftirther, the HBI 

distribution of R. setigera cells was examined during an entire life cycle (experiment RS-2). 

Therefore, a single cell was isolated from the strain RS 99 which had been equilibrated in the 

laboratory for more than one year. As a result, all of the cells were extremely small {ca 4 ^m 

width) and believed to be close to the critical size for auxospore formation and the onset of 

auxosporulation. Indeed, during the third cycle, auxospores were detected using light 

microscopy. As expected, dramatic changes in cell dimensions were observed. During the 

following 45 cycles, the cell dimensions gradually decreased due to consecutive vegetative 

multiplication until cycle 49. At this point, when the second auxosporuiation occurred, the 

mean cell volume was 364 ± 23 |im^. The volume changes associated with the resulting 

daughter cells was again dramatic with an increase to a mean volume o f 6522 ± 439 iim"*. 

Although this is about twice the volume of the daughter cells resulting from the first 

auxosporulation event, the relative enhancement of the cell size (daughter cells vs. mother 

cells) is consistent with the observations made by Davidovich (1994) on four diatom species, 

who demonstrated that the size of daughter cells was correlated with the size of mother cells. 

The dramatic changes in cell dimensions and concentrations of HBIs (pg cell'') that 

accompanied auxosporulation phases (cycles 3-4 and cycles 49-51) prompted a consideration 

of the HBI concentrations on a unit volume basis (1 jim"^). Using this approach, the total 

concentration of C30 HBIs was found to be reasonably constant with a mean value for the 
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concentration of C30 HBIs per unit volume of 8.0 ± 5.3 fg yim'^ which compares with that of 

9.1 ± 0.9 fg jim'-' obtained for RS-1. However, while the total C30 HBI concentration 

remained constant, the ratio of the pentaene and hexaene isomers was affected substantially 

during the period of auxosporulation, with the C30:5 / €30:6 ratio increasing from 0.9 to 4.4 

between cycles 2 and 4. Following the auxosporulation, this ratio underwent a gradual 

decrease until cycle 17 when the Z isomer of the C30 hexaene was apparently replaced by a 

third C30 hydrocarbon (X) with five degrees of unsaturation. 

Different changes were observed for the C25 HBIs. In contrast to the essential invariance 

obserx'ed for the total C30 alkene concentrations, an increase in the concentration of the C25 

HBIs (especially €25:4) with cycle number was observed and this was clearly reflected by an 

increase in the C25 / C30 ratio (Figure 2.12). While this trend was initiated by the onset of 

auxosporulation, the effects taking place during this phase were not as dramatic as those 

observed for the C30 HBIs {viz. changes in €30:5 / C30:6 ratio, vide infra). Indeed, consistent 

changes to the C25 HBI concentration took place both during and after auxosporulation, with 

significant changes taking place in cultures containing only daughter cells, including the 

observations of the C25 tetraene (III) as the major isomer between cycles 11 and 40 (Table 

2.3). Consistent with experiments RS-0 and RS-1, RS-2 demonstrated that C25 HBI 

biosynthesis appear to be stimulated by the onset of auxosporulation. The total C25 HBI 

concentration underwent a large increase during the cycles immediately following 

auxosporulation (cycles 5-12) and then gradually decreased until the next auxosporulation 

event (Cycles 50-52) when their biosynthesis was again stimulated. 
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Total alkenes (pg cell' ) C25 alkenes (pg cell"') ' C25/C30 

Cycle number 
^ : massive auxosponilation; :jc : few auxospores detected 

Figure 2.12 Hydrocarbon distribution in Rhizosolenia setigera as a function of cell cycle. 

When other isoprenoids were considered, it was noted that the concentrations (on a unit cell 

volume basis) of cholesta-5.24-diene-3p-ol (desmosterol, XI l l ) . the unique sterol present in 

R. setigera (Barrett et al., 1995; Sinninghe Damste et al., 2000) and of phytol (V) seemed to 

be strongly correlated with those of the C25 alkenes (Tables 2.3, 2.4). 

In addition to these variations described for C25 and C30 HBIs, this detailed life cycle 

investigation (RS-2) has also provided some insight into the formation o f some structurally 

related mono-cyclic hydrocarbon species comprising both C25 and C30 homologues. Such 

species were absent in RS-0 and RS-1 and were again not present during the auxosporulation 
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events of RS-2. Indeed, it was not until cycle 17 that a C 3 0 monocyclic tetraene (C30:4:i, X) 

and a related C25 monocyclic triene (C25:3:i, XII) were detected. Shortly after, during cycle 

19, an additional C 3 0 monocyclic pentaene ( €30 :5 :1 , XI) was detected. Mass spectral properties 

and retention indices (RI 2548, 2579 h p - i ) of the two C 3 0 alkenes indicated that they were 

identical to two hydrocarbons identified in Dabob Bay (Prahl al, 1980), Puget Sound 

(Barrick and Hedges, 1981) and Arabian Sea (Allard, 2002) sediment samples, as well as in 

the hydrocarbon fractions of the diatom R. setigera strain CS 389 (Rowland et al., 2001b) 

and CCMP 1694 (Allard, 2002). In addition, the mass spectrum and retention index (RI 2089 

Hp-i) of the C 2 5 compound indicated that it was identical to that identified in the North West 

Atlantic (Farrington et c//., 1977), Rhode Island Sound (Boehm and Quinn, 1978), Puget 

Sound (Barrick and Hedges, 1981), as well as in sediment samples obtained from the 

Arabian Sea, the Cariaco Trench and the Peru upwelling (Allard, 2002). In contrast to the 

monocyclic C 3 0 alkenes, this novel C 2 5 hydrocarbon has not been reported previously in 

diatoms. 

These three novel hydrocarbons were subsequently characterised and identified as two 

monocyclic C 3 0 (X, XI) hydrocarbons and a monocyclic C 2 5 (XII) hydrocarbon following 

large scale culture of Rhizosolenia setigera (strains RS99 and CCMP 1694), purification by 

silver ion-HPLC (c/ Chapter 3) and analysis by NMR spectroscopy. 

2.5 Conclusion 

This study has demonstrated that distributions of C 2 5 and C 3 0 HBI alkenes biosynlhesised by 

R. setigera are strongly dependent on the position of the diatom in its life cycle, with the 

most significant changes taking place as a result of auxosporulation. In addition, the 

formation of related C 2 5 and C 3 0 hydrocarbon species have been observed to take place well 
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beyond the period of auxosporulation. These observations (with respect to R. setigera) can 

be summarised as follows: 

(1) C30 HBIs (rhizenes) are only biosynthesised with five or six degrees of unsaturation, 

though they are present as mixtures of geometric isomers. 

(2) Rhizenes are observed at every stage of the life cycle. The total rhizene concentrations 

(measured on a unit volume basis) remain relatively constant during different stages of the 

life cycle (8.0 ± 5.3 fg |im""*), but the degree of unsaturation (Csois/ €30:6 ratio) can be highly 

variable especially during the period of auxosporulation. 

(3) Two new monocyclic C30 hydrocarbons and one new monocyclic C25 hydrocarbon are 

biosynthesised during a period in its life cycle significantly beyond auxosporulation. 

(4) C 2 5 HBIs are biosynthesised with between three and five degrees of unsaturation but only 

as a single (E) geometric isomer. 

(5) Unlike the C30 HBIs, the C25 homologues (haslenes) are not always observed. Their 

production would appear to be mainly stimulated by the onset of auxosporulation, although 

their concentrations and unsaturation continue to increase after this phase. 

(6) No clear correlation between haslenes and rhizenes in terms of concentration, 

unsaturation or double bond stereochemistry have been observed during these experiments. 

C25 and C30 HBIs were found in the hydrocarbon fraction obtained from R. pungens but not 

in R. robusta, or in any of the other closely related species investigated. Since it is now clear 

that not all species of the main HBl-producing genera of diatoms are capable of 

biosynthesising these compounds, a more comprehensive survey of individual species would 

seem necessary before a completed summary can be made. In addition, while these 
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investigations have revealed a dependence of HBI distributions on both individual species 

and life cycle phenomena, an explanation for the differences in the non-saponifiable 

fractions of the R. setigera strains CCMP 1820 and CCMP 1330 noted by Rowland ei al. 

(2001b) and Sinninghe Damste ei al. (2000) has yet to be found. Given difficulties 

associated with the classification of some Rhizosolenia species, a possible confusion with 

species exhibiting almost identical morphologies may have occurred during the identification 

of these two strains. This is in need of further investigation. 

Finally, it is likely that the production of C 2 5 HBls (sometimes as the major components of 

the hydrocarbon fraction) by the diatoms Rhizosolenia setigera and Rhizosolenia pungens, 

can clearly contribute toward the sedimentary occurrence of these compounds. Significantly, 

the C 2 5 alkenes synthesised by these species are of the same structural type as the most 

common and abundant HBls reported in sediments, and those previously found in other 

diatoms of the Pleurosigma genus (Belt et al., 2000a,b, 2001c). Therefore, it is likely that 

these diatoms can significantly contribute as a planktonic source of HBls, especially given 

their abundance and widespread occurrence (Hendey, 1964; Simonsen, 1974; Hayward, 

1993; Shipe ei al., 1999). To date, only these two Rhizosolenia spp. have been reported as 

producers of the C30 homologues, so their contribution to the sedimentary occurrences of 

these compounds also seems additionally likely. 
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Table 2.3 Non-saponifiable lipid concentrations (pgcell'') obtained from fifty-nine consecutive cycles (Cycle 1-30, experiment RS-2). 

"-^21:6 2̂5:3 2̂5:4 2̂5:5 Phytol 3̂0:5 Qo;6 Qo:i:l Desmosterol C25/Q0 
1 I I I I I I V V V I + V I I I V I I + I X X X I X I I X I I I 

Cycle I 0.0 0.0 n.d. n.d. 0.0 0.9 1.0 n. d. n.d. n.d. 0.4 0.0 0.9 
Cycle2 0.0 0.0 n.d. n.d. 0.0 1.0 1.2 n.d. n.d. n. d. 0.4 0.0 0.8 
Cycle3 0.0 0.0 n.d. n.d. 0.0 3.0 0.9 n.d. n. d. n.d. 1.3 0.0 3.5 
Cycle4 0.3 0.4 n.d. n. d. 0.2 14.8 3.4 n.d. n.d. n.d. 7.4 0.0 4.4 
Cycle5 0.6 2.1 0.3 n. d. 0.4 13.5 4.9 n.d. n.d. n.d. 7.1 0.1 2.8 
Cycle6 0.9 3.8 0.9 n.d. 0.5 15.0 5.9 n.d. n.d. n.d. 7.0 0.2 2.5 
Cycle? 0.7 6.0 1.4 n.d. 1.1 18.0 5.0 n.d. n.d. n.d. 20.1 0.3 3.6 
Cycles 0.8 5.7 3.9 n. d. 0.7 15.3 5.0 n.d. n.d. n.d. 11.1 0.5 3.1 
Cycle9 1.5 10.8 6.7 n.d. 1.2 22.2 7.8 n.d. n.d. n.d. 17.6 0.6 2.8 

Cycle 10 1.0 6.1 3.4 n.d. 0.6 17.4 6.3 n.d. n.d. n.d. 9.9 0.4 2.8 
Cycle 11 1.4 11.2 13.1 0.8 1.1 15.6 7.6 n.d. n.d. n.d. 14.4 1.1 2.1 
Cycle 12 4.9 41.7 99.6 18.2 6.0 26.5 15.4 n.d. n.d. n.d. 89.0 3.8 1.7 
Cycle 13 1.9 12.9 107.7 11.7 5.9 6.0 4.7 n.d. n.d. n.d. 92.9 12.4 1.3 
Cycle 14 1.5 7.7 40.0 4.9 1.7 8.1 5.5 n.d. n.d. n.d. 32.8 3.9 1.5 
Cycle 15 1.6 17.8 23.5 2.1 1.5 22.5 14.5 n.d. n. d. n.d. 31.3 1.2 1.6 
Cycle 16 1.4 11.5 28.0 2.6 1.0 10.7 8.4 n.d. n.d. n.d. 26.2 2.2 1.3 
Cycle 17 1.4 8.2 17.8 1.3 1.1 11.9 8.4 traces n.d. n. d. 17.3 1.3 1.4 
Cycle 18 1.1 5.0 16.6 1.5 0.8 6.3 2.2 2.2 n.d. n.d. 12.2 2.2 2.9 
Cycle 19 1.2 5.5 15.4 1.7 0.6 4.1 1.4 2.2 0.2 n.d. 8.0 2.9 2.8 
Cycle20 1.6 9.5 15.4 0.6 1.7 12.4 2.3 3.4 O.I n.d. 15.1 1.4 5.3 
Cycle21 2.3 11.8 23.3 0.9 1.6 10.6 2.1 4.7 0.1 n. d. 16.0 2.0 5.0 
Cycle22 2.7 6.8 26.5 2.2 1.7 3.2 1.3 2.4 0.2 n.d. 14.5 5.0 2.5 
Cycle23 2.3 7.5 20.3 1.5 1.1 4.0 1.2 3.6 0.4 n.d. 9.5 3.2 3.4 
Cycle24 1.6 8.8 20.8 1.2 1.1 6.2 1.3 3.8 0.3 n. d. 10.7 2.7 4.8 
Cycle25 1.1 5.8 11.2 1.2 0.4 5.0 1.4 4,5 0.2 n.d. 9.0 1.7 3.6 
Cycle26 0.5 2.5 6.2 0.5 0.4 2.9 1.5 1.5 0.0 n.d. 4.5 1.6 1.9 
Cycle27 2.9 11.2 24.0 1.6 2.5 6.8 1.8 4.0 0.5 n.d. 15.8 2.8 3.8 
Cycle29 0.0 0.0 0.0 0.0 0.0 3.3 2.2 0.0 0.0 n.d. 0.0 0.0 1.5 
Cycle30 0.0 0.9 1.7 0.4 0.3 6.2 5.8 0.0 0.0 n.d. 2.2 0.2 1.1 

n.d. Non detected 



Table 2.3 (continued) Non-saponifiable lipid concentrations (pg cell"') obtained from fifty-nine consecutive cycles (Cycle 31-59, experiment RS-2). 

" - C 2 1 6 
I 

2̂3:3 
I I 

2̂5:4 
I I I I V 

Phytol 
V 

3̂0:5 
V I + V I I I 

Qo:6 
V I I + I X X 

C30;5:l 
X I 

2̂5:3:1 
X I I 

Desmosterol 
X I I I 

C25/C30 

CycIe3I 0.0 1.9 2.3 O.I 0.0 2.6 1.1 0.5 0.0 0.3 1.7 l .I 2.3 
Cycle32 0.0 3.9 8.3 0.3 0.2 2.0 0.7 2.3 0.1 2.5 2.5 3.0 2.8 
Cycle33 0.0 2.3 6.9 0.3 0.1 1.1 0.5 1.8 0.2 I . l 1.9 3.1 2.4 
Cycle34 0.0 I . l 4.5 0.2 0.1 0.6 0.2 0.8 0.1 0.4 1.7 4.0 3.2 
Cycle35 0.0 0.8 3.4 O.I 0.1 0.5 O.I 0.8 O.I 0.3 I . l 3.1 3.4 
Cycle36 0.7 2.5 10.8 1.1 0.3 0.4 0.3 0.8 0.2 0.0 3.5 8.8 1.3 
Cycle37 0.4 I.O 4.9 0.4 0.2 0.4 0.3 0.2 0.0 0.0 2.3 7.5 1.3 
Cycle38 0.3 1.4 5.S 0.5 0.1 0.3 0.2 0.3 0.0 0.0 2.0 9.1 1.5 
Cycle39 0.0 0.4 2.0 0.2 0.0 0.2 O.I O.I 0.0 0.0 0.5 7.5 2.4 
Cycle40 0.0 O.I 0.2 0.0 0.0 O.I 0.0 O.I 0.0 0.0 0.2 1.1 4.8 
Cycle4I 0.0 1.0 0.3 0.0 0.1 4.2 0.7 2.1 0.2 0.6 1.0 0.3 6.1 
Cycle42 0.0 1.8 0.5 0.0 0.1 4.0 1.0 1.4 0.2 0.6 1.2 0.4 3.9 
Cycle43 O.I 2.9 0.8 0.0 0.1 4.7 1.0 1.6 0.1 0.6 1.5 0.6 4.5 
Cycle44 0.2 3.7 1.7 0.0 0.2 4.4 1.3 1.4 0.2 0.6 3.6 0.8 3.5 
Cycle45 0.3 4.0 4.5 0.0 0.3 2.8 1.2 0.5 0.0 0.2 2.3 1.9 2.3 
Cycle46 0.1 1.7 2.3 0.0 0.1 1.6 0.6 0.3 0.0 0.1 l .I 1.7 2.8 
Cycle47 0.1 3.0 2.2 0.0 0.1 3.2 1.3 0.3 0.0 0.1 1.4 I . I 2.6 
Cycle48 0.2 3.3 2.4 0.0 0.3 3.6 1.3 0.3 0.0 0.0 2.2 I . l 2.8 
Cycle49 0.2 2.9 2.8 0.0 0.6 2.8 1.0 0.2 0.0 0.0 2.2 1.5 2.9 
CycleSO O.I 2.3 3.6 0.0 0.1 2.2 0.8 0.6 0.0 0.3 1.4 1.7 2.9 
Cycles 1 0.3 3.1 3.8 0.0 0.3 6.6 1.9 2.0 0.0 0.5 4.1 0.7 3.4 
Cycle52 0.8 12.4 12.0 0.0 0.9 21.4 6.0 9.3 0.7 2.4 9.0 0.7 3.6 
Cycle53 3.7 2S.I 54.0 7.3 4.6 23.9 8.8 9.6 0.7 4.5 24.6 2.1 2.7 
Cycle54 3.3 15.2 87.3 21.7 5.8 4.9 2.2 3.7 0.0 3.3 21.9 II .7 2.2 
CycleSS 3.S 10.2 77.2 20.4 4.0 2.8 1.4 3.6 0.6 3.1 22.2 13.1 2.0 
Cycle56 3.8 7.8 54.8 12.0 1.7 4.1 1.7 4.3 0.6 2.3 11.3 7.1 2.4 
Cycles? 1.6 3.S 32.5 7.8 3.8 1.4 0.7 2.4 0.3 1.0 16.4 9.1 1.9 
Cycles 8 S.O 8.1 60.1 13.5 3.6 4.8 1.8 3.6 0.5 2.0 16.2 7.8 2.6 
CycleS9 10.3 14.1 94.9 21.7 5.4 5.6 2.2 4.7 0.4 4.9 27.2 10.6 2.6 



Table 2.4 Biomass data, cell dimensions and non-saponifiable lipid concentrations obtained from fifty-nine consecutive cycles (Cycle 1-30, 

experiment RS-2). 

4^ 

Biotnass Daughter cell 1 Mean volume Total HBI Total C25 Total C30 Total Sterol 1'otal HBI Total C25 Total C30 Total Sterol 

(Cell mr') (%) (Mm') (pgccir') (pg cell-') (pgccir') (pgccir') (fgHm-') (fgMm'^) (fg Mm"') (fg Mm-') 
Cycle I 25440 0 188.0 1.9 0.0 1.9 0.4 10.0 0.2 9.8 1.9 
Cycle2 24320 1 188.0 2.2 0.0 2.2 0.4 11.8 0.1 11.6 2.3 
Cycle3 10560 14 569.8 3.9 0.0 3.9 1.3 6.8 0.0 6.8 2.3 
Cyclc4 5800 61 2092.8 18.6 0.4 18.2 7.4 8.9 0.2 8.7 3.5 
Cycles 6480 93 2819.5 20.7 2.4 18.3 7.1 7.3 0.9 6.5 2.5 
Cycle6 5560 100 3277.7 25.6 4.7 21.0 7.0 7.8 1.4 6.4 2.1 
Cycle? 3070 100 3369.3 30.5 7.5 23.1 20.1 9.1 2.2 6.8 6.0 
Cycles 4520 100 2356.4 29.9 9.6 20.3 11.1 12.7 4.1 8.6 4.7 
Cyclc9 2930 100 2356.4 47.5 17.5 30.0 17.6 20.2 7.4 12.7 7.5 

Cycle 10 4140 100 2356.4 33.2 9.5 23.7 9.9 14.1 4.0 10.0 4.2 
Cycle 11 3680 100 2250.9 48.4 25.1 23.2 14.4 21.5 11.2 10.3 6.4 
Cycle 12 4020 100 1622.8 201.3 159.5 41.9 89.0 124.1 98.3 25.8 54.8 
Cycle 13 2120 100 1875.3 142.9 132.2 10.7 92.9 76.2 70.5 5.7 49.5 
Cycle 14 4400 100 1788.4 66.1 52.6 13.6 32.8 37.0 29.4 7.6 18.3 
Cycle 15 4720 100 1622.8 80.4 43.4 37.0 31.3 49.5 26.7 22.8 19.3 
Cyclcl6 4480 100 1788.4 61.1 42.0 19.1 26.2 34.2 23.5 10.7 14.6 
Cycle 17 4760 100 1704.3 47.5 27.2 20.3 17.3 27.9 16.0 11.9 10.1 
Cycle 18 4500 100 1704.3 31.7 23.2 10.7 12.2 18.6 13.6 6.3 7.2 
Cycle 19 5560 100 1622.8 28.1 22.6 7.8 8.0 17.3 13.9 4.8 4.9 
Cycle20 5560 100 1622.8 40.2 25.5 18.3 15.1 24.8 15.7 11.2 9.3 
Cycle21 3800 100 1622.8 48.7 35.9 17.6 16.0 30.0 22.1 10.9 9.9 
Cycle22 4440 100 1704.3 40.0 35.5 7.0 14.5 23.5 20.8 4.1 8.5 
Cycle23 5800 100 1544.0 34.4 29.3 9.2 9.5 22.3 18.9 5.9 6.2 
Cycle24 5560 100 1394.1 38.2 30.7 11.5 10.7 27.4 22.0 8.3 7.7 

Cycle25 8040 100 1185.2 24.6 18.2 11.0 9.0 20.7 15.4 9.3 7.6 
Cycle26 6960 100 1121.4 13.5 9.1 5.8 4.5 12.0 8.2 5.2 4.0 
Cycle27 5320 100 889.0 45.4 36.8 13.1 15.8 51.0 41.4 14.7 17.7 
Cycle29 1040 100 645.0 5.6 0.0 5.6 0.0 8.7 0.0 8.7 0.0 
Cycle30 2720 100 836.5 14.9 2.9 11.9 2.2 17.8 3.5 14.3 2.7 



Table 2.4 (continued) Biomass data, cell dimensions and non-saponifiable lipid concentrations obtained from fifty-nine consecutive cycles (Cycle 

31-59, experiment RS-2). 

4^ 
00 

Biomass Daughter cell 1 Daughter cell 2 Mean volume Total HBI Total C25 Total C30 Total Sterol Total HBI Total C23 Total C30 Total Sterol 
(Cell ml'') (%) (%) (Mm') (pgceir') (pgccir') (pgceir') (pgceir') (fgMm-') (rgMm-') (fgum-^) (fgMm-') 

Cycle31 10280 100 0 786.0 8.1 4.3 4.3 1.7 10.3 5,5 5.4 2.1 
Cycle32 9120 100 0 836.5 15.2 12.5 5.1 2.5 18.2 15.0 6.1 3.0 
Cycle33 IIOOO 100 0 735.6 II.1 9.5 3.5 1.9 15.1 13.0 4.7 2.6 
Cycle34 12480 100 0 735.6 6.6 5.8 1.6 1.7 8.9 7.9 2.1 2.4 
Cycle35 13360 100 0 735.6 5.0 4.3 1.5 I.I 6.7 5.9 2.0 1.5 
Cycle36 11760 100 0 602.7 15.0 14.3 1.6 3.5 24.9 23.8 2.7 5.9 
Cycle37 16560 100 0 562.2 7.1 6.4 0.9 2.3 12.6 11.4 1.5 4.0 
Cycle38 16400 100 0 562.2 7.9 7.3 0.8 2.0 14.0 13.1 1.4 3.5 
Cycle39 17700 100 0 523.6 2.8 2.5 0.3 0.5 5.3 4.8 0.6 1.0 
Cycle40 14300 100 0 486.6 0.5 0.3 0.3 0.2 1.0 0.6 0.6 0.5 
Cycle41 20300 100 0 451.5 6.2 1.3 7.2 1.0 13.8 2.9 15.9 2.3 
Cycle42 19360 100 0 486.6 7.3 2.3 6.6 1.2 15.0 4.7 13.6 2.5 
Cycle43 18800 100 0 486.6 9.3 3.7 7.5 1.5 19.2 7.5 15.3 3.2 
Cyclc44 18000 100 0 451.5 il.O 5.3 7.3 3.6 24.4 11.8 16.2 8.0 
Cycle45 19800 100 0 486.6 12.5 8.5 4.5 2.3 25.7 17.5 9.3 4.7 
Cycle46 20600 100 0 451.5 6.2 4.0 2.5 I.I 13.7 8.9 5.4 2.5 
Cycle47 21800 100 0 418.0 9.7 5.2 4.8 1.4 23.3 12.5 11.4 3.3 
Cycle48 21400 100 0 356.2 10.5 5.7 5.1 2.2 29.6 16.0 14.4 6.1 
Cycle49 26700 99 1 386.3 9.5 5.8 3.9 2.2 24.6 14.9 10.2 5.7 
CycIeSO 20700 96 4 574.5 9.0 5.9 3.6 1.4 15.6 10.3 6.3 2.4 
Cycles 1 15000 83 17 1663.3 15.5 7.0 10.5 4.1 9.3 4.2 6.3 2.4 
Cycle52 4000 36 64 4343.4 51.8 24.4 37.4 9.0 11.9 5.6 8.6 2.1 
Cyclc53 2240 0 100 7439.1 119.1 86.4 43.0 24.6 16.0 11.6 5.8 3.3 
Cycle54 2120 0 100 6378.9 131.4 124.2 10.9 21.9 20.6 19.5 1.7 3.4 
Cycle55 2320 0 100 6378.9 112.0 107.8 8.5 22.2 17.6 16.9 1.3 3.5 
Cycles 6 2080 0 100 6181.4 80.4 74.6 10.8 11.3 13.0 12.1 1.7 1.8 
Cycles? 2440 0 100 5988.0 46.0 43.8 4.9 16.4 7.7 7.3 0.8 2.7 
CycIeSS 2440 0 100 6181.4 88.2 81.6 10.7 16.2 14.3 13.2 1.7 2.6 
Cycles 9 2080 0 100 6786.5 138.5 130.8 12.8 27.2 20.4 19.3 1.9 4.0 



CHAPTER THREE 

Identification o f novel monocyclic C25 and C30 hydrocarbons f rom the diatom 

Rhizosolenia setigera 

3.1 Introduction 

C20, C25 and C30 highly branched isoprenoids (HBIs) are ubiquitous chemicals found in a 

great diversity of environmental matrices, ranging from recent sediments to ancient oils 

(reviewed by Rowland and Robson, 1990). In 1994, Volkman et al. discovered C25 and C30 

HBIs in laboratory cultures of the diatoms Haslea osirearia and Rhizosolenia setigera, 

respectively, thus confirming that diatoms were the likely sources of these widespread 

chemicals (Volkman et al., 1994). From bulk cultures of the diatom Haslea ostrearia, Belt 

and co-workers structurally characterized a group of HBIs possessing a C25 skeleton with 

between three and five double bonds (Belt et al., 1996). Later, a single penta-unsaturated C25 

HBI previously characterized from Haslea ostrearia was reported in a culture of 

Rhizosolenia setigera (strain CCMP 1330) isolated from North Atlantic sea-water 

(Sinninghe Damste et ai, 1999a,b, 2000). Given the widespread occurrence of both Haslea 

(reviewed by Robert, 1983) and Rhizosolenia species, it seemed likely that sources of the 

compounds reported in sediments had been identified. However, differences in mass spectral 

properties and retention indices were found between HBIs identified in the algae and those 

found in most sediment and seawater samples, suggesting that the most common and 

abundant sedimentar>' isomers may originate from another source; most likely another 

diatom species or group of species. An investigation into the hydrocarbon distributions of 

over fifty diatom species led to the identification of several new species capable of 

biosynthesising C25 and C30 HBIs. Allard et al. (2001) determined the structures of several 
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new tetra-unsaturated C 2 5 HBI alkenes fi-om bulk cultures of the diatom Haslea crucigera, a 

well characterized member of the Haslea genus, as well as fi-om cultures of newly 

characterized members of this group including Haslea salstonica and Haslea pseudostrearia 

(Masse et al., 2001). More importantly, from cultures of the diatom Pleurosigma 

intermedium. Belt et al. (2000a,b) identified C25 HBIs ranging from two to five degrees in 

their unsaturation whose mass spectral properties and retention indices were in excellent 

agreement with those commonly reported in sediments. Thus, the widespread occurrence of 

this diatom (Peragallo, 1890-1891, Hendey, 1964, Simonsen, 1974) along with a subsequent 

discovery of these HBIs in laboratory cultures of a planktonic member of the genus 

Pleurosigma (Belt et ai, 2001c) suggested that this genus was a more likely source of the 

most common and abundant sedimentary HBIs isomers. The contribution of diatoms to C 2 5 

HBI production and their occurrence in sedimentary environmental matrices now appears 

well established. 

In their initial report, Volkman et al. (1994) identified a group of HBIs possessing a C30 

skeleton with five or six double bonds in laboratory cultures of Rhizosolenia setigera. They 

found that the hydrocarbon fraction of this diatom contained three C30 pentaenes and two C30 

hexaenes. Recently, Belt and co-workers (2001a), found a similar but not identical 

distribution in a Rhizosolenia setigera strain isolated from the French Atlantic coast (RS 99). 

In this case, only four C30 HBIs (two pentaenes and two hexaenes) were found in the 

hydrocarbon fi-action of laboratory cultures of this diatom. From bulk cultures, they 

characterized die structures of these four C30 HBIs (VI-IX, Figure 3.1, Belt et al., 2001a). At 

the same time, Rowland et al. (2001b) demonstrated that the strain of R. setigera originally 

studied by Volkman and co-workers (CS 389) was able to produce (simultaneously) two C 2 5 

trienes, three C 3 0 penlaenes and three C 3 0 hexaenes. The two C 2 5 trienes were found to be the 

same E and Z isomers found in P. intermedium, whereas foiu- of the C 3 0 HBIs (E and Z 
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isomers of both C30:5 and C30:6 HBIs) were found to be identical to those characterized by 

Belt et al. (2001a). During the course of their studies, Rowland et al. (2001b) found that the 

strain RS 99 was also able to produce both C 2 5 and C 3 0 HBIs, with the C 2 5 compounds 

corresponding to those previously characterized from P. intermedium. This indicated that the 

diatom R. setigera could also be considered as a source organism for the most common and 

abundant sedimentary C 2 5 HBIs isomers. In addition to these observations, Rowland et al. 

found that variations of growth temperanire were found to affect significantly the HBI 

distribution in R. setigera CS 389, while changes in the HBI distribution of RS 99 were also 

observed within culUires growm under 'identical' environmental conditions. This suggested 

that not only were culture conditions responsible for these dramatic variations, but that 

differences in the physiological status of the algae may also be a contributing factor {cf. 

Chapter 2). Subsequently, during an experiment investigating the effect of the 

auxosporulation (sexual reproduction) on the distribution of C 2 5 and C 3 0 HBIs in RS 99, it 

was shown that C 2 5 HBI production is initiated by the onset of auxosporulation. In addition, 

while the four C 3 0 HBIs previously characterized from this diatom were found during its 

entire life cycle, three previously uncharacterised hydrocarbons (two C 3 0 compounds and a 

C 2 5 isomer possessing four degrees of unsaturation) were biosynthesised during the second 

phase of the life cycle. The mass spectral characteristics and retenfion indices of the two C 3 0 

compounds indicated that they contained five and six degrees of unsaturation, and that they 

were identical to hydrocarbons identified in Dabob Bay (Prahl et al., 1980), Puget Sound 

(Barrick and Hedges, 1981) and Arabian Sea (Allard, 2002) sediment samples, as well as 

those found in other strains of R. setigera (CS 389; Rowland et al., 2001b and CCMP 1694; 

Allard, 2002). The mass spectral characteristics and retention index of the new C 2 5 

hydrocarbon indicated that it was identical to that identified in the North West Atlantic 

(Farrington et al., 1977), Rhode Island Sound (Boehm and Quinn, 1978), Puget Sound 
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(Barrick and Hedges, 1981) and Arabian Sea, Cariaco Trench and Peru Up-welling sediment 

samples (Allard, 2002). In contrast to the C 3 0 compounds, this novel C 2 5 polyene has not 

previously been reported in hydrocarbon fractions of any other diatom species. 

Given the potential geochemical importance of these three uncharacterised hydrocarbons, it 

was decided to determine their structures following isolation from bulk cultures of 

Rhizosolenia setigera (CCMP 1694 and RS 99) and subsequent characterisation by GC-MS 

and NMR spectroscopy. 

3.2 Experimental 

3.2.} Algal cultures 

Rhizosolenia setigera, strain RS 99 was isolated from surface waters in Le Croisic, France. 

An alternative strain, CCMP 1694, isolated from the Gulf of Oman (Arabian sea), was 

purchased ft-om the Provasoli-Guillard Centre for the Culture of Marine Phytoplankton. RS 

99 (2 X 25 L) and CCMP 1694 (300 L) were grown in F/2 enriched sea-water (Guillard, 

1975) under controlled conditions (14 °C, 100 \xmo\ photon m"̂  s \ 14/10 Light/Dark cycle). 

A second culture of the CCMP 1694 strain was grown using the same general method, 

except that the growth temperature was 20 °C. 

For the three cultures, cells were harvested by centriftigation at the end of the exponential 

growing phase. 

3.2.2 Isolation of HBIs 

Following centrifiigation, large-scale cultures of R. setigera gave concentrated algal pastes 

which were fi-eeze dried. The resulting pastes were extracted five times by ultra-sonication in 
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dichloromethane/methanol (50/50 v/v) to yield total organic extracts (TOEs). Solvents were 

then removed under reduced pressure and the extracts were applied onto an open column 

containing previously deactivated Si02 (5% H2O, 30 min) and equilibrated with hexane. 

Hydrocarbon fractions were eluted with hexane (5 column volumes) and examined by GC-

MS. Silver-ion chromatography using a preparative HPLC system (Chromspher 5 Lipid 

column; hexane/isopropanol, 99:1, 1ml min"') was used to obtain pure compounds in the 

following amounts: C30 (5 DBEs): 10 mg), C30 (6 DBEs): 3 mg, C25 (4 DBEs): <0.1 mg 

(DBE - double bond equivalent). 

3.3 Results 

Figure 3.1 shows the structures of hydrocarbons previously identified in the diatom 

Rhizosolenia setigera. 

3.3. J Hydrocarbon distribution in Rhizosolenia setigera (strain RS 99) and Rhizosolenia cf. 

setigera (strain CCMP 1694) 

Analysis of the GC-MS total ion current (TIC) chromatograms of the non-saponifiable lipid 

fraction fi-om R. setigera RS 99 revealed the presence of C 2 5 and C 3 0 alkenes along with 

small amounts of n-C2\.6 (0- Figure 3.2 shows a representative partial TIC chromatogram 

obtained for RS 99. The C 2 5 HBI isomers consisted of two trienes (E and Z isomers) 

previously identified from cultures of P. intermedium ( I I - l I l ; Bell et al., 2000a,b). These two 

trienes were also accompanied by a small amount of a single C 2 5 tetraene. Analysis of the 

mass spectral characteristics and retention index (RI 2089 HP-I) of this compound suggested 

that it had not been previously reported in diatoms, though it had been observed in sediments 

(reviewed by Allard, 2002). 
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In addition to the C25 HBIs, the TIC chromatogram revealed the presence of a suite of four 

C30 HBIs ( V M X ) previously characterised by Belt et al. (2001a), together with two 

additional C30 compounds (RI 2548, 2579 HP-I) observed previously in strains of R. setigera 

(Volkman et al., 1994, 1998; Rowland et oL, 2001b) and sediments (reviewed by Allard, 

2002). Although these compounds were structurally uncharacterised, mass spectral data (M^ 

= 412, 410) indicated that they contained five (Rl 2548 HP-I) and six (RJ 2579 HP-I) degrees of 

unsaturation respectively. 

Analysis of GC-MS total ion current (TIC) chromatograms corresponding to non-

saponifiable lipid fractions from R. cf. setigera CCMP 1694 revealed a similar although not 

identical hydrocarbon distribution to that found for RS 99 (Figure 3.3). Indeed, n-C2\:e (I) 

was detected, together with small amounts of the C 2 5 Iriene (II) and a suite of five C 3 0 

hydrocarbons. The GC-MS characteristics of three of these compounds corresponded to the 

three C30 HBIs V I , VI I I and IX previously observed in the RS 99 strain along with the two 

additional C30 compounds (RI 2548, 2579 HP-I). Thus, the non-saponifiable lipid components 

of both R. setigera strains were found to be similar, although a C30 hexaene (VII), and the 

unidentified C25 hydrocarbon were not delected in CCMP 1694. In addition, the two novel 

C30 alkenes were the major hydrocarbons present in the non-saponifiable lipid fraction of 

CCMP 1694, while in RS 99, the four C30 HBIs (VI-IX) were liie dominant hydrocarbons. 
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Figure 3.1 Representative structures of hydrocarbons previously iJentified in cultures of the 

diatom Rhizosolenia setigera. 

55 



Surprisingly, the HBI distribution in the second culuire of CCMP 1694 (20 °C) remained 

essentially unchanged from that of the first (14 °C) despite the significant change in the 

growth temperature. 

3.3.2 Chromatographic and mass spectral analysis of tivo novel C30 hydrocarbons from 

CCMP1694 

The mass spectra obtained for the two novel C 3 0 alkenes were consistent with compounds 

containing five (M^ 412; RI 2548HP-I) and six (M"" 410; RI 2579HP.I) degrees of unsaturation 

or DBEs. As such, the mass spectra obtained for these two compounds were very similar to 

those obtained for the C 3 0 pentaenes and hexanes (Vl- fX) characterized by Belt et al. 

(2001a). However, while the mass spectra of the two pentaenes (VI , VIII ) exhibited 

enhanced ions with m/z 191 (VIII only), 231, 299 and 357, the mass spectrum of the novel 

C 3 0 compound with 5 DBEs (compound A) exhibited a quite different mass spectrum with 

ions at /w/z 231, 259, 274, 299 and 397, and a particularly intense ion at m/z 315. The mass 

spectrum of the related compound with 6 DBEs (compound B) was very similar, with a mass 

unit difference of 2 for the majority of the ions (Figure 3.4). 

Hydrogenation (Pt02.2H20/hexane; lOh) of A and B produced a single and common C 3 0 

hydrocarbon with 2 degrees of unsaturation (Figure 3.5), together with associated with small 

amounts of a compound with one degree of unsaturalion. Hydrogenation of the C 3 0 HBIs 

resulted in the formation of a single alkane (C30:o) exhibiting a characteristic fragment ion at 

m/z 308 (Figure 3.5). At this point, it was clear that the carbon skeleton of A and B must be 

different from the C 3 0 HBI pentanes and hexaenes characterised previously. However, since 

both A and B gave the same compound after hydrogenation, this indicated that they 

possessed the same parent skeleton. 
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Figure 3.2 Partial TIC chromatograms showing the hydrocarbon distribution in 

Rhizosolenia setigera RS 99. 
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Figure 3.3 Partial TIC chromatograms showing the hydrocarbon distribution in 

Rhizosolenia setigera ecu? 1694. 
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Figure 3.4 Mass spectra of (a) authenticated €30:5 (VI), (b) C30 (5 DBEs), compound A and 

(c) C30 (6 DDEs), compound B isolated from cultures of the diatom Rhizosolenia setigera. 
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Figure 3.5 Mass spectra of (a) C30 (6 DBEs), (b) C30 (5 DBEs) and (c) authentic €30:5 (VI) 

after extensive hydrogenation. 
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Extraction of the ion intensities for /w/z 418 and 420 from the total ion current chromatogram 

of the hydrogenation products revealed the presence of an additional C30 compound with 1 

DBE which co-eluted with the major hydrogenation product. Comparison of the mass 

spectra of the two compounds with 1 DBE revealed that they were extremely similar. 

Therefore, it seemed likely that hydrogenation of both A and B initially gave a C30 

hydrocarbon possessing at least one double bond in a position fairly resistant to 

hydrogenation. Following exhaustive hydrogenation, this compound would yield a pair of 

isomers (each with 1 DBE) possessing e.g. axial - equatorial isomerism within a ring system 

(Allard, 2002). 

3.3.3 Chromatographic and mass spectral analysis of a novel C25 hydrocarbon from RS 99 

Examination of the mass spectrum obtained for the novel C25 hydrocarbon (compound C) 

showed that it contained 4 DBEs (WC 344; RI 2089HP-I). The mass spectrum of compound C 

was also very similar to those obtained for the C25 HBI telraenes characterised by Belt et ai 

(2000a, b) and to the two novel C30 compounds A and B (Figure 3.6). Thus, the mass 

spectrum of this compound exhibited enhanced ions with m/z 231 and 259. Additionally, the 

mass spectrum of compound C showed relatively intense ions at m/z 247, 329 and 344 which 

are 68/66 mass units lower than the ions wz/z 315/313, 397/395 and 412/410 exhibited by the 

mass spectra of A and B (n.b. m/z 68 corresponds to a C5 unit containing one double bond 

and m/z 66 corresponds to this C 5 unit plus an additional double bond elsewhere in the 

molecule). This suggested that C is a structural homologue of A and B cind that all of these 

compounds have a mono-cyclic core. 
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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. 
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3.3.4 Characterisation of C30:4:i (X) by '// and '"'C hi MR spectroscopy 

Examination of the ' H (Table 3.1) and '^C (Table 3.2) NMR spectra of compound A (10 mg) 

isolated from CCN4P 1694 revealed the presence of a vinyl moiety (CI 5 - CI 6), a structural 

feature common to virtually all known poly-unsalurated acyclic C25 and C30 HBls, an acyclic 

tri-substituted double bond (C6-C7), a further tri-substituted double bond contained within a 

ring (C22-C23), a 1,1-disubstituted double bond (C27-C29X a single isopropyl moiety (C l -

C2-C17), a quaternary alkyl carbon (CIO) and a number of different methyl groups. 

Individual carbon multiplicities were established using DEPT spectroscopy, while the 

connections of the various strucuiral sub-units was achieved via a combination of COSY, 

HMQC ('JC-H) and HMBC (^'^JC-H) 2-D correlations. Using these combined NMR methods, 

the structure of A was determined as X (Figure 3.7). 

3.3.5 Characterisation of Cso.-S:! (XI) by and '"̂ C NMR spectroscopy 

Examination of the ' H (Table 3.3) and '^C NMR (Table 3.4) spectra for compound B (6 

DBEs) revealed many of the same spectroscopic features encountered for the closely related 

compound A (X). The only significant difference corresponded to the absence of any 

resonances associated with an isopropyl moiety, together with new resonances attributable to 

a terminal tri-substituted double bond. From these differences, the structure of compound B 

was deduced to be X I (Figure 3.7). ' H and '•'C chemical shift assignments could be made by 

direct comparison with those made previously for X. 



Table 3.1 ' H N M R data for the C30:4:i X . 

Chemical shifl 
(ppm ) 

Assignmenl 

X 

Multiplicity (Coupling constant, 
Integration ) 

5.68 15 ddd (J = 17, 10, 7 Hz, I N ) 
5.08 7 t (J = 7 Hz, I H ) 
4.9 16, 22 m (3H) 
4.6 28 m (2H) 
2.4 26 m (2H) 

2.26 21 t (J = 10 Hz, I H ) 
1.9 - 2.1 5, 8, 14, 24 m (7H) 
1.82, 1.42 25 m (2H) 
1.65 29 s (3H) 

1.56, 1.57 18, 30 2 xs (6H) 
1.1-1.5 2, 3, 4, 9. M . 12, 13 m (13H) 
0.96 20 d (J = 7 Hz, 3H) 
0.85 1, 17 d (J = 7 Hz, 6H) 
0.79 19 s (3H) 
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Table 3.2 '^C NMR data for the C30:4:i X. 

Chemical shift (ppm) Multiplicity ( D E P T ) Assignment 

148.13 C 27 

145.06 C H 15 

136.01 C 23 

135.19 C 6 

125.99 C H 22 

124.13 C H 7 
112.27 CH2 16 

109.34 CH2 28 

52.22 C H 21 

51.90 C H 26 

46.60 C 10 
42.56 CH2 11 

40.33 CH2 24 

40.06 CH2 5 

38.80 CH2 J 

38.13 CH2 13 

37.87 CH2, C H 9, 14 

28.75 CH2 25 

27.99 C H 2 

26.70 CH2 8 

25.88 CH2 4 

22.75 CH3 1, 17 
22.62 CH2 12 

21.06 CH3 19 

20.25 CH3 20 

19.98 CH3 29 

16.66 CH3 30 

16.04 CH3 18 
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Table 3.3 ' H NMR data for the C30:5:i X I . 

Chemical shift Assignmenl 
Multiplicity (Coupling constant. Integration) (ppm) 

Assignmenl 
Multiplicity (Coupling constant. Integration) 

5.68 15 ddd (J = 17, 10, 7 Hz, I H ) 
5.08 3, 7 m (2H) 
4.9 16, 22 m (3H) 
4.6 28 m (2H) 
2.4 26 m ( I H ) 
2.26 21 I ( J = 10 Hz, IH) 
1.9 - 2.1 4 , 5 , 8 , » 4 , 2 4 m (9H) 
1.82, 1.42 25 m (2H) 
1.65-1.65 1, 17, 18, 29, 30 5 X s ( 1 5 H ) 

1.1 - 1.5 9, 11, 12, 13 m (8H) 
0.96 20 d ( J = 7 Hz, 3H) 
0.79 19 s ( 3 H ) 
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Table 3.4 '^C NMR data for the C30:5:i X I . 

Chemical shift (ppm) Multiplicity ( D E P T ) Assignment 

148.1 C 27 

145.1 C H 15 

136 C 23 

134.8 C 6 

131.1 C 2 

126 C H 22 

124.4, 124.5 C H 3 ,7 
112.2 C H j 16 
109.3 CH2 28 

52.2 C H 21 

51.9 C H 26 

46.6 C 10 
42.6 CH2 11 
40.3 CH2 24 
39.8 CH2 5 
38.2 CH2 13 
37.8 CH2. C H 9, 14 
28.8 CH2 25 
26.9 CH2 4 

26.8 CH2 8 
25.8 CH3 1 
22.6 CH2 12 
21.1 CH3 19 
20.2 CH3 20 
20 C H j 29 
17.8 CH3 17 
16.7 CH3 30 
16.1 CH3 18 



3.3.6 Hydrogenation ofCjo. -f:/ (X) and analysis by '/Y and ^^C NMR spectroscopy 

Partial hydrogenation of X (2.0 mg; Pt02.2H20/hexane) yielded a C30 hydrocarbon 

possessing 2 DBEs ( M S ) in ca 95% purity ( G C ) . ' H and ' ^ C N M R spectral analysis of this 

compound demonstrated that it possessed a single double bond contained within a six-

membered ring (Tables 3.5, 3.6) with all of the other double bonds in X absent. The structure 

of this compound (XII) is consistent with the partial hydrogenation behaviour of X and X I 

described previously, since it would be expected to be formed from both of these two 

polyenes. 

Table 3.5 ' H N M R data for the C30:i:i X l l . 

13. 

Chemical shift 
(ppm) Assignment Multiplicity (coupling constant, 

integration) 

4.92 22 (J=10, IH) 
2 21,24 M(3H) 

N M R data for the C30: : l X I I . 

Chemical shift 
(ppm) Multiplicity (DEPT) Assignment 

135.3 C 23 
127.5 CH 22 
51.5 CH 21 
50.3 CH 26 
46.7 C 10 
42.8 CH2 9 
40.5 CH2 24 
16.5 CH3 30 
11.5 CH3 16 
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3.3.7 Characterisation ofC25:3:i(XlI) 

Insufficient quantities of the related monocyclic C25 compound (C) could be obtained for 

analysis by ' H or NMR spectroscopy. However, due to the mass spectral similarities 

between this compound and those of X and X I , the structure of XHl is proposed (Figure 3.7). 

Figure 3.7 Structures of novel monocyclic C30 hydrocarbons OC-XIl) characterised in this 

study and proposed structure of a C25 analogue (XIII) identified in cultures of the diatom 

Rhizosolenia setigera. 
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3.4 Discussion 

3.4.] C25 and C30 cyclic isoprenoid olkenes: structural relationships with previously 

characterised HBIs in diatoms 

The results described herein have identified the sources (Rhizosolenia spp.) of C25 and C30 

monocyclic isoprenoid alkenes previously reported in sediments and water column particles. 

The structural characterisation of these novel compounds was achieved using NMR 

spectroscopy and mass spectrometry. While these novel hydrocarbons possess a vinyl moiety 

consistent with the majority of C25 and C30 HBIs identified previously in Haslea spp. (Belt et 

ai, 1996; Johns et ai, 1999; Wraige et al, 1997, 1999; Allard et al. , 2001), P. intermedium 

(Belt et al., 2000a, b) and R. setigera (Bell et al., 2001a), they also exhibit such major 

structural differences, that their biosynthetic relationship with HBIs could be questioned. 

Indeed, a main structural feature exhibited by virtually all of the previously characterised 

acyclic HBIs is a branch point at C7, which is saturated in compounds from Haslea species 

and unsaturated in those synthesised by Fleurosigma and Rhizosolenia species. As such, C25 

HBIs are probably derived from the coupling at C6 of a famesyl-pyrophosphate unit (C15) 

with a geranyl-pyrophosphate unit (Cio), while C30 HBIs would derive from the analogous 

coupling of two famesyl-pyrophosphaie units (Figure 3.8). 
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OPP OPP 

Figure 3.8 Simplified representation corresponding to a hypothetical biosynthetic pathway of 

C25 (A) and C30 (B) isoprenoid alkenes. 

In contrast, the structures of these novel monocyclic alkenes, suggest that they derive from a 

coupling at CIO of a geranylgeranyl-pyrophosphate (C20) and a geranyl-pyrophosphate (Cio) 

followed by a cyclisation (Figure 3.9). 

Figure 3.9 Simplified representation of a hypothetical biosynthetic pathway of monocyclic 

C30 isoprenoid alkenes. 

71 



3.4.2 Taxonomical implications 

When Volkman and co-workers (1994) identified C30 FTBls in laboratory cultures of the 

diatom R. setigera (strain CS-62), they found that the hydrocarbon fraction of this diatom 

contained three C30 pentaenes and two C30 hexaenes. Two of the reported compounds 

exhibited similar mass spectra and retention indices to C30:4:i and €30:5:1 characterised in this 

study. However, Volkman et aL (1994) concluded that all of the hydrocarbons possessed the 

same acyclic HBI skeleton, even though they reported the presence of two 'monounsaturated 

alkenes' in the hydrogenation products derived from the mixture of C30 hydrocarbons. They 

reasonably attributed the presence of these monoenes to a residual double bond highly 

resistant to hydrogenation. However, based on their reported retention indices and mass 

spectral characteristics, it is clear that these two compounds correspond to the monocyclic 

C30 alkenes characterised in the present study following isolation from two further R. 

setigera strains (CCMP 1694 and RS 99). In addition, Rowland and co-workers (2001b) 

reported the presence of X and X I in the non-saponifiable lipid fraction obtained from a 

fourth R. setigera strain (CS-389) isolated from the Huon estuary (Australia). It is also 

apparent that rather like C25 HBls in R. setigera, these C30 alkenes are not always synthesised 

by this diatom {cf. Chapter 2), and this may explain why they were not detected in earlier 

investigations of the RS 99 strain (Belt et al., 2001a). To date, CCMP 1330 and CCMP 1820 

are the only R. setigera strains in which the presence of monocyclic alkenes in the non-

saponifiable lipid fraction have not been reported. The possibility exists that these intra-

species variations may originate from where they were isolated, and thus relate to evolution 

of the individual strains. However, since similar hydrocarbon contents were observed for 

strains isolated from the North-Atlantic, Indian and Pacific Oceans, it is also possible thai 

misidentification of individual strains has taken place, particularly as the taxonomy of the 

Rhizosolenia genus is uncertain (Sundstrom, 1986). 
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i . 4.3 Occurrence of monocyclic C30 alkenes in sediments and water-column particles 

The discovery of C25 and C30 HBI alkenes in cultures of the diatoms H. ostrearia, R. setigera 

(Volkman et aL, 1994) and Pleurosigma spp. (Bell et al. 2000a, 2001c) has allowed the 

structural characterisation of several HBIs previously reported in sediments and other 

environmental matrices to be determined (Allard, 2002). Prior to these studies, the low 

concentrations of HBIs in environmental samples meant that their structural characterisation 

was restricted to the identification of their carbon skeleton and the assignment of their 

unsaturation indices using mass spectrometry. Within the context of the current study, Prahl 

et al. (1980) reported four C30 alkenes (RJ 2509, 2563, 2558 and 2590SP2IOO) in sediments 

and sediment trap particles from Dabob Bay, USA. Based on these retention indices and 

mass spectral characteristics, Allard (2002) identified the compound with RI 2509SP2IOO as 

the C30 pentaene VI and the compound with RJ 2558sp2ioo as being the uncharacterised C30 

'pentaene' he observed in the hydrocarbon fraction from R. setigera CCMP 1694. This 

second compound has been characterised herein as being the monocyclic C30 tetraene (X). 

Barrick and Hedges (1981) also reported a suite of four C30 alkenes in sediments from Puget 

Sound (USA) exhibiting identical retention indices (RI 2509, 2563, 2558 and 2590SP2IOO)-

Once again, by comparison of their retention indices and mass spectral characteristics with 

those of authenticated compounds, Allard (2002) identified the compounds with RI 2509 and 

2563 to be two C30 HBI pentaenes (VI and VII respectively). He also showed that the 

compounds with retention indices RI 2558 and 2590 corresponded to two C30 polyenes 

observed in CCMP 1694. These have been characterised in the current study and identified 

as a monocyclic C30 tetraene (X) and a monocyclic C30 pentaene (XI). Both C30:4:i and C30:5:i 

can also be assigned to two C30 alkenes reported by Osterroht et al. (1983). In addition, 

Allard (2002) found C30:4:i to be the major isomer in samples from sediments and sediment 

trap particles obtained from the Arabian Sea which had previously been analysed by 
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Wakeham et al. (2002). From these combined observations, the apparent widespread 

occurrence of these monocyclic C30 compounds is now well established. Given its 

abundance, wide geographical distribution, it is likely that R. setigera contributes 

significantly towards the occurrence o f these novel monocyclic alkenes as well as acyclic C25 

and C30 HBIs in sediments and water column particles. 

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

The mass spectral characteristics and retention index o f the C25 compound partially 

characterised herein indicates that it is identical to a C25 hydrocarbon identified in the North 

West Atlantic (Farrington et al., 1977), Rhode Island Sound (Boehm and Quinn, 1978), 

Pugel Sound (Barrick and Hedges, 1981) and Arabian Sea, Cariaco Trench and Peru Up-

welling sediment and sediment trap particles (Allard, 2002). Thus, similarly to the 

monocyclic C30 alkenes X and X I , this novel C25 hydrocarbon appears to be o f widespread 

occurrence and that its likely source is R. setigera. 

3.5 Conclusion 

The structures o f two monocyclic C30 alkenes (X, X I ) have been rigorously characterised by 

NN4R spectroscopy and mass spectrometry, and the source o f a structurally related C25 

homologue has been reported for the first time. The diatoms R. setigera and R. c f . setigera 

have been identified as sources for these alkenes. The ecological importance and widespread 

distribution o f Rhizosolenia species, probably accounts for the presence o f these alkenes in 

sediments, as well as in water column particles. 
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CHAPTER FOUR 

Isoprenoid biosynthesis in three d ia tom species 

4.1 Introduction 

Isoprenoids are numerous (more than 20 000 identified compounds) and ubiquitous 

chemicals exhibiting a wide diversity o f essential biological functions (Ourisson and 

Nakatani, 1994: Saccheilini and Poulter, 1997). For example, phytol (one o f the most 

abundant organic molecules in nature) serves to anchor chlorophyll, a light-har\'esting 

pigment involved in photosynthesis, whereas carotenoids such as P-carotene are involved in 

light-protecting activities in plants (Eisenreich ei aL, 1998). Some other terpenoids (e.g. 

sterols) play an important role in reinforcing the membranes o f all l iv ing organisms 

(Ourisson and Nakatani, 1994; Pozzi el aL, 1996). Taxol, derived from the Yew tree 

(Holmes et ciL, 1995), exhibits interesting cytostatic activities, and is now widely used in the 

chemotherapy o f many malignant tumours. The great diversity in simcture, function and 

potential phamiaceutical activity o f terpenoids has led to a large number o f studies on their 

biosyntheses. 

It is now well established that all the isoprenoids are biosynlhesised f rom two Cs precursors, 

isopentenyl diphosphate (IPP, 7 )and dimeihylallyl diphosphate (DiVlAPP, 8). For many 

years, the aceiate/mevalonate pathway (Qureshi and Porter, 1981) was considered as the only 

biosyntheiic route leading to IPP and DMAPP (Figure 4.1, A ) . Briefiy, acetoacetyl CoA (3) 

obtained from a condensation o f two acetyl CoA units (2) yields hydroxy-3-methylgluiaryl 

CoA (4) by addition o f a third acetyl CoA. Hydroxy-3-methylglutaryl CoA is then reduced to 

mevalonic acid (5), phosphorylated to give 5-pyrophospho-mevalonate (6) and finally IPP 
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(7) after elimination o f phosphate and CO2. IPP can be reversibly converted to DMAPP (8) 

by IPP isomerase (McCaskill and Croteau, 1999; Figure 4.2). 
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Figure 4.1 Biosynthetic pathways to isopentenyl diphosphate and dimethylallyl diphosphate. 

A. Acetale-mevalonate pathway. B. Mevalonate independent pathway. 
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Figure 4.2 Reversible conversion o f isopentenyl pyrophosphate lo dimethylaliyl 

pyrophosphate by an isomerase. 

During several decades, it was universally accepted that IPP and D M A P P were exclusively 

synlhesised from mevalonate via this route. However, while several authors (reviewed by 

Rohmer, 1999) reported efficient incorporation o f isotopically labelled mevalonate or acetate 

into sterols, triterpenoids and sesquiterpenoids (Figure 4.3 A ) , these precursors were not or 

very poorly incorporated into chloroplastidic isoprenoids such as carotenoids, diterpenes or 

monoterpenes. They explained these obser\'ations by proposing a lack o f permeability o f the 

chloroplast membrane toward these precursors. Flesch and Rohmer (1988) reported labelling 

patterns inconsistent with the mevalonate pathway in hopanoids f rom bacteria grown with 

[l-'-^C] labelled acetate (Figure 4.3 B). They first interpreted these results according to the 

mevalonate pathway, assuming a compartmentation o f the acetate metabolism and a lack o f 

exchange between two distinct acetate pools. However, further experiments performed with 

the eubacterium Escherichia coli, allowed Rohmer et al. (1993) to describe a novel 

mevalonate-independent pathway (MEP) yielding IPP from pyruvate (9) and 

glyceraldehyde-3-phosphate (10) with 1-deoxy-D-xyIulose 5-phosphate (11) and 2-C-

methyl-D-er>lhritol 4-phosphate (iVIEP. 12) identified as intermediates (Figure 4.1 B). 
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Figure 4.3 Incorporation o f [l-'^^C] acetate into isopentenyl pyrophosphate. A. Acetate-

mevalonate pathway. B. Acetate metabolism via the glyoxylate shunt and incorporation o f 

glyceraldehyde-3-phosphate and pyruvate into IPP via the mevalonate independent route. 

Since this discovery, many authors have studied the distribution o f these two pathways 

within a large number o f organisms by incorporation o f '^C or ^H labelled precursors 

(reviewed by Eisenreich et al., 1998; Lichtenthaler, 1999) or using highly specific inhibitors 

of the individual pathways (Bach and Lichtenthaler, 1982, 1983; Zeidler et aL, 1998; Hagen 

and Griinewald, 2000; Lichtenthaler e/ ai, 2000). A third approach, alternative to precursor-

based or inhibitor-based studies has been developed by Jux et al. (2001). These authors 

demonstrated that natural '•'C/'^C isotope ratios could be used to determine whether the IPP 

is produced predominantly by the acetate/mevalonate or the methylerythritol phosphate 

(MEP) pathway. Based on these three approaches, a classification o f terpenoid producers 

according to their biosynthetic pathways has been developed, and it has been established that 

archaea, certain bacteria, yeasts, fungi, some protozoa and animals use only the mevalonate 

pathway, while many bacteria, green algae and some protists rely exclusively on the MEP 

pathway (Eisenreich et al., 2001; Steinbacher et aL, 2002; Wilson, 2002). Some algae, 

streptomycetes, mosses and liverworts, two marine diatoms and higher plants appear to use 

both pathways in the biosynthesis o f isoprenoids. The discovery thai the MEP pathway 

appears to be absent from humans, while several organisms including many human 
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pathogens, use exclusively this new route for isoprenoid biosynthesis, is providing new 

perspectives on drug design using enzymes implicated in this pathway as potential targets for 

chemoiherapeutics (Vial , 2000; Wilson, 2002). Indeed, fosmidomycin, a specific inhibitor o f 

1-deoxy-D-xylulose 5-phosphaie red uc to isomerase involved in the non-mevalonate pathway 

(Kuzuyama et a!., 1998) has been shown to exhibit in-vitro and in-vivo activities against 

multidrug resistant Plasmodium strains (Jomaa ei al., 1999). Recent Fmdings (Lichtenthaler 

et al, 1997; Lichtenthaler, 1999; Cvejic and Rohmer, 2000; Steinbacher et al., 2002) suggest 

that the mevalonate pathway seems to be implicated in cyiosolic sterol biosynthesis whereas 

the MEP pathway appears to be involved in the formation o f plastidic or apicoplaslidic 

isoprenoids, although the compartmental separation o f the two biosynthetic pathways does 

not appear to be absolute (Nabela et c//., 1995; Lichtenthaler, 1999). 

As a group, diatoms exhibit a great diversity (> 30 000 described species) and are considered 

as one o f the most important groups o f primary producers in the oceans. Some species are 

already cultured on a large scale in the aquaculture and cosmetics industries (Brown et al., 

1997). Several diatoms have been shov\qi to contain a large number o f isoprenoids (Volkman 

et al., 1994; Barrett el c//., 1995; Veron et al., 1998) and as such, they could be considered to 

be an important reservoir o f potentially useful terpenoids. Indeed, in a recent study, Rowland 

et al. (2001a) reported that C25 highly branched isoprenoids (HBIs) synihesised by the 

diatom Haslea ostreaha exhibited in-vitro activity against melanoma and lung cancer cells. 

They also reported a dramatic effect o f the growth temperature on the biosynthesis o f HBIs. 

A culture o f this diatom was grown at 15°C, and was used to inoculate different fiasks grovvTi 

at different temperatures (5, 15, 25°C). The unsaturation o f the HBIs increased with the 

growth temperature, which is the inverse trend to that exhibited by fatty acids esters involved 

in membrane fluidity processes (Quinn et al., 1989). However, these results suggest that the 
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diatom is sensitive to environmental conditions and that the modification o f the mean 

unsaturation index o f the HBI polyenes suggests that they may have a significant biological 

function. Ourisson and Nakatani (1994) suggested that these acyclic isoprenoids may be 

membrane lipids, but as yet, a formal identification o f their location and biological fijnction 

is not known. 

Therefore, it appeared important to examine the location and determine the biosynthesis o f 

isoprenoids (including HBIs) in a number o f different diatoms, in order to better understand 

their function. To examine isoprenoid compartmentaiion in diatoms, Rhizosolenia setigera 

cells were fractionated according to established procedures and their individual terpenoid 

composition investigated using GC-MS. To achieve the determination o f isoprenoid 

biosynthesis in diatoms, a combined approach was adopted. In a first set o f experiments, the 

diatoms Haslea ostrearia, Pleurosigma intermedium and Rhizosolenia setigera were grown 

in the presence o f specific inhibitors o f both pathways (mevinolin and fosmidomycin for the 

mevalonate and MEP pathways respectively). In a second set o f experiments, the same three 

species were grown in the presence o f labelled precursors ('•*C02, '"'C-carbonate, [1-''*C] 

acetate, [2-'-*C] acetate, ^Hs acetate and D-[1-'^C] glucose) and the extent and nature o f 

incorporation investigated using mass spectrometry and N M R techniques. Finally, in a third 

set o f experiments, these three species were grown under normal laboratory conditions, and 

the natural '^C/'^C isotope ratio o f individual compounds was investigated using isotope-

ratio mass spectrometric techniques. 
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4.2 Experimental 

4.2.1 Algal cultures 

Rhizosolenia setigera (strain RS 99) was isolated in Spring 1999 from surface waters at Le 

Croisic (France) while Haslea ostrearia and Plewosigma intermedium were isolated from 

microphytobenthic communities in oyster ponds from the Bay o f Bourgneuf (France) at the 

same time of the year (1999). Small-scale cultures were grown in 50 ml culture tubes, 250 ml 

Erlenmeyer flasks or 2 1 round-bottomed flasks, depending on the experimental 

requirements, whereas large-scale cultures were performed using 25 1 glass barrels. Both 

small and large-scale cultures were performed using F/2 Guillard enriched seawater and 

grown under controlled conditions (see Chapter 5). During all o f the experiments, cells were 

har\'ested by filtration at the end of the exponential growing phase. 

4.2.2 Cell fractionation 

R. setigera cells from a 300 1 culture were harvested by filtration through a 30 jam gauze at 

the end o f the exponential growing phase, washed in 0.2 jam filtered sea-water and re-

suspended in isolation buffer (626 n i M sorbitol, 6 m M Na2-EDTA, 5 m M M g C h , 10 m M 

KCl , 1 m M MnCl2, 50 m M HEPES-KOH pH 8.0, 1% BSA; Wittpoth et al., 1998) in a 

volume o f 1 ml per 1 L culture. A l l the fol lowing steps were carried out between 0-4°C. 

The suspension was gently homogenised using a Dounce potter (15 strokes) to break the 

cells, to yield the crude extract. A n aliquot o f this crude extract was frozen to obtain the 

non-saponifiable l ipid content o f the whole cells. Before purification, the crude extract was 

re-filtered through a 30 jam gauze to eliminate the large cell debris. 
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Figure 4.4 Schematic diagram illustrating the fractionation prcKcdures for R. setigera cells, a, 

chloroplasts. b, mitochondria, c, free lipid traction. 

Pure chloroplast fractions were obtained in two steps (Figure 4.4a). The tlrst step consisted 

of centrifuging (15000 g, 10 min, 4°C) the crude extract through a step gradient of Percoll 

(20 and 609c) adjusted to iso-osmolarity wi th sorbitol ( f inal concentration: 626mM). Pre-

purificd chloroplasts formed a band al the interface between 20 and ()09c Percoll bands. 

This hand was collected carefully using a Pasteur pipette, diluted wi th isolation buffer and 

re-centrifuged (18000 g, 10 min, 4°C) through a linear Percoll gradient (20-80%). Pure 

chloroplasis accumulated in a band al approximately 40% Percoll. Af ter removal o f the 

supernatant, this band was carefully collected using a Pasteur pipette and stored at - 2 0 ° C 

prior to analysis by GC-MS. Purity and integrity o f the chloroplasis were checked using 

light microscopy. 
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Mitochondria were purified according to the procedure described by Moore and Proudlove 

(1987) for pea leaves (Figure 4.4b). Briefly, mitochondria f rom the R. setigera crude extract 

were isolated by centrifugation (41000 g, 30 min, 4°C) on a linear PVP 

(pol>'vinylpyrrolidone)-Percoll gradient (28% o f Percoll and 0-10% gradient o f PVP). 

Free lipids were obtained by differential centrifugation (Figure 4.4c), according to the 

methodology described by Sullivan (1978). After centrifi,igation (40000g, 60 min, 4°C) o f 

the crude extract, the supernatant was carefully collected and stored at - 2 0 ° C prior to 

analysis. 

^.2.3 Inhibition experiments 

Mevinolin/lovastatin (Figure 4.5 [2,3]) is a well known inhibitor o f the 3-hydroxy-3-

methylglularyl-coenzyme A reductase, a key enzyme in the acetate/mevalonate pathway 

(Bach and Lichtenthaler, 1982), whereas fosmidomycin (Figure 4.5 [1]) has been 

demonstrated to be a specific inhibitor o f 1-deoxy-D-xylulose 5-phosphate 

reductoisomerase, an enz>'me involved in the non-mevalonate pathway (Kuzuyama et al., 

1998; Zeidien?/c//., 1998). 

The three diatom species, Haslea osirearia, Rhizosolenia setigera and Pleurosigma 

intermedium were each grov\Ti in the presence o f increasing concentrations o f fosmidomycin 

or mevinolin in order to investigate their effect on the non-saponifiable l ipid content o f the 

cells and their distributions. The three species were grown in 50 ml culturing tubes 

containing 15 ml o f F/2 Guillard's medium under the standard controlled conditions 

described in Chapter 5. The sodium salt o f fosmidomycin was purchased from Molecular 

Probes (The Netherlands); mevinolin/lovastatin was purchased fi-om Calbiochem-

Novabiochem (France). 
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Figure 4.5: Structures of fosmidomycin [1] and both active [2] and inactive [3] forms of 

mevinolin. 

Mevinolin [3] required activation prior to being used (Jakobisiak et a/., 1991) and was 

converted to the active fomi [2] by dissolving 10 mg of the lactone [3] in 250 j i l o f 100% 

ethanol, adding 375 p i o f 0.1 M NaOH, healing at 50°C for 2 hr and adjusting to a volume o f 

5 ml with ultra-pure water. Aliquois of this stock solution were stored at—20°C. 

Concentrations o f the inhibitors were based on those used in previous investigations 

(Schindler et al., 1984; Zeidler et aL, 1998; Kuzuyama et al., 1998; Hagen and Grunewald, 

2000). Cell counts and monitoring of the cultures, together with the extraction, purification 

and analysis o f the HBls by GC-MS was performed as described in Chapter 5. 

4.2.4 Isotopic labelling: small scale experiments 

It has now been extensively demonstrated that at least two alternative biosynthetic pathways 

exist for the formation o f IPP, the common precursor o f all isoprenoids. While acetate is a 

direct precursor of the mevalonate pathway (Figure 4.1 A) , CO2 is a precursor o f the MEP 

pathway (Figure 4.1 B). Glucose, when metabolised, can be used as a precursor for both 
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pathways (Figure 4.6). As a result, when using [ 1 g l u c o s e , both pathways can be clearly 

differentiated by the labelling patterns in IPP (Eisenreich et al., 1998; Cvejic and Rohmer, 

2000). 

It was therefore decided to grow H. ostrearia, R. setigera and P. intermedium in the presence 

of isoiopically enriched ('^C) acetate, glucose and CO2 or isotopically enriched (^H) acetate. 

For the three diatom species, '^C02 incorporation experiments were performed in a modified 

2 1 round bottomed flask (Figure 4.7) in order to avoid any contamination by atmospheric 

CO2. CO2 was released daily from Ba'^C03 (isotopic abundance 20%) by addition o f 2 M 

H2SO4 wi th a syringe. Experiments using sodium [ l - '^ 'C] acetate (20-50% isotopic 

abundance), sodium [2-*^C] acetate (20-50% isotopic abundance), ^Hs acetate (20% isotopic 

abundance) and D-[1-'^C] glucose (20% isotopic abundance) were performed in 250 ml {R. 

setigera, P. intermedium) or 2 I flasks {H. ostrearia). The substrates were 20-50% 

isotopicaily enriched with '"̂ C or "H in order to fol low their incorporation wi th in the different 

isoprenoids (including HBIs) synthesized by these three diatoms. Sodium [1-'"'C] acetate 

(99% isotopic abundance), sodium [2-'^C] acetate (99% isolopic abundance), sodium ^H3 

acetate (99% isotopic abundance), D- [ l - ' - 'C] glucose (99% isotopic abundance) and Ba'^C03 

(99% isotopic abundance) were obtained from Sigma-Aldrich (France). 

These experiments, based on exiemally added precursors, are limited by the fact that the 

organisms are not studied under natural environmental conditions. Indeed, the administration 

of precursors at a high concentration may affect the natural balance o f the cellular 

intermediates and have an impact on the metabolic network. During previous studies 

investigating the biosynthesis o f isoprenoids in a green alga (Schwender et al., 1996) or in 

diatoms (Cvejic and Rohmer, 2000), some experiments were performed with relatively high 

concentrations o f '^C labelled acetate ( I g 1''). Compared to the acetate concentrations found 
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in natural environments, use o f such high concentrations is probably unrealistic, and further, 

high concentrations o f acetate may 'disturb' the organisms under study. Haslea ostrearia, 

Rhizosolenia setigera and Pleurosigma intermedium were therefore grown with different 

acetate enrichments (0, 500, 1000 mg 1"') in order to see i f any modifications to the HBI 

distributions in the cells were induced at high acetate concentrations. 

Cell counts, monitoring o f the culture, extraction, purification and identification o f the 

isoprenoids was perfomied as described in Chapter 5. Incorporation (including 

quantification) o f stable isotopes was achieved using GC-MS methods. 
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Figure 4.6 Labelling o f isopentenyl pyrophosphate from [ l - ' ^ C ] glucose via the mevalonate 

pathway ( • ) or via the MEP pathway ( • ) . 
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Figure 4.7: Purpose-built culturing flask used for '^CO: incorporation experiments. 

4.2.5 Isotopic labelling: lar^e scale experiments 

HBIs iu-c secondary metabolites f rom a few diatom species and their cellular concentrations 

are very low within the three species investigated (2-40 pg cell ' ) . In order lo obtain 

sufficient amounts of HBIs to observe the labelling patterns o f IPP by N M R spectroscopy (> 

0.1 mg). large scale cultures (50 I) were needed. Rhizosolenia seti^era, Pleurosii»ma 

intermedium and Haslea ostrearia were therefore grown in the presence of different '^C or 

"H-labelled precursors in 2 x 25 I barrels containing F/2 Guillard's medium under standard 

controlled conditions. Sodium [ I - ' ^ C ] acetate (20% or 100% isotopic abundance), sodium 

[2-'"'C) acetate (20% isotopic abundance) or sodium [^H^] acetate (20% isotopic abundance) 

were added in order to obtain a final concentration o f 250 mg l '. In order lo control the 

availability of carbon from other sources, culture media were bubbled wi th C02-free air (15 1 

h ' ) , and Na2CO^ (150 or 10 mg I ' ) was added to provide an inorganic carbon source. Since 
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it was not feasible to obtain a large-scale cultxire (100-200 I) using '^C02 released from 

Ba'^COs, large-scale experiments were performed using '•'C Na2C03. A t the end o f the 

exponential growing phase, the cells were harvested by filtration and the resulting algal paste 

was freeze-dried. Total lipids were then extracted using methanol/dichloromethane (50:50, 

v/v). Ph>tol, desmoslerol and HBI fractions were then obtained fo l lowing the methodology 

described in Chapter 5. Individual isomers f rom the H B I fraction obtained by open column 

chromatography were separated by silver-ion (Ag"*^ chromatography (Chromspher 5 l ipid, 

250 X 4.6 mm I.D.) under isocratic conditions (hexane-isopropanol; 98.75:1.25 v/v). 

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

For stable isotope enrichment experiments, levels o f ^H and '"*C incorporation were 

estimated using mass spectrometry. In their recent study on the biosynthesis o f 2-methyl-j-

buten-2-ol ( M B O ) from pine needles, Zeidler and Lichienthaler (2001) estimated the degree 

of isotopic labelling in M B O after incubation o f the needles with labelled precursors using a 

simple ratio o f mass spectral peak intensities. However, in contrast to 2-methyl-3-buten-2-ol, 

the increased molecular masses together wi th the variable structures o f the terpenoids 

synthesised by the three diatoms studied here, means that such ratios would not allow for an 

accurate measure o f the degree o f labelling to be made. Instead, '^C or ^H ''isotopic 

enrichment factors" were calculated for each compound according to Equation 4 .1 , where M , 

M + 1 , etc are the values o f the molecular ions for various isotopomers, I M is the intensity o f 

the molecular ion, IM+I is the intensity o f the M + l peak, IM+X is the intensity o f the highest 

mass ion (quantifiable), and n is the number o f carbon atoms (for '"̂ C labelled substrates) or 

hydrogen atoms (for ^H labelled substrates) in the molecule. For phytol and sterols, I M was 

taken at M-18 in order not to incorporate in the calculation the 3 carbon atoms from the 

silylating agent. Comparison o f '"̂ C or ^H isotopic enrichment factors (lEFs) from 
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compounds obtained from cells cultured in the presence o f isotopically labelled precursors 

with those obtained from control cultures thus revealed the level o f '^C or ^H incorporation 

within individual compounds. Note, while lEFs calculated for individual compounds could 

be compared quantitatively, comparisons between different terpenoids are only semi­

quantitative owing to variations in atomic composition. 

Isoiopic Enrichment Factor = 

(Eqn. 4.1) 

100 ( M * l M ) + ( M - f l * W i ) + + ( M + X * I M , X ) 
- M 

I M + I M + I + + I M + X 

4.2.7 hkitural ' "C/^C isotope ratios, GC-irm-MS 

Analysis o f the non-saponifiable lipid fractions obtained f rom culUires o f R. setigera, P. 

intermedium and H. ostrearia performed under normal growth conditions was achieved 

using a NERC Varian 3400 gas chromatograph (GC), fitted wqth a 60 m 

dimethylpolysiloxane Z B l Phenomenex column (0.32 mm intemal diameter). The eluting 

compounds were combusted online at 850°C with a catalyst system (Cu/Pt) and the resulting 

CO2 was transferred into a Delta S isotope-ratio mass spectrometer (Finnigan Mat). The GC 

oven temperature was programmed from 40-300°C at 10°C min ' ' and held at the final 

temperature for 20 minutes. A l l ratios are given as S'^C values: 6'"*C [%o]= [ (Rsampie / Rstandard ) 

- 1 ] X lO"* with R corresponding to the '"^C/'^C ratio o f the sample or the standard (Vienna 

Pee Dee Belemnite). For phytol and sterols, a correction was applied to take into account the 

contributions from the silylating agent. 
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4.2.8 Moniforing of stable isotope incorporation by NA4R spectroscopy 

'•̂ C NMR spectra of individual compounds were recorded in C D C I 3 using a Jeol EX 270 

spectrometer equipped with a DELTA station. '"̂ C peak assignments of the individual 

terpenoids were compared with previously published data (Goad and Akihisha, 1997; 

Arigoni et ai, 1997; Belt et al., 1996, 2000a,b, 2001a). Relative '^C abundances for 

individual carbon atoms was calculated by comparison of '"̂ C peak intensity between '^C 

labelled and unlabelled material. For each compound analysed, a carbon atom was identified 

that should show no enrichment from isotopically enriched '^C acetate and given a relative 

intensity of 1.0. Consequently, carbon nuclei exhibiting an enhancement in intensity as a 

result of site-specific '^C incorporation would have relative peak intensity > 1.0. 

4.3 Results 

4.3.1 Non-saponifiable lipids from the diatom Rhizosolenia setigera 

A description of the structures and distributions of the non-saponifiable lipids synthesised 

from the diatom R. setigera can be found elsewhere in this thesis (Chapters 1, 2 and 3). 

Briefly, analysis of the GC-MS total ion current (TIC) chromatograms of the non-

saponifiable lipid fractions from R. setigera (RS 99) generally showed the presence of 

^ 2 1 : 6 (IX phytol (11), desmosterol (cholesta-5,24-diene-3P-ol, III) and four acyclic C30 alkenes 

isomers (1V-V!I). During the post-auxosporulation phase, R. setigera also synthesises up to 

three acyclic C 2 5 alkenes isomers (Vl l l -X) along with two monocyclic C30 alkenes (XI , XII) . 

Figure 4.8 summarises the structures of all the non-saponifiable lipids identified in this 

biosynthetic study. 
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Figure 4.8 Non-saponifiable lipids obtained from various cultures of the diatom Rhizosolenia 

setigera. I : / 7 - C 2 i : 6 , I I : ph>loL I I I : desmosteroL IV-VII : C30 HBIs, VII I -X: C 2 5 HBIs, X I : 

C30:4:l; X I I : C30:5:I. 
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4.3.2 Compartmentation of isoprenoids in the diatom Rhizoso/enia setigera 

Following differential centrifugalion and purification on Percoll-PVP gradients, pure 

enriched fractions of chloroplasls, free lipids and mitochondria were obtained from a crude 

extract of the diatom R. setigera. GC-MS analysis of the non-saponifiable lipid fraction 

obtained from the crude extract revealed the presence of rt-C2i:6 (0> phylol (II), desmosterol 

(III) and C30 HBls (IV-VII) along with small amounts of a C25 triene (VIII). In the 

chloroplast fraction, phytol along with small amounts of n-C2\.s were obserx'ed, while only 

trace amounts of the other isoprenoids were detected. In contrast, in the free lipid fraction, 

phytol and ^-€21 :6 were not detected while large amounts of HBIs and desmosterol were 

observed. In the mitochondria enriched fraction, all the isoprenoids detected in the crude 

extract were present. However when the purity of this fraction was checked using light 

microscopy, a large number of plastids were found, indicating that the purification of this 

organelle was not completely successful and that the results obtained for this fraction must 

be interpreted carefully. Table 4.1 summarises the non-saponifiable lipid composition as a 

percentage of the total non-saponifiable lipid composition of each fraction. 

Table 4.1 Non-saponifiable lipid composition (percentage) of fractions obtained from R. 

sedgera. 

C r u d e e.viract Chloroplast Free lipid (Mitochondria 
"-C2!:6 6.1 4.1 0.0 2.9 

Phylol 38.0 81.8 0.0 25.2 

2̂5:3 1.0 0.0 1.5 0.8 

2̂5:4 0.0 0.0 0.9 0.0 

2̂5:5 0.0 0.0 0.0 0.0 

CjoiS Z 12.3 3.7 29.0 18.7 

€30:5 E 11.5 3.1 25.2 17.1 

3̂0:6 2 7.5 1.8 14.4 12.3 

^30 6 E 8.7 2.0 14.3 13.0 

Desmosterol 14.9 3.6 14.8 10.1 

Total 100.0 100.0 100.0 100.0 
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In summary, the presence of phytol seems lo be essentially restricted to the chloroplast 

fraction while the HBIs and desmosterol seem to be of c>toplasmic origin. 

4.3.3 Isoprenoid biosynthesis in the diatom Rhiiosolenici setigera 

4.3.3.1 Inhibition experiments 

Since mother cells synthesise predominantly C30 HBIs (with very small amounts of C25 

HBIs) and daughter cells synthesise both C25 and C30 HBIs in significant proportions 

(Chapter 2), it was decided to perform inhibition experiments using both cell t>'pes, each in 

the presence of mevinolin or fosmidomycin. 

In the presence of mevinolin, the growth of both mother and daughter cells was dramatically 

retarded with increasing concentration of this inhibitor (Table 4.2, 4.3). Even at a 

concentration 20 times lower (l|.ig ml"') than that used for the other species investigated (20 

|ig ml"'), mevinolin strongly inhibited the grovwh of R. setigera (80-90% inhibition). In 

contrast, the growth of R. setigera was significantly less sensitive to the presence of 

fosmidomycin. Fosmidomycin did not reduce the cell growth of daughter cells up lo the limit 

of concentration used (100 |_ig 1"') and the gro\\4h of mother cells was significantly retarded 

only at high concentrations (75-100 |ig 1'') of the inhibitor. 

For mother cells, and in the presence of both inhibitors, phylol and / 7 - C 2 i : 6 were not 

sufficiently abundant to be quantified. C30 HBIs were significantly depleted from the cells 

when they were growTi in the presence of 0.5 jig m f ' of mevinolin and were absent from 

cells grown in the presence of 1 \xg mf ' of this inhibitor (Figure 4.9). Interestingly, when the 

cells were cultured without any inhibitor, no traces of any cyclic C30 compounds {cf. Chapter 

3) were observed, while in the presence of 0.5 |Jg ml"' of mevinolin, the monocyclic tetraene 

C30;4:i was present in the ceils as the major isomer along with lower amounts of the related 
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pentaene isomer (€30:5:1)- Finally, the biosynthesis of the major sterol in R. setigera, 

desmosterol, was also dramatically inhibited when the cells were cultured in the presence of 

mevinolin and like the C30 HBIs, was not detected in the cells grown in the presence of 1 |ig 

ml"' of this inhibitor. In contrast, fosmidomycin did not reduce the C30 or sterol content of 

the cells, and indeed, concentrations of these compounds were two to three times greater in 

the cells grown with 75-100 |.ig ml"' of fosmidomycin than in the control culture. 

In the experiment performed with daughter cells, mevinolin exhibited the same dramatic 

effect on the cell grov\th whereas fosmidomycin had no significant effect. No clear changes 

were obser\'ed in the concentrations of A 7 - C 2 I : 6 *or either inhibitor, and ph>lol was not present 

in sufficient amounts to be quantified satisfactorily. Consistent with the results observed for 

mother cells, mevinolin dramatically reduced the C30 HBI concentration per cell (97% 

inhibition at 0.75 |.ig ml"'). At a concentration of 1 |.ig ml ' ' , C30 HBIs were not detected. The 

C25 HBIs were also dramatically inhibited (94% of inhibition for a concentration of 0.75 ^ig 

ml"'). At a concentration of l | ig ml"', neither C25 HBIs nor desmosterol were detected 

(Figure 4.9). However, in contrast to the results observed for mother cells, the synthesis of 

HBIs (C25 and C30) and desmosterol appeared to be inhibited by the presence of 

fosmidomycin, especially at higher concentrations. Thus, each of the concentrations of the 

HBIs and of desmosterol were obser\'ed to reduce with increasing concentrations of the 

inhibitor. 
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3 ) Mother cells/Fosmidoniycin 

Control 25 50 

b) Mother cells/Mevinolin 

Control 0.5 

75 100 

c) 

d ) 

Daughter cclls/Fosmidomycin 

Control 25 50 

Daughter cclls/Mcvinolin 

Control 0.25 0.5 

75 100 

0.75 

Total C25 

Inhibitor concentration 
Total C30 Desmosterol 

Figure 4.9 Hydrocarbon distribution in R. setigera cells at the end of the exponential growing 

phase in the presence of varying concentrations of pathway-specific inhibitor (jig ml' '), (a) 

"mother" cells, fosmidomycin (b) "mother" cells, mevinolin (c) "daughter" cells, 

fosmidomycin (d) "daughter" cells, mevinolin. 
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Table 4.2 Biomass data (cell ml"') and non-saponifiable lipid concentrations (pg cell"') of 

Rhizosolenia setigera cells (mother cells) at the end of the exponential growing phase in the 

presence of varying concentrations of fosmidomycin and mevinolin (jig ml"'). 

Fosmtdoniycin 

Control 25 50 75 100 
Biomass 66400 49200 86133 14667 19467 

n/a n/a n/a n/a n/a 

Phyiol n/a n/a n/a n/a n/a 

2̂5:3 E n/a n/a n/a n/a n/a 

C25:4 E n/a n/a n/a n/a n/a 

2̂5:5 E n/a n/a n/a n/a n/a 

3̂0:5 Z 0.55 0.92 0.57 1.89 1.60 

C30 5 E 0.57 0.82 0.52 1.46 1.16 

C30;6 2 0.37 0.62 0.35 1.52 1.42 

€30:6 E 0.64 0.84 0.48 1.68 1.47 

Desmosterol 0.30 0.70 0.32 0.80 0.54 

Total C25 n/a n/a n/a n/a n/a 

Total C30 2.13 3.20 1.92 6.56 5.64 

n/a Below imit of detection 

Mevinolin 

Control 0.5 1 
Biomass 36133 41333 4800 

n/a n/a n/a 

Phytol n/a n/a n/a 

2̂5:3 E n/a n/a n/a 

C25;4 E n/a n/a n/a 

C25;5 E n/a n/a n/a 

C30 5 Z 1.54 0.12 n/a 

C30;5 E 1.15 0.07 n/a 

3̂0:6 Z 0.97 n/a n/a 

€30:6 E 1.09 0.05 n/a 

C30:4:I n/a 0.29 n/a 

Desmosierol 0.28 0.09 n/a 

Total C25 n/a n/a n/a 

Total C30 4.75 0.54 n/a 

n/a Below imit of detection 
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Table 4.3 Biomass data (cell ml"') and non-saponifiable lipid concentrations (pg cell"') of 

Rhizosolenia setigera (daughter cells) cells at the end of the exponential growing phase in 

the presence of varying concentrations of of fosmidomycin and mevinolin (|ig ml"'). 

Fosmidoniycin 

Control 25 50 75 100 
Biomass 11960 12040 12680 11800 11440 
«-C2i:6 0.24 0.27 0.31 0.49 0.24 

Phytol n/a n/a n/a n/a n/a 

2̂5:3 E 1.61 0.62 0.90 1.02 0.45 

2̂5:4 E 1.25 0.52 0.81 1.17 0.56 

2̂5:5 E 0.21 n/a 0.10 0.12 0.08 

3̂0:5 Z 4.89 4.38 4.86 9.23 4.32 

Cjois E 5.32 3.87 3.93 5.80 3.06 

Cjoft Z 2.02 0.89 1.04 1.29 0.66 

Cjo e E 3.38 1.46 1.47 1.84 1.06 

Desmosierol 6.22 2.76 3.36 5.32 3.24 

Total C25 3.07 1.14 1.82 2.31 1.10 

Total C30 15.61 10.60 1 1.29 18.17 9.1 1 
n/a Below limit of detection 

IVIcviiiolin 

Control 0.25 0.50 0.75 1 
Biomass 2000 12600 I 1920 3480 2200 
"-C2I;6 n/a 0.11 0.10 0.46 n/a 

Phyioi n/a n/a n/a n/a n/a 

2̂3:3 E 2.23 0.29 0.16 n/a n/a 

C2j:d E 4.78 0.20 0.16 0.26 n/a 

2̂5:5 E 1,00 n/a n/a n/a n/a 

3̂0:5 Z 13.07 1.29 0.72 0.58 n/a 

Cjois E 10.08 1.14 0.66 0.66 n/a 

€ 3 0 6 z 6.01 0.06 n/a n/a n/a 

3̂0:6 E 7.39 0.34 0.29 n/a n/a 

Desmosierol 7.19 3.37 3.41 1.31 n/a 

Total C25 8.01 0.49 0.32 0.26 n/a 

Total C30 36.54 2.83 1.67 1.24 n/a 

n/a Below limit of detection 
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In summar>^ the dramatic inhibition of both C25 and C30 HBIs along with desmosterol by 

mevinolin indicates that the involvement of the mevalonate pathway is essential for the 

biosynthesis of these compounds for both mother and daughter cells of R. setigera. In 

contrast, although the growth of mother cells was strongly inhibited with high concentrations 

of fosmidomycin, the synthesis of the HBIs and desmosterol were not inhibited at any of the 

concentrations tested and a moderate increase in their concentrations was observed. This 

indicates that the non-mevalonate pathway is probably not involved to a significant extent in 

the biosynthesis of these compounds in mother cells of R. setigera. It is also plausible that 

the synthesis of other lipids was inhibited by fosmidomycin, with consequential over­

production of C30 HBIs and desmosierol in order to replace them. For the daughter cells, cell 

grovMh was not inhibited even with high concentrations of fosmidomycin, but an inhibition 

of the synthesis of both HBIs and desmosterol at high concentrations of the inhibitor was 

observed. Since HBl and desmosterol biosynthesis was also inhibited in the presence of 

mevinolin, it seems likely that both the MEP and mevalonate routes contribute to the 

biosynthesis of these compounds in daughter cells. 

4.3.3.2 Isotope labelling: small scale experiments 

Experiments using unlabclled acetate: 

When the diatom R. setigera was cultured in the presence of varying concentrations of 

sodium acetate, the final cell biomass was found to be essentially invariant of acetate 

concentration, although some modifications in the cell lipid content were observed (Table 

4.4). The concentrations (per cell) of all of the HBIs examined increased (approx. 3 fold) in 

the presence of 0.5 g f ' of added acetate in the culture medium. When the concentration of 

acetate was increased further (1 g 1"'), the HBI concentrations (per cell) also showed an 

enhancement, but it was not as large as that observed for the culture containing 0.5 g 1"' of 
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acetate. Further, while no cyclic C30 compounds were delected in the cells cultured in the 

absence of any added acetate, significant amounts of C30:4:i and C30:5:i vvere detected when 

the cells were grown in the presence of this substrate. In contrast to these observations, the 

concentrations of phytol, desmosterol and n-C2i:6 w êre not significantly affected by the 

presence of acetate in the culture medium. 

Table 4.4 Biomass data (cell ml' ') and non-saponifiable lipid concentrations (pg cell"') in 

Rhizosolenia setigera cells after incubation with var)nng concentrations of unlabelied acetate 

(g r ')-

0 (Control) 0.5 1 
Biomass 6000 7440 6720 

t.07 0.92 1.27 

Phyiol 0.44 0.37 0.37 

2̂5:3 E 5.42 11.01 8.11 

C2514 E 12.49 16.85 16.91 

^25:5 E 2.32 2.29 2.26 

C30:5 Z 2.55 5.52 3.29 

Qois E 1.55 3.42 2.17 

Cjo:6 Z 0.68 2.12 1.16 

C30;6 E 1.37 2.76 2.21 

3̂0:4:1 n/a 2.87 1.12 

3̂0:5:1 n/a 0.32 0.14 

Desmosterol 9.91 8.96 7.87 

Stable isotope incorporation - analysis by mass spcctrometr>' 

When R. seiigera was cultured (2 1) in the presence of '"*C02 (20% isolopic abundance) and 

unlabelled sodium acetate ( Ig I' ') and the products analysed by mass spectrometry (see 

section 4.2.6), it could be seen that '•'C was efficiently incorporated into phytol, all of the C25 

and C30 HBI isomers and desmosterol (Table 4.5). In contrast, phytol appeared not to be 

labelled with '"̂ C when the cells were cultured in the presence of l-'^C acetate (150 ml, 1 g 1" 

', 20% isotopic abundance), but a significant incorporation of '"̂ C from labelled acetate was 

detected for all of the HBIs and desmosterol. In addition, when the cells were grown in the 
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presence of ^H3-acetate. incorporation of deuterium was observed in HBIs and desmosterol, 

but not in phytol. These results indicated that acetate was utilised by R. setigera for the 

biosynthesis of HBIs and desmosterol but not for the biosynthesis of phytol and that, 

therefore, the mevalonate pathway was involved in the biosynthesis o f the HBIs and 

desmosterol but not for ph>nol. 

Finally, when the cells were cultured in the presence of D-2-'^C leucine (150ml, 0.2g 1"', 

50% isotopic abundance) and D-1-'"*C glucose (150ml, 0.2g 1"', 50% isotopic abundance), no 

incorporation of '"̂ C was detected in any of the HBIs, desmosterol or phytol. 

Table 4.5 Isotopic enrichment factors for non-saponiflable lipids from Rhizosolenia setigera 

after incubation with '"̂ C and ^H labelled precursors. 

13 C labelled precursors 

Control Acetate f l - '^C] Acetate '^C02 [ l - '^C] Glucose [2-'^Cl Leucine 

Phytol 1.0 1.4 1.2 6.1 • 1.4 n/a 

2̂5:3 E 1.1 1.3 4 . 5 * 5 . 1 * 1.1 1.0 
C2S;4 E 1.2 1.1 4 .8* 5 .6* 1.0 1.0 
2̂5:5 E 1.0 1.4 4 . 3 * 5 .5* 0.9 n/a 

3̂0:5 Z 0.9 0.8 3 .9* 4 .9" 1.0 1.0 
C30:5 E 0.9 1.0 3 .9* 5.4* 0.8 0 .9 

3̂0:6 Z 1.1 0.9 4.1 • 4 .7* 0.9 0 .5 

3̂0:6 E 0.9 0.9 3 .9* 5.4* 1.0 0.4 

Desmosierol 1.3 I . I 4 .6* 5 .5* 1.2 1.3 

-H labelled precursors 

Control Acetate ^H3 Acetate 

Phytol 0.5 0.7 0.6 

2̂5:3 E 0.6 0.7 3.9 • 

C25:4 E 0.7 0.6 4.3 • 

2̂5:5 E 0.6 0.8 4.4 • 

030:5 Z 0.5 0.4 3.7 • 

030:5 E 0.5 0.6 3.5 • 

030 6 Z 0.7 0.5 3.8 • 

C30;6 E 0.5 0.5 4.2 • 

Desmosierol 0.8 0.7 3.8 • 

( ' Significant incorporation; n/a Below limit of detection) 
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Var>'ing concentrations of isotopically labelled acetate and stable isotope 

incorporation: 

In order to carry out stable isotope incorporation studies on a scale sufficient for analysis of 

lipids by NMR spectroscopy, a series of preliminary experiments was undertaken to optimise 

conditions. This was achieved by culturing R. setigera in the presence of increasing 

concentrations of '•'C-labelled acetate, with subsequent measurement of isotopic 

incorporation into the HBIs, desmosterol and phytot. With the exception of phytol, an 

increase of the percentage of '^C incorporated into the other isoprenoids was obser\'ed with 

increasing '"'C-acetale concentration. Consistent with previous obser\'alions (Table 4.5), 

phytol was not labelled by '•̂ C-acetale at any of the concentrations used (Table 4.6). For the 

HBIs and desmosterol, the average isotopic enrichment factors for these compounds were 

approximately 1.4 when a concentration of 0.01 g 1"' of acetate was added to the culture 

medium, 2.3 when a concentration of 0.1 g f ' of acetate was added to the culture medium, 

and 4.7 when the concentration was increased ten-fold to 1 g 1*'. These results suggested that 

in order to obtain sufficient enrichment for analysis by NMR spectroscopy, a concentration 

of '-^C-aceiaie in the range 0.25-0.5 g f ' at 50% isotopic enrichment (or equivalent) would 

probably be required. 
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Table 4.6 Isotopic enrichment factors for non-saponifiable lipids from Rhizosolenia seiigera 

after incubation with varying concentrations of '̂ C labelled acetate (50% isotopic 

enrichment). 

[ l - '^C] Acetate [ l - '^C] Acetate [ l - '^C] Acetate 
O.Olg l ' o . i g i ' I s I-' 

Phytol 1.1 1.1 1.2 

^23:3 E 1.3 2.2 4.2 

^23:4 E 1.4 2.3 4.9 

C25:3 E 1.5 2.6 4.6 

Cjois Z 1.4 2.0 4.8 

C30:3 E n/a n/a n/a 

^30:6 Z n/a n/a n/a 

^ 3 0 6 E n/a n/a n/a 

Desmosierol 1.5 2.3 5.1 

n/a Below limit of detection 

Inhibition experiment and stable isotope incorporation: 

From the obser\'alions made from the pathway-specific blocking experiments together with 

the small-scale isotope labelling experiments, it appears that in the diatom Rhizosolenia 

setigera, both pathways are contributing to the biosynthesis of non-saponifiable lipids. 

Phytol seems to be made exclusively via the mevalonate-independent pathway, while the 

contribution of the mevalonate pathway seems to be essential for the biosynthesis of HBIs 

and desmosterol. Given the difference in the results obtained with mother and daughter cells 

cultured in the presence of fosmidomycin (Section 4.3.3.1), it appears that, depending on the 

position of the cells within their life cycle, the mevalonate-independent pathway could also 

contribute to the biosynthesis of HBIs and sterols in this diatom. To check this hypothesis 

ftirther, an experiment using both isotopically labelled acetate and fosmidomycin was 

performed. Tables 4.7 and 4.8 show the hydrocarbon concentrations (pg cell"') and isotopic 

enrichment factors for these hydrocarbons when R. setigera cells were incubated with [1-

'^C] acetate at different isolopic percentages in the presence of increasing concentrations of 

fosmidomycin. 
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Consistent with the first set of inhibition experiments performed with daughter cells, 

fosmidomycin did not significantly reduce the growth of the cells even at relatively high 

concentration of the inhibitor. However, in contrast to the results observed during the first 

experiment with daughter cells, the synthesis of C30 HBIs was not retarded by the presence 

of fosmidomycin. Moreover, the concentrations of these compounds were greater in the cells 

grown in the presence of fosmidomycin than in those from the control culture {cf. 

observations made for mother cells; Section 4.3.3.1). However, the formation of the C25 

HBIs, desmosierol and phytol were found to be significantly reduced with increasing 

fosmidomycin concentrations. As a result, the HBl distributions were significantly modified 

(reflected by the decreasing C25/C30 ratio) with increasing fosmidomycin concentrations. 

Since the two sets of experiments using daughter cells were carried out with differences in 

the culture conditions (e.g. absence/presence of added acetate), and with cells in (probably) 

different physiological stales, it is difficult to make too many firm comparisons between 

them. However, what is clear is that there is dynamic use of both biosynthetic pathways in 

the synthesis of HBIs and desmosterol, and that the partitioning between the two pathways is 

dependent on the position of R. setigera within its life cycle. A more controlled study of this 

dynamic contribution from the two pathways is clearly worthy of future study. 

In terms of isolopic incorporation, '"̂ C from the acetate added to ihe culture medium was not 

incorporated into ph>tol in any of the culture conditions tested. Interestingly, for the HBIs 

and desmosterol, similar and significant '"'C incorporation was observed at each condition 

tested indicating that these compounds were made at least in part via the mevalonate route. 

However, the degree of '"'C incorporation into these compounds also increased when the 

cells were cultured in the presence of increasing concentrations of fosmidomycin, consistent 

with a 'switch' to the mevalonate route when the MEP pathway is blocked. 
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Table 4.7 Biomass (cell ml*') and non-saponifiable lipids concentration (pg cell'') in 

Rhizosolenia setigera cells after incubation with [1-'"*C] acetate and fosmidomycin. 

0%[1 - '^Cj Acetate 20% [1 - '^Cj Acetate 100% [1 - " C ] Acetate 
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 

Nb. cell ml'' 43.6 51.4 55.0 48.0 52.2 47.2 50.8 56.0 53.2 54.6 51.0 54.0 53.6 53.4 55.4 

(xlO^) 

Phytol 0.4 0.3 0.5 0.5 0.5 0.6 0.4 0.5 0.5 n/a 0.5 0.5 n/a n/a n/a 

^25:3 E 3.8 4.8 2.1 3.9 3.9 8.0 7.2 3.7 4.4 4.8 8.7 10.8 5.0 5.4 4.8 

^25:4 E J . J 4.2 2.4 3.6 3.2 5.9 5.5 3.4 3.3 3.0 7.2 9.1 4.6 4.7 3.2 

^25:5 E 0.7 0.9 0.5 0.8 0.7 1.6 1.4 0.9 0.6 0.5 1.5 2.1 1.3 0.9 0.8 

^30:5 Z 4.9 7.2 6.7 11.8 12.2 II .1 10.3 7.6 8.4 12.1 6.1 10.7 7.6 10.7 12.2 

^30:5 E 6.4 6.8 6.2 10.7 11.0 12.3 9.9 6.7 8.0 10.5 7.8 10.6 6.9 9.9 11.7 

C30;6 Z 2.8 4.1 3.7 6.2 6.2 6.2 6.2 5.1 4.8 5.5 4.2 7.6 4.9 5.8 5.8 

Cjo:6 E 4.5 5.1 5.0 8.4 8.0 9.0 8.2 6.2 6.2 7.0 6.3 8.7 5.7 7.7 7.7 

Desmosierol 2.7 3.6 3.6 6.3 5.4 6.5 4.0 5.1 3.5 2.6 4.6 7.0 3.2 2.6 3.0 

Total C23 7.8 9.9 5.0 8.3 7.8 15.5 14.1 8.0 8.3 8.3 17.4 22.0 10.9 11.0 8.8 

Total C30 18.6 23.2 21.6 37.1 37.4 38.6 34.6 25.6 27.4 35.1 24.4 37.6 25.1 34.1 37.4 

C25/C30 0.42 0.43 0.23 0.22 0.21 0.40 0.41 0.31 0.30 0.24 0.71 0.59 0.43 0.32 0.24 

n/a Below limit of detection 

Table 4.8 Isotopic enrichment factors for non-saponifiable lipids from Rhizosolenia setigera 

cells after incubation with [!-'•*€] acetate and fosmidomycin. 

0% [1 -'^C] Acetate 20% 11 -'^C] Acetate 100% n -'^C] Acetate 

0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 

Phytol 1.5 n/a n/a n/a n/a n/a 1.2 n/a n/a n/a 1.1 n/a n/a n/a n/a 

^25:3 E 0.9 1.0 0.9 1.0 1.1 2.1 2.0 2.2 2.4 2.4 5.6 6.2 6.2 7.4 7.9 

^25:4 E n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

^25:3 E n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

CjO;5 Z 0.8 1.0 1.1 1.3 1.0 1.7 2.3 2.0 2.4 2.5 4.6 4.6 5.1 6.2 7.0 

C30:3 E 0.8 I . I 1.1 1.2 1.0 1.9 2.2 2.0 2.0 2.5 4.3 4.3 6.1 6.9 8.0 

^30:6 Z 0.7 1.1 0.9 I . I 1.2 1.9 1.7 1.9 2.2 2.2 4.9 4.4 6.7 6.5 7.1 

^30:6 E 1.0 1.3 1.7 1.1 0.7 2.0 2.1 1.7 2.1 2.2 5.0 4.7 5.5 6.5 8.3 

Desmosterol I . I 1.2 1.2 I . I 1.0 2.1 2.2 2.4 2.1 2.2 5.7 6.0 6.4 7.2 7.1 

n/a Below limit of detection 
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4.3.3.3 Isotope labelling: large scale experiments 

In order to complement the experiments carried out with inhibitors and isotopically enriched 

substrates (small-scale), large-scale cultures were grown in order to establish the positional 

incorporation of the various isotopes by analysis of purified lipids by NMR spectroscopy. 

Since the small-scale experiments had determined those substrates that showed evidence of 

isotopic incorporation {viz. CO2 and acetate), these larger-scale studies were carried out 

using these precursors only. The resulting labelling patterns in individual lipids (including 

isomers of HBI alkenes) was achieved using NMR spectroscopy. A summary of these 

experiments is shown in Table 4.9. 

Table 4.9 Large-scale experiments using isotopically labelled substrates in cultures of the 

diatom Rhizosolenia setigera. 

Control Experiment 1 E.xperiment 2 Experiment 3 Experiment 4 Experiment 5 

^H3Ace.a.e 
precursor Acetate Acetate ^ Acetate ^ 
Isotopic Natural 20% 99% 20% 20% 20% 
abudance 

Acetate 250 mg l ' 250 mg l ' 250 mg l ' 250 mg l ' 250 mg l ' 250 mg l ' 

CO2 l O m g r ' 10 mg r' 10 ms I ' 150 mg I'' 10 mg l ' 10 mg r' 

Stable isotope incorporation - analysis by mass spectrometr>' 

At the end of the exponential growing phase for each large-scale culture, the cells were 

har\'ested by filtration and the non-saponifiable lipids analysed using the methodology 

described in Chapter 5. Identification of individual compounds together with their isotopic 

enrichment factors was determined by GC-IVIS (Table 4.10). These results were consistent 

with those obtained from the small-scale incubation studies. Thus, while the isotopic 

composition of phytol was not effected by the presence of labelled acetate, and '"'C were 

significantly incorporated into HBIs and desmosterol isolated from cells cultured in the 

presence of ^Ha-acetate and '"^C-acetate, respectively. In contrast, when the cells were 
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cultured in the presence of '^C02, '"'C was incorporated into all of the non-saponifiable lipids 

as expected. 

Table 4.10 Isotope enrichment factors for non-saponifiable lipids from Rhizosolenia seiigera 

after incubation with labelled or ^H) precursors (large scale experiments). 

E.Nperimeni 1 Experiment 2 

[ l - '^C] Acetate[l-'^Cl Acetate 

Experiment 3 Experiment 4 

[2-'^Cl Acetate 

Experiment 5 

^H3 Acetate 
Phytol 1.4 1.7 7.6 n/a 0.9 

^25:3 E 1.7 4.8 6.6 1.8 2.1 

^25:4 E n/a n/a 7.0 n/a 2.3 

^25:3 E 1.7 4.4 6.7 2.1 2.0 

^30:5 Z 1.7 4.6 6.6 1.8 1.9 

C30:5 E 1.7 4.5 6.6 2.3 2.3 

C30 6 2 1.7 4.7 6.4 2.2 2.2 

^30:6 E n/a n/a 6.7 n/a n/a 

Desmosierol 2.6 4.7 6.5 n/a 2.0 
n/a Below limit of detection 

Site-specific isotopic incorporation: analysis by N M R spectroscopy 

Following GC-MS analysis of a small aliquot of the total organic extracts obtained from 

large-scale cultures of R. sedgera, MBIs, phyloL and desmosterol were isolated using open 

column chromatographic techniques following the methodology described in Chapter 5. 

Individual HB! isomers were obtained using silver-ion (Ag"^ chromatography techniques on 

a preparative HPLC system. Figure 4.10 shows a representative chromatogram of a mixture 

of compounds from R. setigera obtained using silver ion chromatography techniques, while 

Figure 4.11 shows partial GC-MS TIC chromatograms obtained from various sub-fractions 

(A-G). Table 4.11 summarises the quantities of isolated compounds obtained from the 

various large-scale experiments. 
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Figure 4.10 Ag-HPLC chromatogram of an hydrocarbon extract of Rhizosolenia 

setigera RS 99. Flow rate, 1 ml min-1, hexane-isopropanol (98.75:1.25, v/v). 
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Figure 4.11 Partial TIC chromalograms of fractions A-G obtained from Ag-HPLC of an 

hydrocarbon fraction from Rhizosolenia setigera RS 99. 
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Table 4.11 Quantities of non-saponifiable lipids (mg) obtained from large-scale cultures of 

R. setigera containing isotopically enriched substrates. 

Control E.xperiment I Experiment 2 Experiment 3 

Phytol 1.4 0.1 - 0.8 

^25:3 E 1.1 0.4 0.4 0.1 

^23:4 E O.I - 0.1 0.1 

C30;5 Z 11.1 1.3 0.7 0.8 

C30:5 E 3.3 0.9 0.4 0.2 

^30:6 2 - 0.3 0.3 0.4 

^30:6 E - 0.4 0.2 0.2 

C30:J:1 10.5 0.7 <0 . ] -

Desmosieroi 9.5 5.8 - 0.6 

'̂ C NMR spectra were recorded for the compounds shown in bold in Table 4.11. Relative 

'̂ C abundances for individual carbon nuclei were determined by comparing the relative 

intensities of '"'C peaks from samples obtained from labelled and unlabelled (control) 

cultures. For C 2 5 - C 3 0 HBls and the monocyclic compound €30:4:1, C-5 (Figures 4.12, 4.13, 

4.15, numbering schemes) was used as an internal reference since this carbon was not 

expected to be labelled by the '^C from the [ l- '^C] acetate in these compounds. In the case of 

desmosterol, C-1 was used as the internal reference (Figure 4.16, numbering scheme). This 

approach was also used for the analysis of the non-saponifiable lipids isolated from the cells 

cultured in the presence of '"'C enriched CO2. However, since all of the carbon atoms of each 

molecule were expected to be labelled using this substrate, the spectroscopic comparison 

between '"̂ C labelled and 'unlabelled' compounds was only used lo demonstrate whether the 

labelling was indeed uniform. In these cases, the level of incorporation was estimated using 

mass-spectrometry techniques. 
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Phytol 

Corroborating the observations made from small-scale experiments (Section 4.3.3.2), 

examination of the NMR spectrum and mass spectrum obtained for phytol isolated 

from R. setigera cells grown in the presence of [ l - '^C] labelled acetate revealed that there 

was no incorporation of '"̂ C into this compound. In contrast, phyiol was uniformly labelled 

when the cells were incubated in the presence of '^C02 suggesting that this compound 

arises directly from CO2, and is probably made exclusively by the mevalonate-independent 

pathway. 

C30:S (Z. IV) 

The '-̂ C NMR spectrum and mass spectrum of the C30 pentaene €30:5 (Z, IV) revealed that 

similar to phytoi, '^C was uniformly incorporated into this compound when R. setigera cells 

were incubated in the presence of '•'C labelled CO2 (Tables 4.12 and 4.13). However, in 

contrast to phyiol, examination of the '"C NiMR spectrum obtained for this compound 

isolated from cells grown in the presence of [1-'"'C] labelled acetate revealed that '"̂ C signals 

corresponding to C-2,4,6,8J 0,12,14,16,18,25,27,29 were enhanced in '^C relative to the 

reference carbon (C-5). Averaged enhancement factors were 1.8 and 6.4 for Experiments 1 

and 2, respectively, corresponding to 20% and 100% isotope abundance of [1-'''C] acetate 

(Table 4.12). These '-̂ C enriched carbon atoms correspond to C-1 and C-3 of the (six) IPP 

precursors that the C30 HBls are made from (Table 4.13). Thus, from these observations, it is 

now clearly demonstrated that acetate is directly incorporated into C30:5 (Z) according to the 

mevalonate pathway. Figure 4.12 shows the expected / obser\̂ ed labelling pattern for C30:5 

(Z) obtained from cells cultured in the presence of [ 1 a c e t a t e . 
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Table 4.13 Average '^C enhancements of individual IP? carbon atoms within €30:5 (Z, IV) 

HBI isolated from R. setigera cells cultured in the presence 

substrates. 

Carbon atom Control [ l - '^C] acetate [ l - '^C] acetate '^C02 
of IPP (20%) (100%) (20%) 

C-1 1.1 1.9 6.9 0.9 

C-2 0.9 0.9 0.8 0.9 

C-3 0.7 1.7 5.9 0.8 
C-4 1.0 0.9 1.0 0.9 

C-5 0.7 0.8 1.0 1.0 

Figure 4.12 Numbering scheme and observed labelling pattern (•) in C30:5 (Z, I V ) HBI after 

feeding R. setigera cells with [ l- '^C] labelled acetate. 

C30:5 (E. V) 

The '^C NMR spectrum of Csois (E, V ) from cells grown in the presence of [ 1 a c e t a t e 

revealed that '^C signals corresponding to 0-2,4,6,8,10,12,14,16,18,25,27,29 were enhanced 

with '^C by factors of 2.4 and 8.3 for enrichment of 20% and 100% in [ l - '^C] acetate 

.respectively (Table 4.14). These obser\'ations are entirely consistent with those made for the 

closely related Z isomer described previously, with enhanced positions corresponding to C-l 

and C-3 of IPP (Table 4.15). Thus, from these observations, it is clearly demonstrated that 

both E and Z isomers of the C30 pentaene are biosynthesised using acetate via the mevalonale 

pathway in their biosyntheses. 
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Table 4.15 Average '•'C enhancements of individual IPP carbon atoms within €30:5 (E, V) 

HBl isolated from R. seiigera cells cultured in the presence of [ l - '^C] acetate. 

Carbon atom Control [ I - '^C] acetate [I -'^C] acetate 
of IPP (20%) (100%) 

C - I 1.0 2.5 9.2 
C-2 0.8 I . I 1.2 
C-3 0.7 2.2 7.5 
C-4 1.0 I.O 1.0 
C-5 0.9 0.8 0.9 

C25:3 (E. VIII) 

The '^C NMR spectrum of the C 2 5 iriene (€25:3 (E, VIII)) revealed that '^C signals 

corresponding to C-2,4,6,8,10,12,14,20,22,24 were enhanced in '^C (by factors of 2.0 and 

7.8 for cultures containing 20% and 100% [l- '^C] acetate respectively: Table 4.16). As 

expected, these carbon atoms correspond to C-1 atid C-3 of the (five) iPP precursors from 

which this compound is made (Table 4.17). Figure 4.13 shows the expected / obser\'ed 

labelling pattern obser\'ed for this compound after feeding cells of R. setigera with [I- '^C] 

acetate. 

From these '"̂ C NMR spectroscopic measurements, it can be summarised that both C25 and 

C30 HBIs in R. seiigera are biosynthesised (at least in pan) via the acelate/mevalonate 

pathway. 

Table 4.17 Average '^C enhancements of individual IPP carbon atoms within C25:3 (E, VIII) 

HBl isolated from R. setigera cells cultured in the presence of [ 1 a c e t a t e . 

Carbon atom 

of IPP 

Control [ l - '^C] acetate 

20% of '^C 

[ I - '^C] acetate 

100% of'^C 

C-1 1.1 2.0 7.3 
C-2 0.9 0.7 1.2 
C-3 0.7 2.1 8.3 
C-4 I . I 0.9 1.0 
C-5 0.9 0.9 1.0 
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Figure 4.13 Numbering scheme and obser\'ed labelling pattern in C25:3 (E) after feeding R. 

setigera cells with [ l- '^C] labelled acetate 

CjO:,:! ( X I ) 

Fractionation of individual C25 and C30 HBIs also provided the opportunity to investigate the 

biosynthesis of one of the monocyclic C30 hydrocarbons by NMR spectroscopy. However, 

owing to the relatively low abundance of this isomer in the majority of cultures, sufficient 

quantity for analysis by '"̂ C NMR spectroscopy was only available from the 20% [1-'"*C] 

enriched acetate experiment. From the '"̂ C NMR spectrum obtained for this compound, 

signals from C-2,4,6,8,10,12,14,16,21,23,25,27, corresponding to C-l and C-3 of the six IPP 

precursor molecules that give rise to this compound, were enhanced in '"̂ C, with an average 

enhancement factor of 1.9; Table 4.19). However, although this average enhancement is 

similar to that obsen^ed found for the acyclic C30 pentaenes isolated from the same culture, 

when the individual IPP units were examined in more detail, it was found that for some of 

these (lPP-2, 3 and 6, Figure 4.14), the C-3 atom did not show a clear enhancement 

compared to positions C-2, C-4 and C-5 (Table 4.18, Figure 4.15). In contrast, C-l for these 

three IPP units (IPP-2, 3 and 6) exhibited similar '^C enhancements to the C-l and C-3 atoms 

of the other IPP units (IPP-1, 4 and 5). This contrasts with the enhancements observed for the 

two acyclic C30:5 isomers which exhibited extremely uniform labelling for the C-l and C-3 

positions of IPP throughout (Tables 4.12 and 4.13). 
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Table 4.19 Average '"̂ C enhancements of individtial IPP carbon atoms within the monocyclic 

C 3 0 hydrocarbon C30:4:i (XI) isolated from R. setigera cells cultured in the presence of 20% 

enriched [1-'"'C] acetate 

Carbon atom 

of IPP 

Control [ l - '^C] acetate 

(20%) 

C-1 1.0 2.1 

C-2 I.O 1.1 

C-3 0.5 1.7 
C-4 0.9 1.1 

C-5 0.8 1.1 

IPP 6 

IPP 1 JL̂  IPP 5 

IPP 4 

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

Figure 4.15 Numbering scheme and observed labelling pattern in C30:4:i (XI) after feeding R. 

setigera cells with [l-'^^C] a( 

unclear incorporation of '"̂ C. 

setigera cells with [l-'^^C] acetate. • clear and significant incorporation of '^C, o reduced or 
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Desmosterol (111) 

The '^C NMR spectrum obtained from desmosterol (111) isolated from R. setigera cells 

cultured in the presence of 20% enriched [1-'''C] acetate, showed enhanced signals 

corresponding to 0-2,4,6,8,10,11,12,14,16,20,23,25. (Table 4.20) with an average 

enhancement of 1.6; Table 4.21). However, in a manner similar to that described previously 

for C30:4;i, Hot all of the IPP units (Figure 4.16) showed a clear enhancement of both C-1 or 

C-3 positions compared to those for the corresponding C-2, C-4 and C-5 atoms. 

Table 4.21 Average '^C enhancements of individual IPP carbon atoms within desmosterol 

(III) isolated from R. setigera cells cultured in the presence of 20% enriched [I-'-^C] acetate. 

Carbon atom 

of IPP 

Control [ l - '^C] acetate 

(20%) 

C-1 1.0 1.5 
C-2 0.7 1.0 
C-3 0.7 1.6 
C-4 0.8 I.O 
C-5 0.8 0.8 

HO 

Figure 4.16 Numbering scheme and observed labelling pattern in desmosterol (111) after 

feeding R. setigera cells with [ l - '^C] labelled acetate. • clear and significant incorporation of 

'"*C, o reduced or unclear incorporation of '"̂ C. 



Table 4.12 '"'C NMR data for C30:5 (Z. IV) obtained from R. setigera grown in the presence 

of various isoiopically labelled substrates. 

Carbon Chemical shift Carbon atom Control [ l - '^C] acetate [ l - '^C] acetate ' ^ C 0 2 

number (ppm) of IPP 20% 100% 20% 

28 144.7 2 0.6 0.9 0.9 1.0 
7 143.1 2 0.5 0.7 0.5 0.6 
10 135.7 3 0.5 1.3 4.7 0.6 
14 135.1 3 0.4 1.6 5.5 0.7 

IS 131.3 3 0.2 1.3 5.3 0.6 
13 124.5 2 0.9 0.9 0.9 0.9 
17 124.3 2 1.1 0.8 0.8 0.9 
9 124.1 2 1.0 1.0 I . l 1.0 

25 122.9 1 1.2 1.8 5.7 0.8 
29 1 12.2 1 1.1 1.8 6.9 1.0 
15 39.8 4 1.0 0.7 0.8 0.8 
3 39.4 2 1.2 0.8 0.9 0.9 

27 38.3 3 1.1 1.9 6.5 0.9 
5 35.4 4 1.0 1.0 1.0 1.0 

26 34.5 4 1.3 0.8 0.9 0.9 
6 34.4 3 1.2 2.0 6.7 0.9 
11 31.9 4 1.2 0.9 0.9 0.9 
8 29.1 1 1.1 1.7 6.8 0.7 

2 28 3 0.8 1.9 6.9 0.8 
12 26.8 1 1.2 1.8 6.2 0.8 
16 26 .7 1 1.2 1.9 7.0 0.9 

4, 19 25.8 1,4 0.9 1.6' 4.9' 0.9 
22 23.6 5 1.0 0.8 0.9 0.9 

1,20 22.7 4 ,5 0.8 0.8 1.1 1.0 
21, 30 19.6 5,5 0.7 0.7 1.1 1.0 

24 17.8 5 0.5 0.8 1.1 1.0 
23 16 5 0.6 0.6 0.7 0.9 

• According to the labelling pattern from the mevalonate pathway, only C-4 should be labelled. 
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Table 4.14 '•'C NMR data for C30:5 (E, V) obtained from R. setigera grown in the presence of 

[l- '^C] acetate. 

Carbon Chemical shift Carbon atom Control [ I - '^C] acetate [ l - '^C] acetate 

number (ppm) of IPP 20% 100% 

28 144.7 2 0.6 1.2 1.3 
7 142.7 2 0.5 1.0 1.0 
10 135.7 3 0.5 1.9 7.1 
14 135 3 0.4 2.3 6.9 
18 131.4 3 0.3 2.0 7.7 

13 124.5 2 0.8 1.0 1.4 

17 124.4 2 1.0 I . I 1.1 
9 123.4 2 0.8 1.1 1.2 

25 122.8 1 1.0 2.5 8.4 

29 112.3 1 1.2 2.3 7.8 
11 39.9 4 1.1 1.2 1.1 

15 39.8 4 1.2 0.8 0.8 
J 39.3 2 I .I 1.0 1.0 

27 38.3 3 1.0 2.2 7.9 

5 35.4 4 1.0 1.0 1.0 
26 34.5 4 1.1 1.2 n/a 

6 34.4 3 1.0 2.6 8.1 

S 29.3 1 0.7 2.5 9.5 
2 28 3 0.9 2.2 7.3 
12 26.8 1 1.3 2.4 8.6 

16 26.7 I 1.3 2.5 9.5 
4, 19 25.8 1,4 0.8 1.9' 6 . r 

1,20 22.7 4 ,5 I .I 1.0 1.0 

21 19.7 5 1.4 0.8 1.2 

30 19.6 5 1.2 1.0 1.1 
24 17.8 5 0.5 0.5 0.8 

23 16 5 0.6 0.8 0.7 

22 15.9 5 0.7 0.8 0.7 

• According to the labelling panem from the mevalonate pathway, only C-4 should be labelled. 
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Table 4.16 '^C NMR data for €25:3 (E, VIM) obtained from R. seiigera grown in the presence 

of [ l- '^C] acetate. 

Carbon Chemical shift Carbon atom Control [ I - '^C] acetate [ I - " C ] acetate 

number (ppm) of IPP 20% of '^C 100% of'^C 

23 144.7 2 0.7 0.5 1.2 
7 142.8 2 0.4 I . I n/a 
10 136 3 0.2 2.3 7.0 
9 123.2 2 I . I 0.7 1.7 

20 122.8 I 1.2 2.0 6.2 
24 112.2 1 1.3 1.8 7.4 
1 1 40.1 4 1.2 0.6 1.0 

39.4 2 1.2 0.9 1.0 
13 38.8 2 1.2 0.5 0.8 
22 38.3 3 0.9 1.7 8.5 
5 35.4 4 1.0 1.0 1.0 

21 34.5 4 1.2 1.0 0.8 
6 34.4 3 1.2 2.3 7.9 
8 29.3 I 1.0 1.7 6.5 

2,14 28 3,3 0.7 2.0 9.0 
12 25.9 1 1.0 1.9 7.5 
4 25.8 1 1.2 2.4 9.0 

1,15,16,19 22.7 ^,4,5,5 l . I 0.8 1.0 
17,25 19.6 5,5 0.8 1.0 1.1 

18 15.8 5 0.7 0.8 0.6 

1 6 1 7 13 19 

1 
4 s 12 1 

1 3 S 7 1 9 I I 13 15 
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Table 4.18 '^C NMR data for C30:4:i (XI) obtained from R. setigera grown in the presence of 

[l- '^C] acetate. 

Carbon Chemical shift Carbon atom Control [ l - '^C] acetate 

number (ppm) of IPP 20% 

27 148.1 3 0.4 1.4 
15 145.1 2 0.7 0.8 

23 136.0 3 0.5 1.9 
6 135.2 3 0.3 1.5 

22 126.0 2 1.0 1.0 
7 124.1 2 0.8 1.5 
16 112.3 1 0.9 2.4 
28 109.3 4 1.1 1.3 

21 52.2 1 1.1 1.9 
26 51.9 2 1.2 I . l 

10 46.6 3 0.6 1.3 
11 42.6 2 1.0 1.3 
24 40.3 4 1.1 1.2 

5 40.1 4 1.0 1.0 

38.8 2 1.2 1.0 
13 38.1 4 1.0 1.1 

9,14 37.9 4,3 0.6 1.5' 

25 28.8 1 1.0 1.8 
2 28.0 0.7 1.9 

8 26.7 1 1.2 1.7 

4 25.9 1 0.9 2.2 

1,17 22.8 4,5 0.8 1.3 
12 22.6 1 0.9 2.5 

19 21.1 5 0.9 1.4 

20 20.3 5 1.0 1.2 
29 20.0 5 0.9 0.9 

30 16.7 5 0.8 0.9 

18 16.0 5 0.6 0.9 

* According to the labelling pattern from the mevalonate pathway, only C - l 4 should be labelled. 
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Table 4.20 '"̂ C NMR data for desmosterol (III) obtained from R. setigera grown in the 

presence of [ l- '^C] acetate. 

Carbon Chemical shift Carbon atom Control [ l - '^C] acetate 

number (ppm) of IPP 20% o f '^C 

5 140.8 2 0.5 1.5 
25 131.1 3 0.3 2.9 
24 125.3 2 0.8 1.3 

6 121.8 1 1.2 1.5 
3 71.9 4 1.0 1.3 

14 56.8 3 1.1 1.5 
17 56.1 2 1.0 0.6 
9 50.2 2 1.2 0.7 

13 42.4 2 0.6 1.3 
4 42.3 3 1.1 1.6 
12 39.8 1 0.9 2.4 

1 37.3 4 1.1 i . l 

10 36.6 3 0.5 1.6 
22 36.2 4 0.9 0.9 

20 35.7 3 1.1 1.2 

7,8 31.9 4,3 0.8 1.5" 
2 31.7 1 1.0 1.9 

16 28.3 1 1.1 1.4 

27 25.9 4 0.9 1.1 

23 24.8 1 1.0 1.7 

15 24.4 4 0.9 0.9 

11 21.2 1 1.2 1.3 
19 19.5 5 1.0 0.8 

21 18.7 5 1.1 0.8 

26 17.8 5 0.6 1.1 

18 11.9 ? 1.0 0.8 

* According to the labelling pattern from the mevalonaie pathway, only C-8 should be labelled. 
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In summary, while the absence of '^C incorporation into phytol from labelled acetate was 

confirmed by mass spectral and NMR analyses, a significant and uniform incorporation of 

'•̂ C from '•'COa (supplied as Na2'^C03) was observed. From these observations, together 

with those taken from inhibition and small-scale isotopic enrichment experiments, it 

appears that phytol is made exclusively via the non-mevalonate (MEP) pathway. In 

contrast, NMR analyses on both C25 and C30 HBls isolated from R. setigera cells cultured 

in the presence of [1-''*C] acetate clearly demonstrated a site-specific incorporation of '^C 

according to the mevalonate pathway, consistent with inhibition of these compounds by 

mevinolin (Section 4,3.3.1). It also appears that acetate is directly incorporated into the 

major sterol of R. setigera {viz. desmoslerol), together with the dominant monocyclic 

hydrocarbon (C30:4:i). and therefore, the mevalonale pathway is also involved in the 

biosynthesis of these terpenes. 

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

In order to investigate the biosyntheses of the non-saponifiable lipids in R. setigera without 

the potential interferences from isotopically labelled substrates, cells were cultured in 

natural conditions and in the presence of fosmidomycin (75 \ig ml"') with subsequent lipid 

analysis by GC-irm- MS. The 5'^C value of each non-saponifiable lipid was measured, and 

to allow for within-run instrument drift, differences between the measured and certified 

values of the nearest eluting /7-alkane reference were added to the measured value of each 

analyte to give a range. The mean within-run variations from the certified values were: 

((n=4) n-CiA, 0.7 ± 0.4 %o; /7-C27, 0.1 ± 0 . 1 %o). Unfortunately, phytol was not present in 

sufficient amounts to allow the 5'"^C to be satisfactorily quantified. However, desmosterol 

and four C30 HBls isomers were present in sufficient amounts to allow for their 6'"*C values 
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to be determined. The values obtained for the two C30 penlaenes and desmosterol 

were very similar (-27.2 %o and -27.4 %o respectively), while a 3 %o difference was 

exhibited by the C30 hexaenes (-24.3 %o). Interestingly, all of these compounds exhibited 

more negative values when they were isolated from cells cultured in the presence of 

fosmidomycin (Table 4.22). 

Table 4.22 5'"'C values of the non-saponifiable lipids obtained from cultures of R. setigera 

grown in natural conditions and in the presence of fosmidomycin (75 |ig ml'*). 

A 

Control 

» 
Fosmidomycin 

6 '^Cb-6 

Phytol n/a 11/a n/a 

C30:5(Z) -26.6 -27.5 -0.9 

C30:5(E) -27.8 -30.2 -2.5 

C30:6(Z) -24.1 -26.0 -1.9 

C30:6(E) -24.5 -26.6 -2.1 

Dcsmosterol* -27.4 -27.9 -0.5 

* mcludes a correction factor (+0.63)due to the presence of TMS. Average values from two 
samples are given. 

During the life cycle experiment RS-2 (Section 2.3.4), Rhizosolenia setigera cells were 

cultured in natural conditions, without any added organic carbon source in the culture 

medium. Following extraction, saponification and derivatisation, the hydrocarbon fractions 

from cycles 1, 3, 5, 7, 9 and 11 were analysed by GC-irm-MS. The S'̂ C value of each non-

saponifiable lipid was measured as before. The mean within-run variations from the 

certified values were ; ((n=12) A7-C24, 0.7 ± 0.2 %o; n-Cn, 0.1 ± 0.6 %o). Some major 

differences in the natural '^C/'^C isotope ratios between individual hydrocarbons as well as 

between growth cycles were observed (Table 4.23). 

In cycles 1, 3, 9 and 11, phytol was not present in sufficient quantities for the 5'"'C values 

to be quantified satisfactorily. In cycles 5 and 7 the S'̂ 'C value of phj lo l was found to be -
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22.6 %o. In cycles 1 and 3, four C30 HBIs and desmosterol were delected (cf. Chapter 2). In 

cycle 1, the values of these compounds were found lo be -32.5 %o and -32.4 96o for the 

C30 HBIs (average of the values obtained for the four isomers) and desmosterol, 

respectively. From cycles 2 to 11, the similarity in the S'̂ Ĉ values was maintained, but 

surprisingly, showed a gradual increase (becoming more positive) with increasing cycle 

number (Figure 4.17). From cycle 5, the C25 HBIs were also present in sufficient quantities 

for their S'̂ C values to be quantified satisfactorily. These values were again very 

similar to those exhibited by the C30 HBIs and desmosterol, and an increase in these values 

was also observed with consecutive cycles. One explanation for these findings is that in the 

early stages of this experiment, both desmosterol and the HBIs are made from the same (or 

similar) isotopic pool of IPP (pool A), while phytol is biosynthesised from an isotopically 

distinct pool (pool B). As the life cycle experiment progresses, all of the compounds would 

appear to be biosynthesised from an increasing contribution from pool B. 

Table 4.23 values of the non-saponifiable lipids obtained from cultures of R. setigera 

during different phases of its life cycle (RS-2, see chapter 2). Average values from two 

samples are given. 

Cycle 1 Cycle 3 Cycle 5 Cycle 7 Cycle 9 Cycle 11 

Phyiol* n/a n/a -22.6 -22.6 n/a n/a 

2̂5:3 n/a n/a -27.0 -25.1 -23.7 -23.0 

2̂5:4 n/a n/a -27.6 -26.5 -24.4 -23.5 

C30:5(Z) -32.7 -29.4 -27.8 -26.2 -24.1 -23.7 
C30:5(E) -32.8 -29.6 -27.9 -26.1 -23.8 -23.6 
C30:6(Z) -32.6 -30.9 -27.6 -26.1 -23.3 -22.7 
C30;6(E) -31.9 -30.2 -28.0 -26.2 -24.6 -23.1 

Desmosierol* -32.4 -30.6 -28.3 -27.4 -26.2 -25.3 

* includes correction factors for phytol and desmosterol from TMS (+1.06 for phytol and 

+0.63 for desmosterol) 
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Figure 4.17 Changes in ihe 5'*̂ C values of the non-saponifiable lipids from R. setigera as a 

function of growth cycle. 

4.3.4 Discussion 

From both pathway-specific inhibition and isotopic labelling experiments, it now seems clear 

that both MEP and \4VA pathways are in operation for the biosynthesis o f terpenoids in the 

diatom Rhizosolenia setigera. In the case of phylol, both small and large-scale labelling 

experiments revealed that this compound was not labelled when either or '-^C-labelled 

acetate were applied to the cells. In contrast, substantial and uniform labelling was observed 

when the cells were cultured in the presence of '^C02. Similar observations were made by 

Cvejic and Rohmer (2000) for the diatom Phaeodactylwn tricornutum who concluded that 

phytol was biosynthesised by the MEP route. Heintze et al. (1990) showed that acetate 

appeared not to be a suitable precursor for studying the biosynthesis of plastidic isoprenoids. 

In a later study, Lichtenthaler el cd. (1997) conclusively demonstrated that in plants, plastidic 

isoprenoids were synthesized via the MEP route and not via the M V A pathway, thus 
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providing an explanation for the absence of labelling from acetate into these isoprenoids. The 

labelling studies described herein provide indirect evidence for the formation of phytol via 

the MEP pathway, since even though Harwood (1997) showed that acetate was easily 

capable of crossing plastidic membranes, and therefore available for fatty acid biosynthesis 

in plastids, there is still some uncertainty concerning the general availability of acetate for 

isoprenoid biosynthesis in plaslids. Glucose would have been a suitable precursor for more 

rigorous labelling studies since the MVA and MEP pathways can be clearly differentiated by 

the obser\'ed labelling pattern in isoprenic units after incorporation of [ l - '^C] glucose (Figure 

4.6, Rohmer et al., 1993; Eisenreich et al., 1998). However, in agreement with the 

observations made by Cvejic and Rohmer (2000) with P. tricornutum, glucose was not 

utilized for the biosynthesis of isoprenoids in R. setigera. Recently 1-deoxy-D-xylulose 5-

phosphate (DOXP) and 2-C-melhyl-D-erythritol 4-phosphate (MEP) have been identified as 

intermediates in the formation of isoprenoids by the mevalonate independent route (Arigoni 

et al., 1997; Sagner ef aL, 1998), while the use of isotopically enriched DOXP and MEP 

have further demonstrated the involvement of the MEP route for terpenoid synthesis (Putra 

el aL, 1998; Charon et al., 1999). As glucose is not metabolised by R setigera, experiments 

involving the presence of e.g. labelled DOXP may prove to be useful to show 

unambiguously, the participation (exclusive or otherwise) of the MEP pathway in the 

biosynthesis of phylol in this diatom. 

Although there is indirect evidence for the involvement of the MEP route in the biosynthesis 

of phytol, there is clear and direct evidence for the involvement of the mevalonate pathway 

in the biosynthesis of other terpenes in R. setigera. Thus, very low concentrations of 

mevinolin, a MVA-specific inhibitor, were required to reduce the cell concentrations of 

desmosterol, while from isotopic labelling experiments, [ l - '^C] acetate was directly 

incorporated within this sterol resulting in a site-specific labelling pattern obser\'ed by '^C 
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NMR spectroscopy again consistent with incorporation via the mevalonate pathway. This 

result is not surprising since numerous studies have shown that these ubiquitous lipids are 

synthesised via the mevalonale pathway (Reviewed by Eisenreich ei aL, 1998; Lichtenlhaler, 

1999). C2710 C29 sterols are common in diatoms, and Cvejic and Rohmer (2000) showed that 

intact acetate was incorporated into C27 and C28 sterols from P. tricornutum and Nitzschia 

ovalis, suggesting that sterols in diatoms are also synihesised via the M V A pathway. In the 

experiments carried out by Cvejic and Rohmer (2000), employment o f [l-'^^C] acetate (20% 

isotopic abundance), resulted in an average incorporation of '"̂ C of 6 ± 1% {P. tricornutum) 

and 12 ± 2% (yV. ovalis) of '^C abundance into C-2,4,6,8,10,11,14,16,20,23,25 of 

epibrassicasterol, a C28 sterol. The observations described here for desmosterol from R. 

setigera are similar (identical labelling pattern) except that the average '^C abundance is 

significantly lower (2.1%) than that observed by Cvejic and Rohmer (2000). This is probably 

due to the lower acetate concentration used in the current study (0.25 g 1"') compared to that 

used by Cvejic and Rohmer (1.0 g 1'*). Inhibition and labelling studies are also consistent 

with the fomiation of C25 and C30 HBIs via the MVA route. Similar to desmosterol, ver>' low 

concentrations of mevinolin were required to reduce the cell concentrations of these 

compounds, and from labelling experiments, [ l- '^C] acetate was specifically (and evenly) 

incorporated within these molecules according to the expected labelling pattern resulting 

from the mevalonate pathway operation. 

Obser\'ations from the fractionation of R. setigera cells revealed that ph>iol was located in 

the chloroplasls while sterols and HBIs were present in the cytoplasm. A large number of 

studies performed on the formation of mono, di, sester, tri and tetraterpenes in plants show 

that an apparent division exists for the biosynthesis of these compounds in higher plants 

(reviewed by Lichtenihaler, 1999). Thus, the mevalonate pathway is located in the cytoplasm 

contributing to the biosynthesis of sesquiterpenes and triterpenes, while the methyl-erytritol-
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phosphate (MEP) pathway is located in the plastids, and accounts for the biosynthesis of 

monoterpenes, diterpenes and tetralerpenes. 

The observations described here are entirely consistent with these previous findings from 

higher plants. As such, while phyiol, found in the chloroplast, is made exclusively by the 

MEP pathway, C30 HBIs along with desmosterol and the monocyclic triterpene C30;4;! are 

found in the free lipid fraction (cytoplasm) and are made from the mevalonate pathway. 

Sesterterpenes (including C25 HBIs formed via the MVA pathway here) have not been 

previously investigated. 

4.3.4.1 Dynamic allocation of both pathways, life cycle effects 

in addition to the clear evidence for the involvement of the M V A pathway in the 

biosynthesis of C25 and C30 HBIs, C30:4:i and desmosterol in R. setigera, results presented in 

this thesis provide evidence for the contribution from the MEP route to the formation of 

these compounds. Thus, in experiments using daughter cells, both mevinohn and 

fosmidomycin reduced the cell concentrations of HBIs and desmosterol, although the 

inhibition with fosmidomycin was not always obser\'ed. When related experiments were 

carried out using both fosmidomycin and [ l - '^C] acetate, an increase in the incorporation of 

'̂ C in the presence of increasing concentrations of the inhibitor was observed. One 

explanation for this is that while under normal growth conditions, both the MEP and MVA 

pathways contribute to the synthesis of these compounds, inhibition of the MEP route results 

in a compensatory switch to the MVA route. However, this switch is not entirely efficient 

since reductions in concentrations of the HBIs and desmosterol are also observed. 

Evidence for the contribution of both MEP and MVA pathways to the biosynthesis of HBIs 

and desmosterol in R. setigera also came from GC-irm-MS analysis of these lipids obtained 

from samples from a life cycle experiment. When the b^^C values of individual non-
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saponifiable lipids obtained from several consecutive cycles corresponding to different 

phases of the life cycle were analysed by GC-irm-MS, some major differences between 

individual compounds were obserx^ed as well as between the growth cycles. The 6*̂ C values 

of phytol (when present in sufficient amounts for the S'̂ C to be satisfactorily quantified) 

were significantly higher than those obtained for both the HBIs and desmosterol when the 

cells were close to the auxosporulation or sexual reproductive phase. However, during later 

phases, the values obtained for the HBIs and desmosterol increased and tended towards 

that of phytol which remained constant. 

In a previous study, Jux ef al. (2001) demonstrated that it is possible lo discriminate between 

the MEP and MVA pathways using S'̂ C ratios obtained from GC-inn-iVIS techniques. 

Indeed, the ihiamine-dependent pyruvate dehydrogenase yielding acetyl CoA from pyruvate 

in the mevalonate pathway shows a kinetic preference for the formation of the lighter 

isotopomers, thus producing acetyl CoA that is depleted in (Melzer and Schmidt, 1987). 

In the MEP pathway, the condensation of pyruvate with glyceraldehyde-3-phosphate lo yield 

l-deoxy-D-xylulose 5-phosphate (DOXP) also involves a thiamine dependant 

decarboxylation. However, the synthesis of DOXP requires only one decarboxylation, while 

the formation of mevalonaie requires three molecules of acetyl CoA and consequently, three 

decarboxylations take place. As a result, IPP originating from the mevalonate pathway is 

significantly depleted in '̂ C compared to that which originates from the MEP route. As a 

result, b^'^C values for lerpenes made predominantly via the MVA route are more negative 

than for compounds made by the MEP route 

Experiments described herein (inhibition and stable isotope incorporation) have shown that 

in R. setigera, phyiol is synthesised according to the MEP pathway, while the mevalonate 

pathway conlributes lo the synthesis of both HBIs and desmosterol. The significajit 
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differences in the 5'-*C values obtained for phytol (-22.6 96o) and both HBIs (-32.5 %o) and 

desmosterol (-32.4 %o) during the early stages of the life cycle corroborate these 

observations. However, the progressive increase in the values obtained for both HBIs and 

desmosterol during cycles 3, 5, 9 and 11, with the values obtained for all compounds in cycle 

11 being within experimental error of that of ph)tol, indicates an increasing participation of 

the contribution of the MEP pathway toward the synthesis of these isoprenoids. Presumably, 

this either reflects a modification to the major biosynthetic pathway operating in the 

endoplasmic reticulum where the HBIs and sterols are finally assembled, or more likely, that 

there is an increase in the export of chloroplaslidic IPP to the cytoplasmic organelle 

(Chappell, 1995). 
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4.3.5 Non-saponifuible lipids from the diatom Haslea ostrearia 

A description of the structures and distributions of the isoprenoids synlhesised from the 

diatom Haslea ostrearia can be found elsewhere in this thesis (Chapter 1). Briefly, analysis 

of the GC-MS total ion current (TIC) chromalograms of the non-saponifiable lipid fraction 

from H. ostrearia usually revealed the presence of n-C2\:6 (I), phytol (II), sitosterol (stigmast-

5-ene-3p-ol, XIII) and a number of acyclic C25 alkenes (XIV-XXII I ) . Figure 4.19 

summarises the structures of all the non-saponifiable lipids identified in this biosynthetic 

study. Given intra-species variations in the distributions of C25 HBIs from H. ostrearia, all of 

the biosynthetic experiments were performed with the same strain, hi addition, while the GC 

separation of HBIs with different degrees of unsaturation was readily achieved, regioisomers 

were not sufficiently separated to allow for accurate quantification (Figure 4.18). It was 

therefore decided to calculate concentrations of C25 HBIs as the sum of the contributions 

from each of the regioisomers for a given degree of unsaturation (i.e. XIV and XV for C25:2; 

XVI and X V I I for Cis-j: XVII I to XXI for C25.4; X X I I and XXII I for Cis.s)-

Internal standard 

c 

> 

C25:2 
C25: 

n-C 21:6 '25:4 

C25:5 Phytol 

Sitosterol 

Retention time 

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

from Haslea ostrearia. The peaks marked with a * are due to fatty acids. 
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Figure 4.19 Non-saponifiable lipids obtained from various cultures of the diatom Haslea 

ostrearia. I : « -C2 i :6 , I I : phytol, XI I I : sitosterol, XIV-XV: C25.2. X V I - X V I I : €25:3, XVI I I -XXI : 

C25:4= XXII-XXIII:C25:5-
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4.3.6 Hydrocarbon biosynthesis in the diatom Haslea ostrearia 

4.3.6. J Inhibition experiments 

When Haslea ostrearia was cultured in the presence of mevinolin, the cell growth was found 

to decrease with increasing concentration of added inhibitor. At the highest concentrations 

tested (10 and 20 \xg ml"'), mevinolin significantly reduced the growth rates and the final cell 

biomass (41-72% growth inhibition). For all of the concentrations tested, the amount of n-

C2i:6 (per cell) was found to be essentially invariant and no significant reduction in the C25 

HBI and sterol content (per cell) was obser\'ed. Moreover, at the highest concentration of 

mevinolin used (20 pg 1"'), the sterol and C25 HBI cell concentrations were higher than in the 

control culture (Table 4.24, Figure 4.20). 

Since mevinolin inliibils the acelate/mevalonate pathway, it almost certainly inhibits the 

synthesis of essential fatty acids that are involved in membrane structures. Further, i f HBIs 

are functioning as membrane lipids as suggested by Ourisson and Nakatani (1994), it is 

possible that in the presence of mevinolin, cells of Haslea ostrearia are able to synthesise 

some HBIs in order to replace these other depleted membrane components. 

In contrast, when the diatoms were cultured in the presence of fosmidomycin, no inhibition 

of the cell growth was detected, even at a relatively high concentration of the inhibitor (100 

jig I"'). However, a dramatic reduction of the cell concentrations of the non-saponifiable 

lipids was obserx^ed. At the highest concentrations used (75 and 100 pg ml ' ) , fosmidomycin 

significantly reduced the biosynthesis of both n-C2\:6 and phytol (by 32-41% and 73-80%, 

respectively). The major sterol in PI. ostrearia (sitosterol) together with the C25 HBIs were 

also reduced in abundance (by 73% and 65% compared to the control). Interestingly, despite 

the dramatic decrease of all these lipids, only minor modifications in their relative 

distributions were obser\'ed (Table 4.25). 
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a) 
Fosmidoniycin 

C o m 25 50 75 [00 

b) Mcvinolin 

Control 0.5 
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Fosmidomycin/ 1 g l ' acetate 
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Figure 4.20 Hydrocarbon distribution in H. ostrearia cells at the end of the exponential 

growing phase in the presence of varying concentrations of pathway-specific inhibitor (|ig 

ml"'), (a) fosmidomycin (b) mevinolin (c) fosmidomycin, 1 g 1"' of acetate. 
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Table 4.24 Biomass data (cell ml"') and non-saponifiable lipid concentrations (pg cell"*) for 

Haslea osirearia cultured in the presence of increasing concentrations of mevinolin or 

fosmidomycin {\xg ml"'). 

Mcvinolin 
Control 0.5 I 5 10 20 

Biomass 124533 122800 106800 100200 74000 34600 
"-C2i:6 0.13 0.14 0.11 0.16 0.16 0.13 
Phyiol 0.03 0.04 n/a n/a n/a n/a 
^25:2 0.57 0.57 0.47 0.66 0.58 0.54 
^25:3 0.43 0.39 0.38 0.51 0.62 1.69 
^25:4 0.16 0.13 0.1 1 0.1 1 0.09 0.29 
^25,5 0.02 0.02 0.02 0.03 0.03 0.03 
Sitosterol 0.10 0.11 0.09 0.1 1 0.14 0.37 
Total C25 1.18 1.10 0.98 1.30 1.33 2.55 
n/a Below limit of detection 

Fosnildomycin 
Control 25 50 75 100 

Biomass 58133 60000 63600 89467 70000 
0.37 0.40 0.47 0.25 0.22 

Phyiol 0.15 0.14 0.19 0.04 0.03 
^25:2 1.76 2.12 2.25 0.86 0.80 
^25:3 2.13 2.13 1.91 0.99 0.76 
^25:4 1.10 1.06 0.74 0.35 0.26 
^25:5 0.14 0.16 0.11 0.03 n/a 
Sitosterol 0.75 0.81 0.78 0.25 0.20 
Total C25 5.14 5.47 5.01 2.23 1.82 
n/a Below limit of detection 
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Table 4.25 Non-saponifiable lipid distributions expressed as percentages of the total 

hydrocarbon content in Has/ea oslrearia in the presence of increasing concentrations of 

fosmidomycin (|jg ml"'). 

Fosmjclomycln 
Control 25 50 75 100 

"-C21;6 3.2 3.3 4A 5.0 5.4 
Phytol 1.3 1.1 1.7 0.8 0.7 
^25:2 15.3 17.2 19.6 17.2 19.6 
^25:3 18.5 17.3 16.7 19.8 18.6 
^25:4 9.5 8.6 6.5 7.0 6.4 
^25:5 1.2 1.3 1.0 0.6 0.0 
Sitosterol 6.5 6.6 6.8 5.0 4.9 

These results obtained from inhibition studies suggest that C25 HBIs, sitosterol, phytol and n-

C2i:6are synthesised or preferentially synthesised via the non-mevalonate pathway. However, 

as these experiments were performed without any added carbon source, i l was then possible 

that when fosmidomycin was used, the cells were unable to switch toward another pathway 

as no substrate was available. In order to establish whether this species was capable of 

switching to the MVA route to synthesis some or all of these lipids when the MEP route was 

inhibited, a further experiment was perfonned using fosmidomycin in the presence of added 

acetate ( Ig 1''; Table 4.26). 

Table 4.26 Biomass data (cell ml ') and non-saponifiable lipid concentrations (pg cell"') for 

Has/ea ostrearia cultured in the presence of increasing concentrations of fosmidomycin (|ig 

ml"') and acetate (1 g 1''). 

Control 25 
Fosmidomycin 

50 75 100 
Biomass 91467 1 19467 99733 116000 119733 
''-C2i:6 0.38 0.28 0.25 0.28 0.21 
Phytol 0.34 0.13 0.08 0.10 0.09 
^23:2 0.62 0.52 0.34 0.45 0.15 
^25:3 2.30 1.85 1.40 1.46 1.04 
^25:4 2.35 1.22 1.20 0.95 0.83 
^25:5 0.26 0.15 0.15 O.IO 0.10 
Sitosterol 0.70 0.52 0.37 0.40 0.27 
Total C25 5.53 3.75 3.10 2.96 2.13 
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On this occasion, inhibition of sitosterol, C25 HBIs, phylol and n'C2\:6 again occurred and to 

the same extent as observed for the experiment carried out in the absence of added acetate. 

This additional result suggests that these lipids are synthesised exclusively via the non-

mevalonate pathway in the diatom Haslea ostrearia, and that the MVA route would appear 

not to be utilised, even when the MEP route is blocked. 

4.3.6.2 Isotope labelling: small scale experiments 

Experiments using unlabcllcd acetate: 

When the diatom Haslea ostrearia was cultured in the presence of varying concentrations of 

sodium acetate, the final cell biomass was found to be essentially invariant of added acetate 

concentration, although some modifications in the content of the non-saponifiable lipids 

content was obser\'ed (Table 4.27). In the presence of added acetate, the cell concentrations 

of/7-C2i:6, phytol and the C25 HBIs showed a significant decrease. This decrease, rather than 

an increase, is consistent with the biosynthesis of these isoprenoids via the non-mevalonate 

route (as indicated from inhibition experiments) and not from the acetate/mevalonate 

pathway. Feeding this diatom with acetate probably enhances the heterotrophic grovMh of the 

cells, and consequently depletes the CO2 assimilation via photosynthesis. The net enhanced 

production of other metabolites via the acetate/mevalonate pathway (e.g. fatty acids) 

probably then becomes favoured compared to the formation of ph>iol or the C25 HBIs. In 

addition, no major changes in the HBI distributions were delected when the cells were 

cultured in the presence of acetate. 
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Table 4.27 Biomass data (cell ml"') and hydrocarbon concentration (pg cell ') in Haslea 

ostrearia cells after incubation with varying concentrations of unlabelled acetate (g 1''). 

Control 0.5 1 
Biomass 96000 92267 97867 
" - C 2 l ; 6 0.45 0.20 0.19 
Phytol 0.13 0.09 0.08 
^25:2 0.56 O.I 1 0.15 
^25:3 2.08 0.69 0.79 
^25:4 i.03 0.44 0.50 

^25:3 0.08 0.04 0.04 

Stable isotope incorporation-analysis by mass spcctrometr>' 

When H. ostrearia was cultured in the presence of '•*C02 and unlabelled sodium acetate (Ig 

r'), '"C was efficiently incorporated within phytol, all of the C25 HBI isomers and sitosterol 

(average isotopic enrichment factor: 6.5% ± 0.6%, Table 4.28). In contrast, phytol was not 

labelled when the cells were cultured in the presence of either [l-'^^C] or [2-'^C] acetate, and 

a relatively small (2.2 and 2.3% for [1-'"'C] and [2-''*C] acetate, respectively) incorporation 

of '"*C from labelled acetate was detected for the C25 HBIs and sterols. In addition, when the 

cells were grown in the presence of [^1-13] acetate, no incorporation of deuterium was 

observed in any of the compounds examined (Table 4.28). Since ["Ha] acetate was not 

utilised directly by the cells, the small incorporation of '"̂ C from the labelled acetates 

detected in both C25 and sitosterol was probably due to the catabolism of the acetate into 

'^C02 prior to incorporation. 

Finally, when the cells were cultured in the presence of D-[2-'^C] leucine, no incorporation 

of '•'C was detected in any of the C25 HBIs or in the sitosterol, although the isotopic 

enrichment factor calculate for phyiol was found to be relatively high (2.0%) compared to 

those calculate for ph>lol in the presence of other isotopically labelled precursors. In the 
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presence of D-[1-'^C] glucose (0.2 g 1'', 50% isotopic abundance), cells o f H. ostrearia did 

not grow at all. 

Table 4.28 Isotopic enrichment factors for lipids from Haslea ostrearia after incubation with 

labelled precursors. 

'•*C labelled precursors 

Control Acetate [ i - ' ^ C l Acetate |2- '^C] Acetate '^C02 [: ̂ -'^C] Leucine 
Phytol 1.4 0.9 0.9 1.2 6 .5* 2.0 

^25:2 0.8 1.1 2 . 4 ° 2 . 1 ° 6.8 • n/a 

^23:3 0.9 0.8 2 . 2 ° 2 . 2 ° 7 .3* 1.2 

^25:4 1.1 1.3 2 . 2 ° 2 . 5 ° 6 . 9 ' 1.2 
sitosterol 1.1 1.0 2 . 3 ° 2 . 3 ° 5 .9* 1.2 
n/a Below limit of detection 

Deuterium Labelled precursors 

Control Acetate "H3 Acetate-' 

Ph>'iol 0.7 0.5 0.9 

^25:2 0.4 0.6 0.9 

^25:3 0.5 0.4 1.0 

^25:4 0.6 0.7 I . I 

sitosterol 0.7 0.6 1.0 

* Significant incorporation, ° small incorporation (possibly via degradation of the precursor) 

' Experiment realised in conditions that differ from control and unlabelled acetate experiment 
(150 ml cultures for both control and acetate experiments and 25 L culture for acetate 
experiment) 

In summar>S isotopic labelling pattems are consistent with the obser\'ations from inhibition 

experiments which indicate that all the terpenoids synthesised by the diatom Haslea 

ostrearia are made exclusively from the non-mevalonate pathway. 
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4.3.6.3 Analysis of lipids from H. osirearia by GC-irm-MS: A preliminary study 

In order to investigate the biosyntheses of the non-saponifiable lipids in Haslea osirearia 

without the potential interferences from isolopically labelled substrates, Haslea ostrearia 

cells were cultured under normal conditions and in the presence of mevinolin (10 j ig ml' ' ) . 

At the end of the exponential growing phase, cells were har\'ested by filtration and their 

non-saponifiable lipids fraction analysed by GC-irm-MS. The values of each lipid 

was measured, and to allow for within-run instrument drift, differences between the 

measured and certified values of the nearest eluting /7-alkane reference were added to the 

measure value of each analyie to give a range. The mean within-run variations from the 

certified values were: ((n=4) /7-C19, 0.4 ± 0.2 %Q\ W-C24, 0.7 ± 0.7 %o; n-C2i, 0.3 ± 0.3 %o). 

Unfortunately, phyiol was not present in sufficient amounts to allow the 6'"*C to be 

satisfactorily quantified. However, the major sterol, sitosterol and two of the C25 HBI 

isomers were present in sufficient amounts to allow their 5'"*C values to be determined. The 

value obtained for sitosterol (-22.0 %o) was much higher than that obtained for 

desmosterol (-27.4 %o) from R. setigera cultured at the same time and under identical 

conditions. Even higher 8'''C values were obtained for the dienes (-16.2 96Q) and irienes (-

19.4 96o). Surprisingly, while the 6*^C value obtained for sitosterol obtained from cultures 

containing mevinolin was very similar to the control, the corresponding 6'"*C values for the 

C25 HBIs were slightly more negative (Table 4.29). 
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Table 4.29 values of the non-saponifiable lipids obtained from cultures of Haslea 

ostrearia grown under natural conditions and 

Average values from two sanipl es are given. 

Control Mevinolin 
Phyiol* n/a n/a 

^25:2 -16.2 -17.3 
^25:3 -19.4 -21.0 

Sitosterol* 
1k • I t 

-22.0 -22.1 

for sitosterol), n/a Below limit of detection. Average values from two samples are given. 

43.6.4 Influence of light inlensify on the biosynthesis of HBIs in the diatom Haslea 

ostrearia 

Recently, Wildermuth and Fall (1996) demonstrated that the emission of isoprene (a 

plastidic isoprenoid from poplar leaves synthesised via the mevalonate-independent route 

(Zeidler et al., 1997)) was a light dependent process, providing supporting evidence for the 

localization of the MEP pathway in plastids (Lichtenlhaler, 1999). In order to further check 

the hypothesis that C25 HBIs are made exclusively by the MEP pathway in the diatom 

Haslea ostrearia, cells were cultured in triplicate under different light intensities (10, 50, 

100 and 200 jimol photon m'^ s''). With the exception of the illumination conditions, all of 

the other experimental parameters were identical (F/2 enriched sea-water, 14°C, 14/10 

light/dark cycle). Cells were harx^ested by filtration at the end of the exponential growing 

phase and their HBI content analysed by GC-N4S following the methodology described in 

Chapters. 

Corroborating the observations of Rowland et al. (2001a) for H. ostrearia cultured at 

15^C, only a single C25 triene (XVII) was detected in the cells for all the light conditions 
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tested. In addition, the HBI cell concentration generally increased with increasing light 

iniensiiy (Table 4.30). 

Table 4.30 Mean C25 concentrations (pg cell"') obtained from cultures o f Haslea ostrearia 

grown under different light intensities (jjmol photon m"̂  s"'). 

Light intensisty 10 50 100 200 

C25:3 1.56 1.41 1.63 2.17 
Standard deviation 0.20 0 15 0.51 0.54 

Average values from three samples are given. 

This relationship between light intensity employed in the 

concentration represents panial evidence for a plastidic localization of the HBI biosynthesis, 

or at least that the IPP units from which they are made, originate in the plastid and for the 

involvement of the MEP pathway toward their synthesis. 

4.3.7 Discussion 

The results obtained from the all the experiments performed with the diatom H. ostrearia, 

support the hypothesis that the mevalonale pathway is not contributing to the non-

saponifiable lipid biosynthesis in this species and that they are made via the MEP route. 

Mevinolin was found to have no effect on the cell isoprenoid concentrations, whereas 

fosmidomycin dramatically retarded their synthesis, even in the presence of acetate. In 

addition, from labelling experiments, only a small incorporation of '"'C from labelled acetate 

was delected in HBIs and sitosterol, while no deuterium was incorporated in these terpenoids 

when the cells were cultured in the presence of [^H}] acetate. This indicates that acetate is not 

incorporated directly into isoprenoids, but that the small ^̂ C enrichment detected in these 

compounds was probably incorporated as '•*C02 after degradation of the labelled acetates. In 
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addition, when the cells were cultured in the presence of '''CO2, '"'C was efficiently 

incorporated into all the isoprenoids present in this diatom. Finally, when examined 

individually by GC-irm-MS, all of the isoprenoids obtained from this species cultured under 

natural conditions exhibited high S'̂ 'C values, including sitosterol, a triterpenoid usually 

made by the mevalonate pathway (Eisenreich, 1998; Lichtenthaler, 1999). The were all 

very similar to those obtained for ph>tol (made by the MEP pathway) in cells of the diatom 

R. seligera cultured under identical conditions. Further evidence for the non-involvement of 

the mevaionate pathway to the biosynthesis of isoprenoid in this species was obtained when 

no significant differences were detected in the 5'-*C values of the same compounds extracted 

from cells cultured in the presence of mevinolin. 

Thus, in H. ostrearia, and in contrast to what was observed for the diatom R. setigera, the 

non-saponifiable lipids are synthesised exclusively via the MEP pathway. Similar 

conclusions were made by Schwender et al. (1996) in the green alga Scenedesmus obliquus. 

However, when they studied the biosynthesis of phytol, plastoquinone, carotenoids (P-

carotene, lutein) and sterols (chondrillasierol, 22,23 dihydrochondrillasterol, ergost-7-enol) 

in this species using '"^C-labelled glucose and acetate, unexpected labelling patterns of 

isoprenic units were found. Indeed, similarly to what Flesh and Rohmer (1988) observed 

with E. coli, when ihey cultured the cells in the presence of [ l - '^C] labelled acetate, '^C was 

only found in C-4 of IPP units from ph>iol and chondrillasterol. They showed that [i- '^C] 

acetate was transformed into [l-'^'C] pyruvate and [l-'^^C] glyceraldehyde-3-phosphate 

(GAP). Condensation of pyruvate and GAP resulted in the loss of the '^C from pyruvate and 

'^C from the triose phosphate was incorporated into C-4 of IPP (Figure 4.3 B). 
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To date no evidence for the operation of this glyoxylate shunt in the diatom H. ostrearia has 

been found. However, this could explain the small incorporation of '^C from labelled 

acetates detected during labelling experiments. 

Further experiments using direct precursors of the MEP pathway such as labelled 1-deoxy-

D-xyluIose and large scale experiments using labelled acetate allowing sufficient quantities 

of individual isoprenoids to be analysed by NMR spectroscopy techniques are required to 

unambiguously support the conclusions made from these preliminar>' investigations. 

4.3.8 Non-saponifiable lipids from the diatom Pleiirosigma intermedium 

A description of the structures and distributions of the isoprenoids synthesised from the 

diatom Pleurosigma intermedium can be found elsewhere in this thesis (Chapter 1). Briefly, 

analysis of the GC-MS total ion current (TIC) chromalograms of the non-saponifiable lipid 

fraction from P. intermedium generally revealed the presence of n-Cii.e Q), phytol (II), 

squalene (XXIV) and at least eight C27-C28 sterols. For most experiments, four sterols where 

found in sufficient amounts to be satisfactorily quantified, although only two of these, 

cholesterol (cholest-5-ene-3(3-ol, XXV) and 24-meihylenechoIesterol (ergosta-5,24-diene-

3P-ol, XXVI) were unambiguously identified. In addition, up to six acyclic C25 HBI isomers 

(VIII-X and XXVII -XXIX) could be found in the non-saponifiable lipid fraction of this 

diatom. Figure 4.21 summarises the structures of all the non-saponifiable lipids identified in 

this biosynthetic study. 
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X X I V 

XXV X X V I 

XXV 

X X V I I l 

XX X 

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

intermedium. I : «-C2i:6, H: ph>tol, XXIV: squalene, XXV: cholesterol, X X V I : 24-

Methylenecholesterol, VII I : €35:3 (E), IX: C25:4 (E), X: C25:5 (E). X X V I I : €25:3 (Z), X X V I I I : 

C25:4 (Z), XXIX:C25:5 (Z). 
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4.3.9 Isoprenoid biosynthesis in the diatom Pleurosigma intermedium 

4.3.9.1 Inhibition experiments 

In contrast to the observations made for H. ostrearia, both mevinolin and fosmidomycin 

were found to reduce the growth of P. intermedium, although the inhibition effect from the 

former was more pronounced (cf R. setigera). Indeed, while at the highest concentrations 

tested (10 and 20 jig ml'^), mevinolin significanlly reduced the growth rates and the final cell 

biomass (35-64% growth inhibition), only 14 and 49% of growth inhibition was obser\'ed 

when the cells were cultured in the presence of 75 and 100 \xg ml ' of fosmidomycin. 

However, mevinolin did not significantly inhibit the biosynthesis of w-C2i:6, phytol, squalene, 

sterols or the C25 HBIs. In fact, the concentrations of «-C2i:6, squalene and sterols showed an 

increase with increasing mevinolin concentrations, while phytol and C25 HBI concentrations 

were found to be essentially invariant. 

In contrast to the obser\'ations made for H. ostrearia, the phytol concentration remained 

relatively constant when the cells were cultured in the presence of increasing concentrations 

of fosmidomycin, even i f the /7-C2i:6 content was slightly reduced. In addition, the squalene 

and most of the sterol concentrations increased in the presence of increasing concentrations 

of fosmidomycin. The total C25 HBI cell concentration increased when relatively low 

concentrations of fosmidomycin were applied to the cells (25 and 50 ^ig ml' '). When higher 

concentrations were tested, a slight decrease in their concentrations was then observed. 

However, for the C25 HBIs, it is interesting to note that their distributions were dependent on 

the fosmidomycin concentrations (Table 4.31; Figure 4.22). In the absence of any inhibitor in 

the culture, the pentaenes (X, XXIX) were the major isomers (65% of the total HBIs in the 

cells), lelraenes (IX, XXVII I ) represented 32% of the total HBIs and only traces of trienes 

(VIII, XXVII) were detected (3%). When the concentrations of fosmidomycin applied to the 
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om cells was increased (up to 75 | ig ml'"), the contribution from the pentaenes decreased (fr 

65 to 17%), while the tetraenes became the major isomers (from 32 to 76%) and the triene 

contribution increased slightly (from 3 to 8%). At the maximum fosmidomycin 

concentration used, the contribution from the tetraenes decreased slightly (from 76 to 71%) 

while the triene concentrations increased fiirther (from 8 to 9%). 

10 

= 5 

Control 

Fosmidomycin concentration 

Figure 4.22 C25 HBI concentrations (pg cell*') in Pleurosigma intermedium cells cultured in 

the presence of increasing concentrations of fosmidomycin (|ig l"'). 

The apparent failure of either mevinolin or fosmidomycin to cause an inhibition of HBI 

biosynthesis suggests that either P. intermedium is able to switch between pathways to 

compensate for the presence of an inliibitor, or that mevinolin and/or fosmidomycin inhibit 

the biosynthesis of other essential compounds required for cell groulh before significant 

inhibition of the HBIs takes place. 

An experiment using both fosmidomycin and mevinolin in the same culture of P. 

intermedium was therefore conducted in order to investigate the possibility of a switch 

between the MVA and MEP pathways for the synthesis of isoprenoids (Table 4.32). HBIs 
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were still delected in cells in the presence of the highest concentration of both inhibitors (75 

and 15 fig ml"' of fosmidomycin and mevinolin) and in greater amounts compared to control 

cells. Consistent with the first experiment, the biosynthesis of the pentaenes was significantly 

inhibited when the cells were cultured in the presence of fosmidomycin. 

Table 4.31 Biomass data (cell ml"') and non-saponifiable lipid concentrations (pg cell"') of 

Pleurosigma intermedium grown in the presence of mevinolin or fosmidomycin (|ig ml*'). 

Mevinolin 
Control 0.5 1 5 10 20 

Biomass 20440 20520 20080 20160 13200 7400 
«-C2l :6 0.27 0.42 0.31 0.36 0.31 0.60 
Phytol 0.42 1.08 0.71 0.74 0.75 0.32 
C25:3 (Z) n/a 0.25 0.14 0.21 0.14 0.57 
C25:4(Z) 0.85 1.66 1.32 1.64 1.15 1.57 
C25:3 ( E ) 0.17 0.32 0.21 0.32 0.29 0.38 
C25:5(Z) 0.51 0.81 0.52 0.66 1.07 0.76 
C25:4(E) 1.04 1.48 1.17 1.55 1.68 1.18 
C25:5(E) 0.68 0.84 0.49 0.76 1.32 0.64 
Squalene 1.24 1.72 0.94 0.57 3.22 2.79 
unidenlified C27 sterol 2.42 3.24 2.93 2.75 2.67 4.61 
Cholesterol 1.50 1.51 1.51 1.79 1.27 2.82 
unidentified C28 sterol 0.44 0.66 0.54 0.55 0.35 0.74 
24-Methylenecho!esterol 0.28 0.34 0.27 0.37 0.17 0.23 
Total C25 3.26 5.36 3.84 5.14 5.65 5.09 

Control 25 

Fosmidomycin 

50 75 100 
Biomass 30044 27378 21689 25778 15289 
"-C2i :6 1.09 1.16 1.34 l . l l 0.77 
Phytol 1.27 1.91 1.29 1.28 1.46 
C25:3 (Z) 0.11 0.23 0.20 0.21 0.35 
C23:4(Z) 1.05 2.37 2.61 2.25 1.99 
C25:3 ( E ) 0.07 0.37 0.25 0.27 0.23 
C25:5(Z) 2.07 1.42 1.17 0.49 0.50 
C23:4(E) 1.12 3.04 3.39 2.50 2.38 
C25:3(E) 2.34 1.64 1.50 0.55 0.72 
Squalene 1.77 2.49 2.80 1.61 2.55 
unidenlified C27 sterol 2.94 3.87 4.57 4.14 4.45 
Cholesterol 1.71 2.14 2.41 2.06 2.43 
unidentified C28 sterol 0.59 0.98 0.82 0.62 0.58 
24-IVlethylenecholesterol 0.34 0.53 0.41 0.37 0.36 
Total C , 5 6.75 9.07 9.13 6.27 6.17 
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Table 4.32 Biomass data (cell m f ' ) and non-saponifiable lipid concentrations (pg cell"') of 

Pleurosigma intermedium grown in the presence of both mevinolin and fosmidomycin (^ig 

mf ' ) . 

Fosmidomycin / Mcvinolin 
Control 0/75 7.5/25 15/75 15/0 

Biomass 3200 34900 24400 6800 1320 
n/a 0.82 0.22 0.58 n/a 

Phyiol n/a 1.97 1.13 1.01 n/a 
C25:3 (Z) n/a. n/a n/a n/a n/a 
C25:.(Z) n/a 5.05 3.31 4.25 1.89 
C25:3 ( E ) n/a 0.64 0.42 0.44 n/a 
C25:5(Z) 2.11 0.72 0.85 4.44 2.53 
C25:4(E) 0.96 5.81 3.50 4.67 2.66 
C25:5(E) 3.72 1.00 0.88 4.63 4.92 
Squalene 9.68 4.93 1.27 3.38 15.22 
unidentified C27 sterol 7.75 12.52 9.58 20.21 20.61 
Cholesterol 1 1.50 6.10 5.80 13.68 28.63 
unidentified C28 sterol n/a 3.31 1.40 2.45 n/a 
24-Methylenecholesterol n/a 1.43 0.82 1.61 n/a 
Total C35 6.80 13.22 8.97 18.43 12.00 
n/a Below limit of detection 

In contrast to the observations made for both R. setigera and Haslea ostrearia, no clear 

conclusions conceming the biosynlhelic routes used by the diatom Pleurosigma intermedium 

to synthesise isoprenoids, based on these pathway-specific blocking experiments could be 

made. 

4.3.9.2 Isotope labelling: small scale experiments 

Experiments using unlabellcd acetate: 

When the diatom Pleurosigma intermedium was cultured in the presence of varying 

concentrations of sodium acetate, the final cell biomass was found to be essentially invariant 

while some modifications in the cell lipid content were observed. Table 4.33 summarise the 

results obtained for this experiment. The concentration (per cell) of all the lipid examined, 
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except squalene, apparently increased dramatically (approx. 3 fold) in the presence of 0.5 g 1" 

' of added acetate in the culture medium. In contrast, when the concentration of acetate 

increased further (1 g I"'), the concentration (per cell) of all the lipid examined then slightly 

decreased. No significant changes in the HBI distributions were detected when the cells were 

cultured in the presence of acetate. 

Table 4.33 Biomass data (cell ml ') and hydrocarbon concentration (pg cell"') in Pleurosigma 

intermedium cells after incubation with var>'ing concentrations of unlabelled acetate (g 1"'). 

Control 0.5 1 
Biomass 8080 9400 9920 

" - ^ 2 1 : 6 1.26 3.70 3.25 
Phylol 2.25 6.10 4.62 
C25:4 (Z) 2.81 9.55 7.58 

C23:5(2) 4.36 11.21 5.71 
C25:4(E) 2.46 6.20 4.42 
C 2 3 : 5 ( E ) 2.89 5.60 2.98 
Squalene 6.64 4.38 2.22 

Stable isotope incorporation - analysis by muss spectronietr}' 

When P. intermedium was cultured in the presence of D-[1-'"^C] glucose or D-[2-''*C] 

leucine, no incorporation of '^C was detected by mass spectrometry in any of the examined 

non-saponifiable lipids, indicating that neither precursor was metabolised by this species. In 

contrast, when P. intermedium was cultured in the presence of '''CO2 (20% enrichment) and 

unlabelled sodium acetate ( Ig 1"'), '"̂ C was efficiently incorporated within phytol, all of the 

C25 HBI isomers, squalene and the sterols (average isotopic enrichment factor: 4.8% ± 0.8%; 

Table 4.34). In contrast, a relatively small incorporation o f '"̂ C from [ l - ' ^C] acetate was 

delected for phytol and the C25 HBIs (average isotopic enrichment factor: 2.4% ± 0.2%), 

while '^C was efficiently incorporated within squalene and sterols (average isotopic 

enrichment factor: 4.2% ± 0.7%). When the cells were growTi in the presence of [^H3] 
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acetate, incorporation of deuterium (measured by MS) was not observed in phytol or in the 

HBIs (Table 4.34). This indicated that intact [^Hs] acetate was not directly utilised by the 

cells, and that the small incorporation of '-̂ C from [ 1 a c e t a t e detected in these 

compounds, was probably due to partial degradation of this precursor (into '"^002) before 

incorporation via the non-mevalonate pathway. However, deuterium was incorporated into 

squalene and each of the sterols, indicating that direct incorporation of [^H^] acetate into 

these compounds via the mevalonate pathway had occurred. 

Table 4.34 Isotopic enriclinient factors for the non-saponifiable lipids from Pleurosign 

intermedium after incubation with labelled precursors 
ia 

13 C labelled precursors 

Control Acetate n-'^Cl Acetate "CO2 r i - " C l Glucose r 2-''*Cl Leucine 
Phyiol 1.3 1.2 2 . 0 ° 4.0' 

^ J. L. 
1.0 1.1 

1.3 1.3 2 . 4 ° 4.5' 1.5 0.8 
C25:5 Z 1.2 I . l 2 . 3 ° 5.9' 1.3 1.2 
^25:4 E 1.2 1.2 2 . 6 ° 4.4' 1.1 0.9 
^23:5 E 1.3 I . I 2 . 5 ° 5.2' 1.3 I.O 
Squalene I . l 1.2 5 .2* 6.2' 0.8 1.2 
unidentified C,? sterol I . I I . l 3 . 7 ' 4.0' 1.1 1.2 
cholesterol I . l I . l 4 .1* 4.6' 1.2 1.2 
24-Methvlcholesterol 1.3 1.5 3.8 • 4.4' 1.4 1.5 

Deuterium labelled precursors 

Control Aceiate "H3 Acetate 
Phyiol 0.6 0.7 0.7 
^25:4 Z 0.7 0.8 0.7 
^25:5 Z 0.7 0.7 0.7 
C25;4 E 0.7 0.7 0.6 
^25:3 E 0.8 0.7 0.7 
Squalene 0.7 0.7 1.8* 
unidentified C27 sterol 0.7 0.7 2 .3* 
cholesterol 0.7 0.7 2.4' 

24-Methvlcholesterol 0.7 0.8 2.2' 

• Significant incorporation, ° small incorporation (possibly via degradation of the precursor) 
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4.3.9.3 Analysis of lipids from P. intermedium by GC-irm-MS: A preliminary study 

As a third approach to study the biosynthesis of the non-saponifiable lipids in Pleurosigma 

intermedium, cells were cultured under natural conditions, or in the presence of mevinolin 

(10 |ag ml ' ' ) or fosmidomycin (75 |ig ml"'), followed by analysis of these lipids by GC-

irm-MS. The S'̂ 'C values of each non-saponifiable lipid was measured, and to allow for 

within-run instrument drift, differences between the measured and certified values of the 

nearest eluiing ^?-alkane reference were added to the measure value of each analyte to give 

a range. The mean within run variations from the certified values were: ((n=6) /7-C24, 0.7 ± 

0.7 %o; n-Cn, 0.8 ± 0.8 96o). Phytol was not present in sufficient quantities from cells 

cultured under natural conditions 10 allow for the 6''*C values to be measured satisfactorily. 

However, in the inhibition experiments, squalene, two C27 sterols and four C25 HBI 

isomers were present in sufficient amounts to allow their 6'^C values to be determined. The 

6''*C values obtained for squalene, cholesterol and a further unidentified sterol were -23.1 

%o, -24.1 %o and -23.8 %o, respectively. The two sterol values were more positive than that 

obtained for desmosierol from R. setigera cultured at the same time and under identical 

conditions (-27.4 %o) but more negative than that obtained for sitosterol from H. ostrearia 

(-22.0 %o). In addition, large differences were observed in the S'̂ 'C values obtained for the 

C25 HBIs. A 4.6 %o difference was observed between two tetraene geometric isomers -18.5 

%o and -23.1 %o for IX and XXVII I respectively) while a 5.9 %o difference was observed 

between two pentaene diasiereoisomers (-26.2 96o and -20.3 %o for X and XXIX, 

respectively). Consistent with the observations made for R. setigera, all the compounds 

obtained from the cells cultured in the presence of mevinolin exhibited more positive 5'^C 

values than those obtained from the control (Table 4.35). In the presence of fosmidomycin, 

these values increased even further. 
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Table 4.35 values of the non-saponifiable lipids obtained from cultures of P. 

inlermeciiiim grown in natural conditions and in the presence of mevinolin (10 Mg ml ') or 

fosmidomycin (75 ng ml"'). 

6'^C Control Mevinolin Fosmidomycin 

Phytoi* n/a -23.6 -21.5 
C25:4(Z) -23.1 -19.7 -17.5 
C25:3 ( E ) n/a -19.6 -20.5 
C25:5(Z) -20.3 -19.3 -17.2 
C 2 5 : 4 ( E ) -18.5 -18.2 -17.9 
C25:i(E) -26.2 -20.8 -21.6 
Squalene -23.1 -19.7 -19.8 
unidentified C27 sterol* -23.5 -21.5 -18.7 
Cholesterol* -24.1 -23.5 -19.3 

* includes correction factors for phytol and sterols from TMS (+1.06 for phytol and +0.63 

for both sterols), n/a Below limit of detection. Average values from two samples are given. 

4.3.10 Discussion 

The results obtained from these experiments performed with the diatom P. intermedium, 

support the hypothesis that both mevalonaie and MEP pathways contribute to the 

biosynthesis of terpenoids in this species. Unfortunately, the observations made from the 

inhibition experiments do not allow for any definite conclusions to be made conceming the 

individual biosynthetic routes used by this species. Thus, while inhibition of cell growth 

was clear in the case of mevinolin, there was no inhibition of the isoprenoid concentrations 

in the cells. Similar observations were made with fosmidomycin for most of the 

isoprenoids. Phytol, n-C2\:e, squalene and sterol concentrations were not significantly 

effected by the presence of fosmidomycin, although the distribution of the individual C25 

HBl isomers was altered. The reasons for this are, as yet, unclear. 

From isotopic labelling experiments, only a small incorporation of '"̂ C from [ l - ' ^C] acetate 

was detected in HBIs and phytol, while a significant '^C incorporation was detected for 

squalene and sterols. However, deuterium was incorporated into squalene and sterols, but not 
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into phylol and the HBIs, when the cells were cultured in the presence of [^Hb ] acetate 

indicating that acetate is directly incorporated into triterpenoids, but not into ph>nol (a 

diterpenoid) or the C25 HBIs (sterterpenoids). '"'C incorporation into the latter compounds 

probably occurs via '^C02 after degradation of [I-''*C] acetate. When P. intermedium was 

cultured in the presence of '^C02, '"'C was efficiently incorporated into all the isoprenoids 

present in this diatom. Surprisingly, when examined individually by GC-irm-MS, no clear 

differences between the S'̂ Ĉ values obtained for the triterpenes and the C25 HBIs were 

obser\'ed. Even more surprising are the results obtained for these compounds isolated from 

cells cultured in the presence of inhibitors. Indeed, when either mevinolin or fosmidomycin 

was present in the culture, the 5''*C values of all the isoprenoids are substantially more 

positive. Further experiments are required before the observations made from these 

preliminary investigations can be fully understood. 

4.4 Conclusion 

The biosynthesis of non-saponifiable lipids in the three diatoms Rhizosolenia setigera, 

Haslea ostrearia and Pleurosigwa intermedium have been investigated using pathway-

specific inhibition methods, stable isotope incorporation experiments and analysis of 

natural isotopic fractionation. The early steps of terpenoid biosynthesis have been 

investigated in the three diatom species Rhizosolenia setigera, Haslea ostrearia and 

Pleurosigma intermedium. The studies described herein demonstrate that in these three 

diatoms, terpenes are biosynthesised by both the MEP and M V A pathways. The 

distribution of the two pathways is dependent on the individual species, the lipid type, and 

in the cases of C25 and C30 HB! alkenes, the isomeric form. In R. setigera and P. 

intermedium, sterols are made according to the mevalonate pathway, while in Haslea 

osirearia, the MEP route is the main contributor to their biosynthesis. In all three diatoms, 
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phyiol is made exclusively via the MEP pathway. These observations are entirely 

consistent with previous findings from diatoms, green algae and higher plants (Eisenreich 

et aL, 1998; Lichlenthalen 1999; Cvejic and Rohmer, 2000). Indeed, similar to what was 

observed for P. intermedium and R, setigera, Cvejid and Rohmer (2000) demonstrated that 

in two diatom species {Phaeodactylum iricornutum and Nitzschia alba), sterols were 

synthesised according to the mevalonaie pathway, while phytol was made exxlusively via 

the MEP route. In contrast, the observations made for H. osfrearia, are more consistent 

with those made previously from green algae, in which the mevalonate pathway is absent. 

Concerning HBI alkenes, it is clear that the mevalonate pathway is involved in the 

biosynthesis of C25 and C30 HBls in R. seligera. Additionally, evidence for a contribution 

from the non-mevalonate pathway 10 these compounds also exists, and thai the level of this 

contribution appears to be related to the physiological status of the cells. 

In the case of/*, iniermedium, there is no evidence for the formation of C25 HBls via the 

mevalonate route, despite these compounds having the same isomeric structures as those 

found in R. setigera. The same is true for the C25 HBls biosynthesised by H. ostrearia, 

which are regioisomers of those found in R. setigera and P. intermedium. For P. 

intermedium (isotopic incorporation) and H. ostrearia (isotopic incorporation and 

inhibition studies), these (preliminar>') experiments indicate that their C25 HBls are made 

via the MEP route only. 

Finally, observations from the fractionation of R. setigera cells were consistent with 

previous findings from higher plants concerning phytol and desmosterol, and provided 

information on the localisation of HBls in the cells. As a result, it is now unambiguously 

demonstrated that HBls are present neither in the outer and inner membranes nor in the 

stroma of chloroplasts and that these alkenes are present in the free-lipid fraction (i.e. 

C>ioplasm). However, since a limited number of the cell organelles were successfully 
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isolated (only pure chloroplasts and free lipids fractions were obtained), it is still possible 

that these lipids could be also localised in the plasma membranes or in other cellular 

organelles (e.g. mitochondria, endoplasmic reticulum). In addition, since the mevalonate 

pathway appears to proceed in the cylosol while the MEP is localised in the chloroplast, 

the inter-species differences observed for the biosynthesis of C25 and C30 HBIs in diatoms, 

may also reflect differences in their companmenlalion. Therefore, further fractionation 

experiments preformed on R. seligera as well as other diatoms are required to obtain 

additional information as to their location, and consequently, concerning their 

physiological purpose. 

Table 4.36 Biosynthetic pathways and location of isoprenoids in Rhizosolenia sedgera, 

Haslea ostrearia and Pleurosigmci intermedium. 

Phytol 
Species 

Highly branched isoprenoids 

Haslenes Rhizenes 
Sterols 

Rhizosolenia setigera 

Haslea ostrearia 

Pleurosigma inter medium 

Location {R. setigera) 

M E P 

M E P 

M E P 

Chloroplasts 

M V A + M E P 

M E P 

M E P 

Cytoplasm 

M V A + M E P 

Cytoplasm 

M V A 

M E P 

M V A 

Cytoplasm 
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CHAPTER FIVE 

Experimental Details 

5.1 General Procedures 

Glassware was cleaned in Decon-90, rinsed in dislilled/Millipore-grade water, oven-dried 

(150°C; overnight) and finally, when needed, rinsed with an appropriate solvent (e.g. 

hexane) immediately before use. All chemicals used for preparing the diatom culture media 

were analytical-grade and plant cell culture-tested whereas all solvents were HPLC-grade 

(Ralhbum) and found to be of adequate purity. 

Whatman OFF glass fibre filters were used to harvest small scale cultures and when required 

preliminarily oven dried (450*^0. 4 h) to remove traces of organic impurities. 

Silica gel (BDH; 60-120 mesh) was used as the stationary phase for open column 

chromatography. The silica was solvent extracted (Soxhlel; dichloromelhane; 24 h), 

activated by heating (180°C; 24 h) and deactivated immediately before use by shaking (40 

min) with the appropriate quantity of K4illipore grade water (5%). 

Anhydrous sodium sulphate, silver sand and cotton wool were all solvent extracted with 

dichloromethane before use to remove trace organic impurities. 

5.2 Sampling mcthodolog}' 

Diatoms were collected from various locations, including both benthic and planktonic 

compartments from marine and freshwater environments. Benthic diatoms were collected at 

low tide with a sterile syringe from the uppermost 1 cm of mud or sediment surface. 
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Planktonic diatoms were collecied using a 75 |im plankton net. Samples were preserved in 

the dark in a cool box prior to analysis in the laboratory. 

5.3 Species identificntion, light microscopy, scanning electron microscopy 

Individual species were identified using a combination of light (LM) and scanning electron 

microscopy (SEM) techniques (Olympus Provis, JEOL 6400F). Benthic cells and some 

strongly silicified planktonic diatoms were prepared following Hendey's methodology 

(1974) and then rinsed with distilled water. A portion of the cleaned cells was mounted in 

Hyrax for further LM observations and a second portion dried onto aluminium stubs and 

coated with gold/palladium for SEM (JEOL 6400F). For the very delicate species such as 

Rhizosolenia spp., a special methodology was required to dry the sample: cleaned cells were 

dehydrated using an alcohol bath series and dried using critical point techniques (Beninger ei 

al., 1995). 

5.4 Diatom isolation and general culturing conditions 

In the laboratory, single cells were isolated under the microscope and transferred by pipette 

onto 6 ml cell culturing plates previously filled with sterile F/2 enriched seawater or CHU-10 

enriched freshwater (Guillard, 1975; Stein, 1973). Table 5.1 summarises the chemical 

composition of both 172 and CHU-10 media. Cells were grown under controlled conditions 

(U'^C. 100 |imol photon m"^s'\ 14/10 light/dark cycle) in a culture room (Figure 5.1). After 

8-12 days, cells were transferred onto a 250 ml Erienmeyer flask containing 150 ml of F/2 or 

CHU-10 medium. 

When bulk cultures were required, cells from a 250 ml Erlemneyer flask were transferred to 

a 4 1 flask containing 2 ! of medium and subsequently to a 25 I barrel containing 22 1 of 

medium. This barrel was then used as an innoculum for 300 or 450 1 tanks (Figure 5.2). Bulk 

157 



cultures were grown under natural (greenliouse) or controlled conditions (culture room) 

depending on the experimental requirements: 

• Greenliouse : natural conditions (variable temperature and light intensity) 

• Culture room : controlled conditions (constant temperature and constant light intensity) 

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

Element CHU-10 
Final concentration (mg 1'') 

F/2 
Final concentration (mg l ') 

Filtered freshwater Filtered sea-water 

1NO3 Ca(N03)2.4H20; 57.56 NaNOj; 75.00 

P04^ K2HPO4; 10.00 NaH2PO4.H2O;5.00 

Na2Si03-9l-l20; 58.00 Na2Si03.9H20; 30.00 

C O 3 ' NazCOj; 20.00 -

MgSOj.TH.O; 25.00 -

FeCb.eHjO/NajEDTA; 
3.15/4.36 

FeCl3.61-l20/Na2EDTA; 
3.15/4.36 

- CUSO4-5H2O; 9.80 xlOE-^ 
2+ 

Zn - ZnS04.7H20; 22.00 xlOE*^ 

- CoCl2.6l- i20; 10.00 xlOE'^ 

Mn-" - MnCl2.4H20; 180.00 xlOE"^ 

Thiamine HCI 200.00 xlOE-̂  200.00 xlOE-' 

Cyanocobninmin I.OO.xlOE*̂  1.00 xlOE'^ 

Biotin l.OOxlOE'̂  I.OOxlOE-̂  

5.5 Cell har '̂csting 

A grovwh curve of a diatom batch culture can be represented diagrammatically and divided 

into three phases (Figure. 5.3): 

• The lag phase, where recently transferred cells adapt themselves to the new conditions. 
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• The exponential growing phase, where cells are actively dividing themselves (the most 

productive period of growth). 

• The stationary phase, where the cell density is so high that there is a mutual shading 

diminishing the photosynthelic efficiency (Myers, 1962), and where nutrient (NOV, PO4 \ 

SiOr ) concentration can be limiting (Robert, 1983). 

Figure 5.1 Small scale cultures of various diatom species under controlled conditions. 

Figure 5.2 Bulk cultures of a planktonic diatom (left) and of a benthic diatom (right). 
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Figure 5.3: Typical growing curve of a diatom culture. 

In order to determine the physiological status of the cultures, cells were quantified daily 

using a Nageotte counting plate. HE I analysis was carried out on cells harvested at the end of 

the exponential growing phase. For small scale cultures, cells were harvested by filtration 

using Whatman GFF glass fibre filters whereas for large scale cultures, cells were harvested 

by continuous flow centrifugation (Cepa palberg) and freeze dried prior to extraction. 

5.6 Hydrocarbon extraction from small scale algal cultures 

Each filter was extracted three times with hexane to yield total hexane extracts (THEs). After 

the removal of the solvent under a stream of nitrogen gas, the THEs were saponified with 5% 

KOH in methanol/water (80/20) at 80°C for 30 min to remove triglyceride esters of fatty 

acids. The non-saponifiable lipids (NSL) were then re-extracted into hexane and dried over 

anhydrous NaaSOa. Prior to analyses by GC-MS, the hexane was removed firom samples 

under a stream of nitrogen and the NSL fractions were silylaied (BSTFA:TMCS 99:1; 50 | i l ) 

at 70°C for 30 min. When required for the quantification of HBI cell content, an intemal 

standard (7-hexylnonadecane; I I |Jg filter ' ) was added prior to the extraction of the filters 

with hexane. 
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5.7 Isoprcnoid extraction from large scale algal cultures 

Centrifuged large scale diatom cultures gave a concentrated algal paste which was then 

freeze dried. The paste was then extracted five times using dichloromethane/melhanol 

(50:50, v/v.) to yield a total organic extract (TOE). Solvents were then removed under 

reduced pressure and the extract obtained was kept frozen (-20°C) before purification. 

5.8 Isolation and purification of isoprcnoids 

Isolation and purification of phytol, sterols and HBls from the TOEs was achieved using a 

combination of open column cliromatography (5% deactivated Si02/ hexane) techniques and 

preparative high pressure chromatography techniques (Chromspher 5 lipid column). 

For open columns, the size varied depending on the amount of material to be separated, with 

a typical ratio of 50:1 Si02:T0E (w/w). The hydrocarbon fraction was obtained from the 

TOE after application onto the column and elution with hexane (5 column volumes), sterols 

and phytol were eluted using a series of solvents of increasing polarity (typically 

dichloromethane, acetone and methanol). Table 5.2 summarises the isoprenoid composition 

of each fraction obtained. 

The hydrocarbons obtained in the hexane fraction were analysed directly by GC-MS. 

Dichloromethane, acetone and methanol fractions were saponified with 5% KOH in 

methanol/vvater (80/20) at 80°C for 30 min to remove triglyceride esters of fatly acids, re-

extracted with hexane and sylilated (BSTFA:TMCS 99:1; 70°C, 30 min.) before analysis by 

GC-MS and combined where appropriate (i.e. both dichloromethane and acetone fractions 

could contain ph>lol and sterols). 

161 



Table 5.2 Isoprenoid composition of the fractions obtained by open column chromatography 

(5% deactivated Si02) 

Fraction Components 
Hexane n-Cii.e^ HBIs, Squalene 

DCM Phylol, Sterols 

Acetone Phytol, Sterols 

Methanol Phytol 

Ph>tol and sterols were separated on a smaller silica column eluted with dichloromethane 

and acetone respectively. Table 5.3 summarises the amount of eluent necessary for the 

isolation of ph>tol and sterols. 

Table 5.3 Elution volumes (in column volume equivalents) required for the isolation of 

ph>lol and sterols by open column chromatography (5% deactivated Si02). 

Eluent Eluent volume Components 
DCM 

DCM 

DCM 

Acetone 

Acetone 

i - j 

3-5 

5-9 

1-3 

3-6 

Phytol 

Phytol, Sterols 

Sterols 

Individual lipids from the hydrocarbon fraction obtained by open column chromatography 

were separated by silver-ion chromatography (Chromspher 5 lipid, 250X4.6 mm I.D.) under 

isocratic conditions. A Hewlett Packard 5010 HPLC system coupled to a Hewlett Packard 

diode array detector was used. The fractions were collected manually and the isocratic 

mobile phase was composed of hexane with a mixture of hexane-isopropanol (75:25, v/v), 

the percentage of each solvent being determined by the composition of the fraction to purify. 

When the hydrocarbon fraction contained both C25 and C30 HBl isomers, a preliminary' 

fractionation using open column chromatography (5% deactivated Si02) was necessary prior 
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to the separation by silver-ion chromatography to allow sufficient resolution for the isolation 

of individual isomers, (e.g. Hydrocarbon fractions obtained from the diatom Rhizosolenia 

seligera could contain both C25 and C30 HBIs ) 

5.9 Microscale hydrogcnation 

Hydrogen gas was bubbled through a solution of the HBI extract dissolved in hexane (5 ml) 

in the presence of the hydrogenation catalyst (Pt02.2H20; 0.1 g). Aliquots were removed at 

regular inter\'als to monitor the hydrogenation progress by GC-MS. Following 

hydrogenation, samples were filtered through a glass Pasteur pipette containing anhydrous 

sodium sulphate, and the solvent was removed under nitrogen prior to storage. 

S.IOCas chromatogriiphy-mass spectrometry' 

A Hewlett-Packard 5890 Series 11 gas chromatograph (GC), fitted with a 12 m fused silica 

HP-1 column (0.2 mm internal diameter) and coupled to a 5970 Series Mass Selective 

Detector (MSD) was used to perform gas chromatography-mass spectrometry (GC-MS) 

analyses. The GC oven temperature was programmed from 40-300°C at 5°C min'' and held 

at the final temperature for 10 minutes. Operating conditions for the mass spectrometer were 

250°C for the ion source temperature and 70eV for the ionisation energy. Spectra (50-500 

Daltons) were collected using Hewlett Packard MS-Chemstation software. 

Identification of individual compounds was achieved by comparison of retention indices and 

mass spectra with authentic standards. 
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5.11 Nuclear magnetic resonance spectroscopy 

NMR analysis of purified HBls (typically 0.1 - 20 mg) was performed using a JEOL EX-

270 FT-NMR spectrometer. 1-D ( ' H , '^C and DEPT) and 2-D (COSY, HMQC, HMBC) 

were all recorded in CDCI3 using residual CHCI3 (7.24 ppm) and '^CDCb (77.0 ppm) as 

references. Data were collected using JEOL Delta software. 
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CHAPTER SIX 

Conclusions and Future Work 

The main objective of this study was to understand better the controls on the production of 

terpenoids by diatoms, with a particular emphasis on highly branched isoprenoid alkenes 

(HBIs). Since the discovery of these alkenes in cultures of the two diatom species Haslea 

ostrearia and Rhizosolenia setigera, the structures of numerous C25 and C30 HBI alkenes 

have been detemiined, including those commonly found in the geosphere (Figure 6.1). At the 

outset of the present study, the structures of a total of twenty-six different HBI alkenes had 

been established by various spectroscopic methods. However, despite the analysis by the 

author of more than fifty diatom species, only a ver>' limited number have been found to be 

producers of C25 or C30 HBIs (Table 6.1). The reasons for their production by some species 

and not by others (including very closely related species) remain unclear. Further, although it 

has been suggested that these acyclic isoprenoids may be membrane constituents (Ourisson 

and Nakatani, 1994; Rowland et al., 2001a), their true biological function remains to be 

verified. 

In addition, while previous investigations had demonstrated that environmental factors such 

as temperature are capable of controlling the HBI biosynthesis of C25 HBIs in the diatom 

Haslea ostrearia, other studies had shown that the factors controlling the distributions of the 

related C25 and C30 HBI alkenes in the diatom Rhizosolenia setigera remained unclear. 

Therefore, a study on the biological controls on isoprenoid (including HBIs) production in 

diatoms was proposed in order to understand better their biological ftinction. To this end, the 

specific objectives of this study were: 
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(i) To investigate the distribution of HBI alkenes biosynthesised by R. setigera as a 

function of its physiological status. 

(ii) To determine the biosynihelic pathways responsible for isoprenoid formation in a 

number of different diatoms. 

(iii) To examine the distribution of isoprenoids within various organelles of diatoms. 

(iv) To continue the characterisation of C25 and C30 HBls (and related hydrocarbons) 

in diatoms. 

In order to meet these objectives, the author needed to: 

1. Isolate a range of diatoms from the natural environment. 

2. Obtain single species of diatoms from assemblages and identify them using light and 

electron microscopic techniques. 

3. Culture individual species of diatoms under a range of controlled experimental 

conditions. 

4. Extract, purify, identify and quantify a suite of terpenoid lipids in diatoms using LC, GC, 

GC-MS, GC-irm-MS and NMR spectroscopy. 

5. Characterise the physiological status of one species of diatom {R. setigera) using 

microscopy methods. 

6. Fractionate individual diatom organelles using centrifugation methods. 

The results of this study are presented and discussed in Chapters 2-4. This final chapter 

provides a summary of the results and a brief discussion of their significance. 
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Figure 6.1 Structures of C25 and C30 HBI alkenes identified previously in cultured diatoms. 
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Table 6.1 A summary of all the diatom species investigated for the presence of HBI alkenes. 

The names of HBl-producing species are highlighted in bold. 

Species name Ecology H B I structures 

Hasica ostrearia 
Hasiea crucigera 
Hasiea salsionica 
Hasleti psettdostrcaria 
ilas/ea nipkowii 
Hasleo wawrikae 
Pleurosigma intermedium 
Pleurosigma angidatum 
Pleiirosigma ptankWnicum 
Pleurosigma sp. 
Gyrosigina linwsum 
Gyrosignia fasciolo 
Gyrosigma sp. 
Gyrosigma sp. 
Navicula ramosissima 
Navicida phyliepta 
Navicula sp. 
i\ovicitl(i sclesvicensis 
Navicula gracilis 
Navicula ionceohia 
Amphora hyalina 
Amphora sp. 
Stauroneis glacialis 
Stauroneis constricta 
Nitischia alexandrina 
Nitzschia closierium 
Enlomoneis paludosa 
Entomoneis alaia 
Grammatophora marina 
Synedra labulata 
Tabellaria fenestrata 
Cymbelia sp. 
Asierionella formosa 
Hhizosoleniu setigent 
Rh izosolen ia pungeiis 
Rhizosolenia robusta 
Guinardia delicatula 
Guinardia solstherfothii 
Proboscia indica 
Oytilum brightwellii 
Odontella sinensis 
Eucampia zodiacus 
Chaetoceros spp. 
Skeletonema costatwn 
Coscinodiscus sp. 
Thalassfosira sp. 
Urosolenia c f . longiseia 
Achanthoceras zachariasi 
Melosiro iialica 

Marine / Benthic 
Marine / Benihic 
Marine / Benthic 
Marine / Benihic 
Marine / Benthic 

Marine / Planktonic 
Marine/Benihic 
Marine / Benthic 

Marine / Planktonic 
Marine/Plankionic 

Marine / Benthic 
Marine / Benthic 
Marine / Benthic 

Freshwater / Benthic 
Marine / Benthic 
Marine / Benthic 
Marine / Benihic 

Freshwater / Benthic 
Freshwater / Benthic 
Freshwater / Benihic 

Marine / Benthic 
Marine / Benthic 
Marine / Benthic 
Marine / Benihic 
Marine / Benthic 
Marine / Benihtc 
Marine / Benihic 
Marine / Benthic 

Marine/Pianktonic 
Freshwater / Benihic 
Freshwater / Benthic 
Freshwater / Benihic 

Freshwater / Planktonic 
Marine / Plankionic 
Marine / Plankionic 
Marine / Planktonic 
Marine / Plankionic 
Marine / Planktonic 
Marine/Planklonic 
Marine / Planktonic 
Marine / Planklonic 
Marine / Planktonic 
Marine/ Planktonic 
Marine / Planklonic 
Marine / Planktonic 
Marine / Planklonic 

Freshwater / Planklonic 
Freshwater / Planktonic 
Freshwater / Planklonic 

l - X I 
V I , X 

V I 
V , X 

I I I J V , X I I 

X I I I - X X 

X X I , X X I V 
X I V - X V I , X V I I I - X X 

X I I I 

X I I I - X V I I , X X I I , X X I I I , X X V , X X V I 
X I I I - X V I , X X I I , X X I I I , X X V , X X V I 
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The first aim of this study was to attempt to identify the factors determining the variations in 

distributions of MBl alkenes in the diatom R. setigera, since in contrast to the diatom H. 

osirearia, considerable variations in the distributions of HBIs in R. seligera were observed 

within different strains of this species, as well as from strains cultured under apparently 

'identical' conditions. At the outset of this investigation, six different species of the genus 

Rhizosolenia and closely related genera were examined for HBIs using GC-MS (Chapter 2). 

As a result, an additional diatom species (Rhizosolenia pungens) was found capable of 

producing both C25 and C30 HBIs, and their distributions were found to be almost identical to 

those often observed in R. seligera. However, in contrast with the genus Haslea, HBI 

production in the genus Rhizosolenia appears to be restricted to a limited number of species. 

More significantly, this study has revealed that the distributions of C25 and C30 HBI alkenes 

in R. sefigera (strain RS 99) are highly dependent on the physiological status of the cells, as 

measured by the position of this diatom in its life cycle. Thus, while C30 HBIs are obser\'ed 

at every stage of the life cycle, C25 HBIs are not always present in the cells. Since their 

synthesis appears to be stimulated by the onset of auxosporulation (sexual reproduction), this 

almost certainly explains why they have rarely been observed in previous studies. 

In addition, two novel monocyclic C30 alkenes previously reported (but not characterised) in 

other strains of R. seligera, and a novel monocyclic C25 alkene were observed much later 

than the auxosporulation event. The two C30 hydrocarbons were subsequently characterised 

and identified as XXVII and XXVII I (Figure 6.2) using mass spectrometry and NMR 

spectroscopic techniques (Chapter 3). The potential geochemical relevance of these 

compounds was highlighted by comparison of their mass spectral and chromatographic 
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properties with those of alkenes reported in sediments and suspended water column particles. 

XXVII X X V I I I 

Figure 6.2 Structures of two novel monocyclic C30 aikenes characterised in this study 

The second aim of this work was to characterise the biosynihelic pathways leading to 

isoprenoid formation in the diatoms Rhizosolenia sedgera, Haslea ostrearia and 

Pieurosigma intermedium. Experiments using pathway-specific inhibitors, '^C and 

labelled precursors, along with isolope-ratio mass speclrometric techniques (Chapter 4) 

allowed the biosynthetic routes to the production of several isoprenoids in these three diatom 

species to be detemiined. The results of this combined experimental approach has 

demonstrated that the metabolic pathways involved in the biosynthesis of terpenoids in 

diatoms is both species and terpene dependent. Indeed, phytol, a chloroplaslidic diterpene, is 

synthesised by each species investigated according to the recently discovered methyl-

erylhritol phosphate (MEP) pathway. Although this pathway is involved in the synthesis of 

C25 HBIs in the two species H. ostrearia and P. intermedium, C25 and C30 HBIs, and the 

monocyclic C30 alkene X X V I I , appear to be made predominantly via the mevalonate (MVA) 

route in the diatom R. setigera. Similar, though not identical observations were made for the 

major sterols in these three species. Thus, evidence for the contribution of the M V A pathway 

170 



was found for the biosynthesis of desmoslerol, a C27 sterol synthesised by the diatom R. 

seligera, and for the four sterols produced by P. inlennedium. In contrast, only contributions 

from the MEP pathway were found for the biosynthesis of sitosterol, the major (C29) sterol 

found in H. ostrearia. 

The third aim of this study was to examine the intra-cellular location of isoprenoids 

(including HBls) in diatoms. Fractionation of /?. seligera cells revealed that phytol was 

present in the chloroplasls as expected, while sterols and HBIs were present in the 

cjaoplasm. These obser\'alions are consistent with previous findings from higher plants 

which have shown that the mevalonate pathway, operating in the cytoplasm, accounts for the 

biosynthesis of sesquiterpenes and trilerpenes, while the iMEP pathway, flinctioning in the 

chioroplasts. contributes to the biosynthesis of monoierpenes, dilerpenes and letraterpenes. 

Despite numerous studies on the biosynthesis of terpenoids, sesterterpenes (including C25 

HBls) have not been previously investigated. Since they might be considered to be 

"intermediate" between dilerpenes (C20) and irilerpenes (C30); one may have expected a 

contribution from both routes to their biosynthesis. In fact, both isotopic labelling and 

fractionation studies revealed that these compounds were made by (predominantly) a single 

pathway, although the pathway itself appears to be species dependent. 

Further conclusions can also be drawn from this study, with some of these providing the 

basis for some suggested further work. For example, while life cycle experiments together 

with investigations on the non-saponifiable lipids obtained from R. seiigera (and related 

species) provide an explanation for most of the variations of C25 and C30 HBI distributions 

observed between R. setigera strains, the differences in HBI composition found in the non-

saponifiable fractions of the strains CCMP 1820 and CCMP 1330 noted by Rowland et al. 

(2001b) and Sinninghe Damste et al. (1999a,b, 2000) remain unexplained. Therefore, a more 
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expansive laxonomic and lipid invesligalion of the Rhizosolenia genus and closely related 

genera would be of interest, and may prove to be helpful in understanding these variations. 

Given the ecological importance of this genus (one of the most represented genera in the 

phytoplankton), and since several Rhizosolenia strains were found to synthesise the most 

common HBls in sediment and water column particles, this additional study may also 

confirm the geochemical importance of species belonging to this genus. In addition, through 

investigation of fijrther diatom species, sources of C20 HBls may be established. To dale, 

source organisms for these compounds have not been identified despite several geochemical 

reports (reviewed by Rowland and Robson, 1990). 

Inhibition and stable isotope incorporation experiments performed herein have provided 

clear evidence for the coniribulion of the MVA pathway toward the synthesis of both HBls 

and desmoslerol in R. setigera, and sterols in P. intermedium, while evidence for the 

involvement (exclusive or not) of the MEP route in the biosynthesis of other isoprenoids in 

the three diatoms studied has been obtained. Since the evidence for the operation of the MEP 

pathway is not as comprehensive as that obtained for the involvement o f the M V A route, 

fiirther experiments, involving culturing the three diatoms in the presence of labelled deoxy-

D-xylulose phosphate or methyl-erylliritol phosphate (known intermediates in the MEP 

pathway) would be valuable in verifying the participation (exclusive or not) of the MEP 

pathways in the biosynthesis of these lipids. Also, as unique genes associated with each of 

the two pathways have been identified, the localisation (or not) of such genes should also 

prove to be informative. 

Analysis of natural carbon isoiopic fractionation analysis of the non-saponifiable lipids of/?. 

setigera obtained from a life cycle experiment (RS-2) using GC-irm-MS, revealed 

significant differences in the 6'"*C values of individual lipids, as well as some intriguing 
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variations between the growth cycles or different phases of the life cycle (Chapter 4). 

Significant differences were obser\'ed between the 5'-*C values of phytol and those obtained 

for both HBIs and sterols during the pre-auxosporulation phase, while in later phases (post-

auxosporulalion), the 6'''C values of both HBIs and desmosterol increased significantly and 

tended toward that of phytol which remained constant. Thus, the HBIs and sterols appear to 

be made from both pathways, with the partitioning of these tw ô pathways dependent on the 

physiological status of the cells. Since complementary experiments have shown that ph>lol is 

made exclusively via the MEP route, these observations provide evidence for an increasing 

contribution of the MEP pathway toward the biosynthesis of HBIs and sterols during both 

the auxosporulalion and the early post-auxosporulalion phases. Arguably, while these 

obser\^ations relate to the most significant period of the diatom's life cycle, a further study, 

encompassing an entire life cycle, would seem necessary in order for a full appreciation of 

this partitioning of biosynthetic pathways to be made. This partitioning may also be affected 

by e.g. photosynthetic rates vs. inorganic carbon uptake, which could also be determined 

experimentally. 

Finally, obser\'ations made following the intra-cellular fractionation of R. seiigera cells were 

consistent with previous findings from higher plants concerning phytol and desmosterol. 

Thus, phylol was located in the chloroplasts, while desmosterol was found in the cytoplasm, 

in addition, the experiments provided information on the localisation of HBIs in cells of R. 

seiigera even though only pure plastid and free lipid fractions were obtained. As a result, it 

has been demonstrated that HBIs are absent from the outer and inner membranes and the 

stroma of chloroplasts, and that these alkenes are present in the free-lipid fraction. However, 

it is also still probable thai these lipids are constituents of plasma membranes or are localised 

in other cellular organelles (e.g. mitochondria, endoplasmic reticulum). Therefore, further 

fractionation experiments performed on diatoms according to established procedures 
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(Hodges and Mills, 1986; Price et al., 1987; Briskin et al., 1987; Kinne-Saffran and Kinne, 

1989; Wiltpolh et al., 1998; Moore and Proudlove, 1987) are required before their 

function(s) are fully elucidated. Finally, since Takajo et al. (2001) have demonstrated that 

HBI pyrophosphates can spontaneously form vesicles, and as such could be implicated in the 

formation of primitive membranes, an investigation into the presence of these compounds in 

diatoms may also help in understanding the biological significance of HBI alkenes. 
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A P P E N D I X 

Other considerations 

The present study describes an investigation into organic lipids from diatoms in an attempt to 

understand the biological controls leading to their production. The experiments performed 
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previously placed in the genus Gyrosigma. For the latter, an improved methodology for the 

examination of the fine diatom valves structure using scanning electron microscopy was 

developed by the author. These studies were described in the following publications: 

8. Masse, G. , Rince, 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 ICingsbridge Estuary, 

U.K. Comptes rendus de VAcademie des Sciences, Life Sciences, 3 2 4 : 617-626. 

9. Masse, G. , Poulin, M., Belt, S.T., Robert, J.-M., Barreau, A., Rince, Y . , and Rowland, 

S.J. (2001). A simple method for S E M examination of sectionned diatom 

frustuies. Journal of Microscopy, 2 0 4 : 87-92. 

10. Poulin, M., Masse, 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. 
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Finally, preliminary studies on the biological and environmental controls on the production 

of HBls by Haslea ostrearia and Rhizosolenia setigera have been reported in the following 

publications, with the author having carried out the majority of the diatom culturing and 

characterisation work: 

11. Rowland, S J . , Belt, S.T., Wraige, E . J . , Masse, G . , Roussakis, C , and Robert, J . -M. 

(2001). Effects of temperature on polyunsaturation in cytostatic lipids of 

Haslea ostrearia. Phytochemistry, 5 6 : 597-602. 

12. Rowland, S.J., Allard, W.G., Belt, S.T., Masse, 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, 5 8 : 717-728. 

13. Belt, S.T., Masse, G. , Allard, W.G., Robert, J.-M., and Rowland, S.J. (2001). Effects 

of auxosporulation on distributions of C25 and C30 isoprenoid alkenes in 

Rhizosolenia setigera. Phytochemistry, 5 9 : 141-148. 
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A P P E N D I X I I 

Monitoring of stable isotope incorporation by G C - M S : isotopic enrichment factors 

For stable isotope enrichment experiments, levels of ^H and '^C incorporation were 

estimated using mass spectrometry (Section 4.2.6). '^C or ̂ H ''isotopic enrichment factors" 

were calculated for each compound according to Equation 4.1, where M , M+1, etc are the 

values of the molecular ions for various isotopomers, I M is the intensity of the molecular ion, 

IM+I is the intensity of the M+1 peak, IM+X is the intensity of the highest mass ion 

(quantifiable), and n is the number of carbon atoms (for '''C labelled substrates) or hydrogen 

atoms (for^H labelled substrates) in the molecule. 

Isotopic Enrichment Factor 

(Eqn. 4.1) 

100 ( M * I M ) + ( M + 1 * I M . I ) + + ( M + X * I M . X ) 
- M 

I M + I M + I + +1 M+X 

This approach is exemplified using analysis of C25:3 ( I ) obtained from a culture of the diatom 

Rhizosolenia setigera in the presence (A) or in absence (B) of [l-'^C] labelled acetate 
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Mass spectra of C25:3 (!)• A. (I) isolated from cells grown in the presence of [l-'^C] labelled 

acetate. B. (I) isolated from cells grouTi in natural conditions. 

M M+1 M+2 M+3 M+4 
ni/z 346 347 348 349 350 
A 83 100 63 8 15 
B 100 28 5 0 0 

Molecular weight (MW)of I = 346 

Average mass of I (AM) = (M* 1M + M+1* IM^., + M+2* + M+3* IM+3 + M+4* IM+4) 

( I M + I M + I IM+2 IM+3 JM+4) 

Isotopic Enrichment Factor (IEF)= 100x(AM-MW)/C 

M l E F 

347.2 
346.3 

4.6 
I . I 
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The new scsterterpenoids (5E.8£/Z)-3,9.13-(riniethyl-
6-(I.S-diniethylhcx-4-cnyI)leiradcc:i-l,S,8,12-letracne have 
been isolated from the dbtoni Pleurosigma intermedium and 
characterised structurally by NMR spectroscopy. 

Highly branched isoprenoid (HBI) € » and Cx bydrocarfoons 
are ubiquitous chemicals found in environmental matrices 
ranging from recent sediments lo ancient oils.' The parent 
sinicturcs of these gcochemicals ( I and 2. Hg. 1) were 
established by synihesis'-' during (he l9S0s, but ii was not until 
1994, ihat Volkman et al.' reponed their occurrence in the 
diatoms Haslea oitreariu ( C ^ ) and Rhizosolenia setigera (CIQ) 
thus revealing ihe only known source organisms for these 
compounds. In our own snjdies. we have rrponcd on the 
stniciurcs of the compounds in H. ostrearia. together with 
descriptions of some of the controls governing dicir unsatum-
lion.*-' The most common HBIs possess between two and six 
double bonds, though peniacnes and hcxaenes are relatively rare 
in H. osirearia^ (e.g. structures 3 and 4, Fig. 1). In a recent 
report, Rhizosolenia seiigeru was shown lo produce a Cjs HBI 
peniaene rather than Cjo campounds.* but to date, no further 
species or genus of diatoms have been shown to produce this 
class of widespread organic geochcmicats. In terms of ster­
eochemistry, HBIs exist 03 single geometric isomers in all cases 
(£ where appropriate), though (hey are often reponed as 
mixmrcs of coDfigurational diastaeoisomcrs.*-^-"* 

r i f r I Ci5 and C « HBI parent jiniaurcs and lypica] alkcna. 

Here, we report the identification of an entirely differeni 
genus of diatom which biosynthesises HBIs of a previously 
unrcponed stracmral type, which nonetheless appears to be 
common in sediments. 

Pleurosigma intermedium is a benthic diatom measuring ca. 
130 X 20 urn that is commonly found in estuarine muds. After 

targe scale (400 L) culture of this species (Bay of Bourgneuf, 
France) followed by harvesting, centrifugation and freeze 
drying, we isolated a lipid fraction by extniciion with hejinnc. 
Subsequent saponification (to remove triglyceride esters of faity 
acids) and extraction (hcxane) yielded a hydrocarbon fraction 
that was aiialysed by GC and CC-MS. Analysis of these 
chromatograms revealed the presence of n-Cji;! . n-Cji;ft. 
squafcne and eight compounds possessing related bm different 
properties lo previously reported HBIs.*-*' Thus, hydro-
genation of dus mixture resulted in the formation of a single 
compound having identical GC-MS characteristics' lo thai of 
the auihentic C2J alltane I . Following purification by column 
chromatography (SiOi/Iiexane) and re-examination by GC-
MS. the two major components {>55%) of the hydrocarbon 
fraction were assigned as new HBIpentaenes (€33^. M*342. Rl 
2126,2172 Hp.5; 2112,2159 hp-i . relative abundance 1.6:1). The 
mass spectra of die two compounds were vinually identical, 
suggesting that diat they woe stereoisomers rather than 
positional isomers. Examination of the 'H and '^C NMR 
spectral revealed the presence of four trisubsiiruled alkeric 
moieties, together with a vinyl group, a strucmral feamrc 
common lo all known HBIs. For all of diese previously reponed 
HBIs. the main branch point is at C'7, probably as the result of 
a btosynihetic coupling of geranyl and faincsyl type pre-
curuirs.^ However, for these new scsienerpenoids isolated from 
Pleurosigrmi intermedium, C-7 is unsaturated with a double 
bond baween C-7 and C-20 (note: ihe numbering scheme for 
NMR assignments is shown for parent alkone 1). Tlie 
determination of this double bond position (C7-C20) and of the 
other trisubstimied double bonds was esiablished using 2-D 
NMR methods (COSY. HMCJC. HMBC) resulting in strucmrcs 
5 and 6 (Rg. 2). namely 3,9,l3-trimethyl-6-(l,5-dimethy[hex-
4-enyl)tcmideca.U.8.12-tetraenc. Of particular note is the 
absence of any resonances in the 40-50 ppm region 
indicative of saturated, branched positions (C-7) observed for 
all pT^iously reponed HBIs. Instead, alkenic C-7 resonates 
ai 6 142.8 and 142.4 for 6 and S, respectively. To date, we have 
not been successful in separating the l%-o Cu:} isomers using 
further chromaiogniphy including nrgentaiion TLC. However, 
both spectroscopic ( 'X; NMR) and chromatographic (GC) 
separations of diese compounds are most consistent with die 
presence of two geometric isomers (C9-C10). The mixed 
double bond stereochemistry of C9-C10 (and not C7-C20) was 
detemuned by careful examination of (he NMR data. Specific 

ng. 2 Stnmurea of Co praiacnes iuilued from PUurojigma intrr-
mrdiian. 

DOI; 10.l039/a909670a Chem. Commun., 2000. 501-502 
This journal Es O The Royal Soclely of Chemistry 2000 

501 



cally. unique "H and "K: (CHj) resonances ai S 1.55. 1.69 (H-
18) and S 15.8. 23.4 (C-IS) were obsened for 5 and 6 (with 6 
being the major isomer). Two Authcr 'K: resonances for C-11. 
each of which correlated with ihe corresponding H-18 protons 
in the H M B C spectrum were also observed. Since the 
alternative position for geometric isomerism (C7-C20) docs not 
possess a CHj substitueni. the position of E/Z isomerism is 
Umited loC9-CI0. In order to determine the stereochemistry of 
the C7-C20 double bond, NOE dam were obtained for 5 and 6. 
Significanily. NOEs were observed between H-6 and H-20. 
Indicating an E configuration. The remairung six HBls 
consisted of two meoes (C j j j ) and four tetraencs (Cu;^) on the 
basis of their mass spectra (M* 346 antJ 344. respectively), 
though insufficient quantities of these compounds were present 
in the culture to allow for comprehensii-e NMR analysis. 

HBls in general have been proposed as potential btomaiker^ 
or palaeoeovironmenia] indicators." However, to date, the 
environmental record of these compounds does not correlate 
well with those compounds structurally chamctcrised from 
previous large scale cultures of diatoms including Haslea 
osirearia and Rhiiosotenia setigera.*-'" The reason for this may 
be thai HBls from these two species undergo relatively mild 
diagcnetic reactions [e.g. aJkene isomerisaiion) but since the 
products of laboratory simulations of these processes do not 
produce the sedimentary isomers,'^ a more attractive CAplano* 
lion is lhal other diatoms such as Pleurosigma irtiermedium are 
the producers of many of ihe common sedimentary HBls. To 
address this more fully, we now intend to isolate and 
characterise all of the HBls produced by Pleumsigma inter­
medium under diffeieni culture conditions and to compare the 
mass spectra and chromatographic data (retention indices) of 
these with the numerous geoctemical repons." A preliminary 
investigation of this i)-pe indicates that two of the Cu pentacncs 
(Rl 2124, 2169 DD-S) reported from the Todos os Santos Bay, 
Brazil,'* are HBls 5 and 6, 

We would like to acknowledge the British Council (ALU-
ANCE program) and the University of Plymouth for liinding 
(G. A. and G. M.). 
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Abstract—^Tri- and tetraunsaturaied highly branched isoprenoid ( H B l ) alkenes are widespread sedimentary 
geochemicals but few have been isolated from sedimenls in sufficient quantities for rigorous identificaiion. 
However, two C^j trienes, four C j ^ letntenes and two pentaenes have now been isolated from (he diatom 
Pleurosigma intermedium following bulk scale culture, and these have been purified by column chromatog­
raphy and fully characterised by N M R spectroscopy and mass spectrometry. The compounds have been used 
to identify the previously unknown, but common and abundant HBIs found previously i n many studies o f 
sediments, panicles and biota from around the world. These HBIs are structurally different to those repofled 
from other diatoms. For example, unlike HBIs from the diatoms Haslea ostrearia and Rhizosolenia setigera, 
the alkenes in P. intermedium are unsaiuraled ai the major branch point o f the carbon skeleton and E/Z 
isomerism is observed for one of the irisubstituted double bonds. There is no evidence for the presence of 
configurational diasiereoisomerism. The distributions of HBIs in P. intermedium (including the E/Z ratios) 
also show a dependence on the growth conditions within the five cultures studied. The positions o f the double 
bonds in the HBIs of P. intermedium, and by inference, of the sediments, are consistent with the positions of 
sulphur incorporation in some of the HBl thiolanes and ihiophenes which have been reported pnsviously i n 
some sediments and oils. Copyright © 2000 Elsevier Science Ltd 

I . INTRODUCTION 

Since the firsi reports of C j ^ highly branched isoprenoid 
(HBl) hydrocarbons in sediments (e.g.. Gearing et al.. 1976; 
Farrington et al., 1977) and the determination o f the parent 
carbon skeleton by synthesis ( I , see Appendix 1; Robson and 
Rowland. 1986) many studies have described the occurrence of 
a large number o f different H B I isomers with 0 - 6 degrees of 
unsaturaiion, in a wide range of geochemlcal settings (reviewed 
by Rowland and Robson. 1990). When Volkman et al. (1994) 
reported the presence of seveiTil H B l alkenes in a culture of 
the benthic diatom Haslea ostrearia. it seemed likely that a 
source of the sedimentary compounds had been found, though 
Ihe authors noted that the distributions in the alga were differ­
ent from those in many sediments and seawater. 

Oeterminations of the structures, including double bond po­
sitions and stereochemistry, and in some cases, either the 
relative or absolute stereochemistries of the asymmetric centres 
(Johns et al.. 2000) of a number of dienes through hexaenes 
( l l l - X ) from large scale cultures of H. oslrearia and recently 
from the diatom Rhizosolenia setigera, have succeeded Ihe 
initial findings (Bell et al., 1996; Volkman et al., 1998; Wraigc 
et al.. 1997; Wraige et al., 1999; Johns et al., 1999; Sinninghe 
Damst6 et al.. I999a;b). Pscudo-homologous C30 HBIs have 
also been found in cultures of R. setigera (Volkman et al., 
1994). though to date, the structures of these compounds have 
not been elucidated. From detailed studies on the structures of 
C23 HBIs, it became apparent that there were indeed often 
discrepancies between the chromatographic (Rl) and mass 

•Author to whom correspondence should be addressed (s.belt@ 
plymouth.ac.uk). 

spectral properties of many o f the sedimentary isomers and 
those found in H. ostrearia and R. seiigera (c.f.. Volkman et al.. 
1994). This led us to consider whether the biological H B l 
distributions were affected by algal growth conditions such as 
salinity or temperature (Wraige et al.. 1997; Wraige el al., 
1999) and i f HBIs produced by diatoms such as H. ostrearia 
might undergo rapid diagenetic changes in sediments to yield 
isomeric forms o f the biogenic compounds (Belt el al., 2000a). 
Although both phenolypic and diageneiic variables did alter 
HBl isomer distributions, there was often still a poor corre­
spondence of the resulting distributions with sedimentary HBIs. 
For example, whereas H B l dienes and irienes isolated from H. 
oslrearia underwent facile isomerisation and cyclisalion reac­
tions under mild acid conditions including Montmorilloniie 
clay, most of the products were not those widely reported i n 
sediments to date (Belt el al., 2000a). This led us to consider the 
possibility that the common and abundant sedimentary HBl 
isomers may originate f rom diatom sources which had not 
previously been studied. 

In the present study, we report the isolation and charaderi-
salion by NMR spectroscopy, of six new HBl alkenes from 
several large scale cultures o f (he common benthic diatom, 
Pleurosigma intermedium. Possibly P. intermedium is a further 
source of these widespread and often abundant biomarkers, 
although many diatom species remain to be studied, including 
both benthic and planktonic members of the genus. Impor­
tantly, i n contrast to the structures of HBIs characterised pre­
viously from diatoms, the chromatographic and mass spectral 
properties of these compounds show an excellent correlation 
with those HBIs most commonly reported in sediments (Row­
land and Robson. 1990). Thus the common sedimentary iso­
mers have at last been identified. 
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2. EXPERIMENTAL 

2.1. Isolation of HBl Alkenes 

P. intermedium was isolated from oysier ponds of ihe Bay of 
Bourgneuf (France). Baich cultures of the diaiom were grown 
in Nantes in an outdoor culture facility (9/7-21/7 1999; Culture 
I (PI-1) and 7/9-14/9 1999; Culture 2 (PI-2)) or in an indoor 
laboralory ( 2 I / I 0 - 5 / I I 1999; Culture 3 (PI-3), 11/2-25/2 
2000; Culture 4 (Pl-4) and 15/2-9/3 2000; Culture 5 (PI-5)). 
Cultures were grown in seawa;er obtained f rom an under­
ground supply in Nantes at constant salinity (31 per mil) . 
Samples were collected during the stationary phase of the 
growih cycle and Tittered to produce a concentrate of algal cells. 
These were subsequently freeze dried and extracted with hex-
ane (Soxhiet) to produce a loiaJ hexane extract (THE). The 
THE was saponified (KOH/NleOH) to remove triglyceride es­
ters of fatty esters and the non-saponifiable lipids re-extracted 
into hexanc. The hexanc extract was further washed with water 
and then dried (NaiSO^). Isolation and purification of HBIs 
was achieved using column chromatography (SiOj/hexane). 
Frxictions f rom ihe column chromatography were analysed by 
GC-MS and combined where appropriate (i.e. HBIs with the 
same degree of unsaturaiion). Separation of individual isomers 
was not achieved using the chromatographic methods used. 
Fractions suitable for analysis by NMR spectroscopy (>95% 
( G O ) were obtained from PI-1. PI-2 and Pl-3 in the following 
amounts (mg). P l - I : C „ n (5.6); C^,,, (17.0): C^^ s (''^-O)-
C a -, (29.0); C25 4 (46.0): C25.5 (39.0). PI-3: C „ . 3 (1.6); C ^ . , 
(12.5); C„. .3(13.0) . 

2.2. Chromatographic and Spectroscopic Analysis 

GC-MS analysis of hexane extracts and o f purified HBIs was 
performed with a Hewlett Packard 5890 Scries I I gas chromato-
graph coupled to a Hewlett Packard Mass Selective Detector 
(5970 series) fitted wiih a 12 m (0.2 mm i.d.) fused silica 
column (HP-I stationary phase). Auto spfitless injection and He 
carrier gas were used. The gas chromatograph oven tempera­
ture was programmed from 4 0 - 3 0 0 ° C at S^C m i n " ' and held 
at the final temperature for 10 min. MS operating conditions 
were: ion source lempcraiurc 250*C and 70 eV ionisalton 
energy. Spectra (50-550 Da) were collected using Chemstaiion 
software. GC-MS analysis was also performed using a Fmnigan 
M A T G C Q ™ spectrometer incorporating a quadnjpole ion trap 
fitted with a 30 m fused silica (0.25 mm internal diameter) 
HP-5 column. Auto-split less injection and He carrier gas was 
used. The GC temperature programme was as before. The mass 
spectrometer conditions were: Ion source temperature 200'C 
and 70 eV ionisation energy. Spectra (50-450 Da) were col­
lected using Finnigan M A T GCQ™ software. NMR analysis of 
purified HBIs was performed using a JEOL EX-270 FT-NMR 
spectrometer. l - D ( ' H . '"C and DEPT). 2-D (COSY. HMQC, 
HMBC) and difTerence nOe measurements were all recorded in 
C D C I 3 using residual C H C I , (7.24 ppm) and ' ^ C D C l j (77.0 
ppm) as references. 

3. CHARACTERISATION OF NEW Mill STRUCTURES 

3.1. Chromatographic and Mass Spectral Analysis of HBIs 

Analysis of GC-MS total ion chromatograms of the non-
saponifiable lipid fractions from several cultures of P. interme­

dium typically showed the presence o f eight compounds that 
have chromatographic (Rl) and mass spectral properties that 
are consistent with HBl alkenes. For example. Figure 1 shows 
examples of panial total ion chromaiograms of hydrocarbon 
fractions obtained from 2 cultures (PI-1 and PI-4) of P. inter­
medium. The presence of fl-Cuj. n-C^j.ft as additional com­
ponents together with significant variability in H B l distribu­
tions can also be noted. Hydrogenalion (H2/Pt02.2H20) o f 
oliquots of solutions containing these HBIs resulted in the 
formaiton of a compound which co-chromaiographed with, and 
had an identical mass spectrum to that obtained for authentic 
Cj i -o (Robson and Rowland, 1986). Thus, the parent carbon 
skeleton (I) for these eight compounds is verified. Examination 
of the mass spectral data reveals that this suite o f HBIs can be 
grouped into two trienes (C25 . 3 , M * 346). four letraenes (C25.4, 
M * 344) and two pcntaencs {C15.3. M * 342). For the trienes 
and the pcniaenes, the fragmentation patterns and ion distribu­
tions are extremely similar for each degree o f unsaturation (see 
Figure 2) suggesting the occurrence o f geometric or configu-
rational isomers rather than positional isomers. Certainly, there 
is evidence from previously characterised HBIs that positional 
isomerisation (for a given degree of unsaluration) results in 
significant differences in fragmentation pathways and relative 
ion intensities. For example. HBIs V and V I which have been 
isolated from cultures o f H. oitrearia (Belt ct al.. 1996; Wraige 
etal., 1997; Wraige etal . . 1999). have mass spectra (Ftg. 3) that 
show major differences particularly in the relative intensities o f 
ions with m/z 261, 233 (and different base peaks), despite the 
similarity in their structures and Rls (2103 and 2106 for V and 
V i respectively). Similarly, the pseudo-homologous pen-
taenes IX and X isolated from R. seiigera ( I X ) and H. ostrearia 
( IX . X) . have substantially different mass spectra (Figure 3) 
despite the minor differences in structure. 

In contrast to the tricnes and pentaencs, the mass spectra o f 
the four C25 telraenes isolated from P. intermedium do have 
noticeable differences between them though qualitatively they 
can be grouped into two pairs. Thus, tetraenes with Rl 2074 and 
2I2IHP.I (Figure 4) have major fragments at m/z 289 and 177. 
while the related tetraenes with Rl 2078 and 2124„p. , have 
characteristic ions at m/z 301 and ISO. I n some cases, there are 
ions that are common to all 4 tetraenes. though the relative 
intensities are different and fall into 2 pairs (e.g., m/z 259. 149; 
Fig. 4). These observations are consistent with the presence of 
a pair o f positional isomers, each of which exists as a pair of 
geometric isomers. The position of one or more of the double 
bonds presumably precludes this from occurring with the re­
lated trienes and peniaenes (vide infra). 

3.2. Anar>^ls of HBIs by NMR Spectroscopy 

3.2J. }{BI irienes: Cjj., 

We recently reponed the structures o f two C ^ j HBIs ( X I , 
X I I ) which were isolated f rom a single targe scale culture o f P. 
intermedium and characterised by NMR spectroscopy (Belt ct 
al., 2000b). Struaural features for these two pentaenes include 
(i) a vinyl moiety (C23-C24) common to virtually all other 
HBIs; ( i i ) three tri-substituted double bonds (C2-C3. C 9 - C I 0 . 
C I 3 - C I 4 ) ; ( i i i ) a tri-substituted double bond at the major H B l 
branch point (C7-C20); and (iv) the presence of both £ and Z 
isomers at C:9-C10 (sec I for numbering scheme). These latter 
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Fig. I . Partial Total Ion Chromatognuns (TICs) of hexane extracts from 2 cultures of P. intermedium (a) PI-1 (b) PI-4. 

two features have not been previously reported for HBIs iso­
lated from cultures o f either H. ostrearia (Belt et al., 1996; 
Johns et al., 1999; Wraige et al.. 1997; Wraige et al., 1999) or 
R. setigera (Sinninghe Damstd et al.. 1999b). In the current 
study, we have obtained sufficient quantities of the remaining 
six HBIs (trienes and tetraenes) for complete characteristion by 
NMR spectroscopy. Analysis of these NMR spectra has re­
vealed some similar features to those observed for the pen­
taenes. 

The ' H and '•'C NMR specira of a mixture of the two trienes 
reveals the presence of a vinyl moiety (C23-C24) together with 
two trisubstituted double bonds ( C 9 - C I 0 , C7-C20). six allylic 
(H-6. 11. 21 , 22) and two doubly allylic (H-8) protons, twelve 
(C//3)2CH protons (H-1 . 15. 16. 19). six {CH-^CH piDtons 
(H-17, 25) and an isolated CH^ group (H IS). (Juatemaiy 
(DEFT) alkene '^C resonances are observed for C-7 for each 
triene consistent with our observations made previously for X I 
and XII (Belt et al.. 2000b). Geometric isomerism of the 
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Fig. 5. Stnictures of HBI irienes (C^,,) and teiracnes (C^.^) isolated 
from P. intermedium. 

C9-C10 double bond has previously been observed for the 
penlaenes X I and X I I (Belt et al.. 2000b) and there is further 
evidence for this type of isomerism associated with X I I I and 
X I V . Thus, the ' H NMR spectrum of a mixture of the two 
triencs reveals two C H , singlets (H-18) due to the presence of 
both E and Z isomers (1.54 and 1.69 ppm respectively). An 
analogous pair of resonances is observed in the spectrum 
(23.5 and 15.7 ppm for X I I I and X I V respectively). Compre­
hensive chemical shift assignments were made using routine 
2-D NMR methods ( ' H - ' H . ' "^JC_H)-s t ructures o f the two 
Irienes are therefore established as X I I I and X I V (Fig. 5). 

Although the characterisation of X I I I and X I V is unambig­
uous and can be achieved using approximately equal concen­
tration mixtures of irienes. assignment of NMR resonances lo 

each individual HBI was achieved by comparison o f ' H and 
NMR data obtained from solutions containing different, but 

known (GC) relative concentrations of the two isomers (Table 
1). The stereochemistry o f the C9-C10 double bond for X I I I 
and X I V was determined most conveniently by analysis of the 
chemical shifts for H/C-18 and C - 1 ! for each compound (Bell 
et al., 2000b)- This i n turn enabled the G C elulion order o f the 
2 isomers to be determined (viz. Z before £ ) . 

3.2.2. HBl letraenes: C^,., 

The characterisation of the tetraenes isolated from P. inter­
medium is complicated by the presence of 4 isomeric com­
pounds compared to 2 for the related irienes X I I I and XTV. 
Howcver,the 'Hand '•'C NMR spectra o f mixtures of letraenes 
f rom all 5 cultures exhibit features which con be attributable to 
double bonds in each of the 3 positions identified for the trienes 
X I I I and X I V (viz. C9-C10. C7-C20 and C23-C24) together 
with E/Z isomcrisaiion at C9-C10. In addition, the ' H and '^C 
data also demonstrate that all solutions o f tetraenes contain an 
equal number of isopropyl ((CH-^zCH) and isoprenyl 
((CH3)2C=) moieties irrespective of the composition o f the 
mixture. Therefore, the appearance of 4 tetraenes can be ratio­
nalised in terms of 2 structurally isomeric forms, each contain­
ing a terminal, trisubstituted double bond at C2-C3 or C I 3 -
C14 together with a pair o f geometric isomers ( C 9 - C I 0 ) for 
each of these ( X V - X V U I ) . 

In order to characterise the compounds individually and to 
determine their GC elulion order, examination was made of 
solutions containing varying proportions o f the different tet­
raenes in a marmer similar to that performed for the trienes X I I I 
and X I V (vide infra). GC and GC-MS analysis of the letraene 
fraction from culture 3 (PI-3) shows that the major isomer (RI 
2074„p. , ) is the first GC-eluting compound observed in PI-1, 
and that 2 of the other 3 tclraenes ( R l 2078. 2l24y,p.,) are 
virtually absent. Examination of the ' H and '"'C N M R data for 

Table 1. Rclaiive concetitraiions of HBl iricnes (C„,,). teiraenes (C,,^,) and penlaencs (C„^ ) together with geometric isomer ratios following 
extractions of HBIs from five bulk cultures of P. intermedium. 

HBI 
RI HP-1 2042 2087 

Cz3. 
2074 2121 

C,,:4 
2078 

C„^. 
2124 21)2 

C2 ,J 
2159 

RI HP-5 2044 2091 2083 2130 2087 2136 2)26 2172 
Structure XIII XIV XV XVll XVI XVI11 XII XI 

Cutiure I (PI-1) 
Relative amount 1.0 0.78 2.0 1.8 I J 1.8 15 11 
Z/E ratio 1.3 1.1 0.72 1.4 

11 

Culnire 2 (PI-2) 
Relative amount 1.0 0.48 0.79 040 0.21 0.23 0.94 0.58 
Z/E raiio 2.1 2.0 0.91 1.6 

0.58 

Culture 3 (PI-3) 
Relative amount 1.0 0.3 8.0 2.3 9.6 1.8 
Z/E ratio 3.0 3 J — 5.3 

1.8 

Culture 4 (PM) 
Relative amount 1.0 0.35 0.54 0.076 __ 0.18 0.023 
Z/E ratio 2.9 7.1 — 7.7 

0.023 

Culture 5 (PI-5) 
Relative amount 1.0 0.54 1.1 0.52 _ 0.39 0.16 
Z/E 1.9 2.1 — 2.4 

0.16 
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ihis major isomer reveals that the stereochemislry al C9-C10 is 
Z (1.70 ppm (H-I8); 23.5 ppm (C-18); Bell el cl., 2000b). 

To determine which lerminal position of the main carbon 
chain is unsaturated (C2-C3 orC13-Cl4) for ihe major isomer, 
we have used ihe dependence of the '^C chemical shift for C-10 
on Ihe nature of C13-C14 observed for the corresponding 
trienes (XIII and XIV) and pentaencs (XI and XII) (Belt el aJ.. 
2000b). Thus, the ' resonances for C-10 appear ai 136.1 and 
136.0 ppm for Ihe Zand E isomers XlII and XIV respectively, 
with the spectral order and chemical shift separation being ihe 
same in all cases studied. In contrast, the concsponding reso­
nances for the related pentaenes XI and XH both appear at 
135.6 ppm due to co-resonance for the two isomers. Therefore, 
the chemical shift for C-IO is strongly dependent on whether 
CI3-C14 is saturated (eg trienes XIII and XIV) or unsaturated 
(e.g., pentaenes XI and Xll) . Importantly, the C-IO resonances 
for the letraene fractions from PI-1 and PI-2 exhibit 3 pealcs due 
to Ihe presence of compounds containing unsaturation at 
C2-C3 (I36.I and 136.0 ppm) and C13-C14 (135.6 ppm) 
which verifies that (he observations made for the C-10 chemical 
shift from the iriencs (XIII and XIV) and the pentaenes (XI and 
XII) can be translated to the tetraenes (XV-XVIII). The reso­
nance for the major tetraene isomer from PI-3 appears as a 
single peak at 135.6 ppm which establishes ihaiCI3-CI4 must 
be unsaturated (c.f., pentaenes XI and XII). Since the Z con-
figuration (C9-CI0) for this isomer is also known, this com­
pound can be assigned to structure XV (Fig. 5). 

The other tetniene component (RI 2121 „p,,) from this cul­
ture (PI-3) can be identified as XVII due to the observations of 
corresponding 'H and '''C resonances for H/C-18 together with 
Ihe similarity between the mass spectial data obtained for these 
two isomers (Fig. 4). Other spectroscopic data for XVII also 
lends further support for unsaturation at the CI3-C14 position. 
Chemical shifts for C-II (£" isomer only) for the previously 
characterised iriene XIV and pentacne XI appear at 40.0 and 
39.8 ppm respectively, while spectra of mixtures containing 
significant concentmtions of all four tetraenes (i.e., PI-1 and 
PI-2) exhibit two resonances coincident with these. This is 
consistent with the presence of tetraene isomers possessing 
unsalurtition at both C2-C3 and CI3-CI4 positions. In the case 
of PI-3 which contains predominantly XV (i.e., Z isomer), there 
is sufficient quantity of the related E isomer to observe a single 
resonance for C-II at 39.8 ppm which is most consistent with 
unsaturation at C I ^ C I 4 (c.f. chemical shift of pentaene Xi 
vide infra). Finally, since the '^C NMR spectra obtained for 
mixtures of all 4 lelraenes demonstrate ihat the remaining 2 
isomers (RI 2078. 2l24„p.,) have a double bond in the C2-C3 
position, and that for each of the iriene, tetraene and pentaene 
pairs (XIII and XIV. XV and XVII, XI and XII) the GC elution 
order is Z before E. we can infer that tetraenes with RIs 2078 
and 2124„p.i can be assigned to XVI and XVIII respectively 
(n.b. the mass spectra for these two compounds arc also very 
similar (Fig. 4) which suppons these assignments). 

4. DISCUSSION 

4.1. Taxonomy and Distribution oT P. intermedium 

P. intermedium is demonstrably a producer of a range of HBI 
alkenes, as arc //. ostrearia and R. setigera (e.g., Volkman ei 
al., 1994). Whilst the cultures examined herein were not axenic 

(c.f., Wraige et al., 1999), the quantities of HBIs produced 
argue against a bacterial source. The taxonomy of P. interme­
dium has been described in detail elsewhere (Peragallo. 1890-
1891; Peragalloand Peragallo, 1897-1908; Hendcy. l964;Car-
dinal et aJ., 1986; Cardinal et al.. 1989). Briefly, it is a benthic 
alga that belongs to the same Class (Bacillariophyceae) as the 
oiher known producers of HBIs (viz H. ostrearia and R. seti-
gera). However, the taxonomy of P. intermedium lies closer to 
H. ostrearia than R. setigera since they share the same Order 
(Pennales) and Family (Naviculaceae) (c.f. Order Centrales for 
/?. setigera (Simonsen, 1974)). P. intermedium has been re­
ported in UK (Smith. 1853; Hendey, 1964), French (Peragollo, 
1890-1891; Peragallo and Peragallo. 1897-1908) and Cana­
dian (Cardinal et al.. 1986; Cardinal el al., 1989) coastal sed­
iments and it has also been observed in Arctic regions (Cleve 
and Grunow, 1880). Peragallo (1890-1891) concludes that P. 
intermedium has a widespread global occurrence. Nichols et al. 
(1988) described the presence of an unknown Pleurosigma 
species in mixed communities of Antarctic sea-ice diatoms. 
Interestingly, the hydrocarbons of this mixture contained a C25 
HBI diene. 

4.2. Structural Features of HDIs from P. intermedium 

In this paper, we have described a new source diatom species 
(P. intermedium) for C j j HBI trienes and tetraenes and deter­
mined ihe structures of these compounds using NMR spectros­
copy and mass specirometry. We have also presented RI data 
for these compounds in order to facilitate comparison with 
other gcochcmical reports of HBIs. The structures of the 6 new 
HBIs described here are clearly pseudo-homologous to those 
reported for the pentaenes from P. intermedium described pre­
viously (Belt et al., 2000b). In addition, ihey show similarities 
but important differences compared to those reported previ­
ously from H. ostrearia (Belt et al., 1996; Johns et aJ., 1999; 
Wraige et al., 1997; Wraige et al.. 1999) and R. setigera 
(Sinninghe Damst£ et al., 1999b). Thus, while the new trienes 
from P. intermedium (XIII and XIV) have 2 double bonds 
whose positions are common wiih trienes from H. ostrearia 
(viz.. C9-C10 and C23-C24 positions), the third double bond 
is located at the C7-C20 position, resulting in an unsaturated 
branch point (c.f., pentaenes XI and XI I , Belt et al.. 2000b). 
This is in contrast to previously reported HBIs from H. os-
/reflnVi (Belt et al., 1996; Johns et al., 1999; Wraige et al.. 1997; 
Wraige et al., 1999) and R. setigera (Sinninghe Damstfi et al.. 
1999b). in which C-7 is saturated (sp' hybridised). Further 
similarities are noted for the related tetraenes (XV-XVIII) 
which contain an additional double bond in either the C2-C3 
(XVI and XVIII) or CI3-CI4 (XV and XVH) positions com­
pared with trienes XIII and XIV. (n.b. only tetraenes with a 
double bond in the CI3-C14 position have been observed to 
date from H. ostrearia (Bell el al., 1996)). A further struciural 
correlation can be made with the previously reported pentaenes 
XI and XII since these contain double bonds in both C2-C3 and 
CI3-CI4 positions (Beft et al.. 2000b). 

Of additional note are the stereochemical features of ihese 
new compounds, which include the presence of both E and Z 
isomers at position C9-C10, with the relative concentrations of 
these dependent on the cultures from which they have been 
isolated (Table I). In contrast, mixtures of related stereoiso-
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Table 2. Corrclaiion between HBIs isolated from P. intermedium with sedimentary reports. Assignments are made on the basis of both GC (RI) 
and mass spectral data. 

Barrick Volkman Porte Prahl Rcquejo Requcjo Albaiges Osierroht Shaw Voudrias Matsueda 
et al. el al. et oJ. el al. et al. and Quinn el al. el ul. et al. and Smith Venkaiesan and Handa 

Reference This report 19S0 1983 1990 I9S0 1984 1983; I98S 1984 1983 198S 1986 1988 I986'̂ '' 

Column 
phase HP-I HP-5 SP-2100 SP-2100 DB-5 SP2100 SE-30 SE-30 DB-5 SP1200 OVIOI SE-52 DB-5 SE-52 

Compound 
Ca:3 XIII 2042 2044 2044 2044 2044 2tM4 2&46 2tM7 
C25.1 XIV 2087 2091 2090 2090 2091 2090 2091 2091 2091 2089 2092 2091 2092 
C„.4 XV 2074 2083 2078 2078 2079 2083 
C2,.* XVI 2078 2087 2086 
C,,,, XVII 2121 2130 2124 2124 2126 
Cu., XVIII 2124 2136 2133 
C^:, XII 2112 2126 2124 
C^y, XI 2159 2172 2169 

mcTS due to isomerisation al C7-C20 arc nol observed. This 
type of geometric isomerisaiion has not been reported for HBIs 
Trom other diatoms although structural isomerism is common 
(Bell el al., 1996: Johns et al.. 1999, Sinninghe Damst6 el al., 
1999b; Wraige et al.. 1997; Wraige el al.. 1999). Further, all 6 
newly characterised HBIs have two asymmetric centres al C-6 
and C-22 wiih consequential potential for funher stereoisom­
erism. However, both NMR and chromatographic evidence for 
XII l -XVIII indicates a fixed configuration at each of these two 
chiral centres and that each compound exists as a single enan-
tiomer. Thus, each HBl elutes as a single peak from both HP-I 
and HP-5 GC stationary phases, while in solution (NMR), there 
is no doubling of 'H or ''̂ C resonances, a feature that is 
common for mixtures of HBI diastereoisomers (Bell el al.. 
1996). This apparent enantioselectivity in the btosynlhesis of 
HBI by P. intermedium is in conirast to that found for many 
other HBIs, where the presence of congurationol diastereoisom-
erism has been reported (Belt et al., 1996: Wraige ct al., 1999). 
In summary, all HBIs found in P. intermedium have double 
bonds that aie common to all 8 compounds characterised (viz.. 
C7-C20. C9-C10 and C23-C24) with the telraenes (X4) and 
pentaenes (X2) containing an additional I and 2 isoprenyl 
moieties respectively. 

4J . HBIs Found in Sediments, Particles and Biota 

Whether P. intermedium will prove to be a widespread 
source of HBIs in the environment remains lo be seen. Other 
species of the genus including planklonic organisms should 
probably be examined, in addition 1 0 related genera of diatoms. 

Nonetheless. P. intermedium has proved to be a valuable 
source of a range of novel HBIs as described above and these 
authenticated compounds now allow us to identify most of the 
previously unidentified HBIs in sediments, biota and sedimen­
tary particles. Thus, the RI and MS properties for these HBI 
trienes and letraenes together with the observation of geometric 
isomers for each type are all in excellent agreement with the 
observations and proposals put forward by other authors who 
have reported HBIs in geochemical samples. Banick et al. 
(1980) identified 2 HBI trienes and 2 tetraenes in sediments 
from Puget Sound. USA whose RIs ( C 2 5 . 3 2044, 2090sp.2,oo', 
C 2 5 . 4 2078, 2124sp.2,oo) are very similar to those found for 

XII I . XIV, XV and XVII (Table 2). Further, a comparison of 
the mass spectra for XIII or XIV with those reported by Barricfc 
et al. (I9S0) for the Puget Sound trienes shows an excellent 
correlation between common ions (e.g.. m/z 346.291,233, 165, 
83 and 69) and their relative intensities. A similar correlation 
can be made between XV or XVII and the two letraenes 
reported in the same sediments (Bairick et al., 1980). Thus, the 
HBIs reported by Banick et al. (1980) con be identified as 
being XIII . XIV. XV and XVl l . C j , HBI trienes and letraenes 
have also been reported in sediment traps collected from Puget 
Sound (Bates el al.. 1984) and from neighbouring Washington 
coastal sediments (Prahl and Carpenter, 1984). though the RI 
data of the latter were not reported, precluding confirmation of 
their identities here. 

In a later report. Ported al. (1990) identified C 2 5 HBI irienes 
and lelraenes in bivalves collected from the Todos os Santos 
Bay (Brazil). The chromatographic and mass spectral proper-
lies of these HBIs were very similar lo those found by Barrick 
el al. (1980) for the HBIs found in Puget Sound sediments. In 
addition. Porte ei al. (1990) reported 2 previously unreported 
letracnes whose mass spectra were identical to each other yet 
different from the other pair of telraenes found in the same 
bivalves. Comparison of the RIs and mass spectra for the two 
pairs of tetraenes and the triene pair reported by Porte et al. 
(1990) with those obtained for the HBIs described here from P. 
intermedium Indicates that they are the same compounds. Thus, 
as a result of the stroctural. chromatographic and mass spectral 
characteristion of XII I -XVIl l , ihe proposal by Barrick et ol. 
(1980) and Porte et al. (1990) that HBI irienes and letraenes 
may exist as mixtures of geometric isomers has now been 
verified and, importantly, the positions of the double bonds 
resulting in the geometric isomerism have been identified. 

Porte et al. (1990) also noted that bivalves analysed from the 
Todos OS Santos Bay contained 4 pentaenes (Table 2) with 
2 of these (RI 2144, 2I69DB-5) possessing identical mass spec­
tra. On the basis of matching RI and mass spectral data, we 
propose that 2 of these compounds (RI 2124. 2I69DB.5) corre­
spond 1 0 the HBIs XII and XI (RI 2126. 2l72„p.3), which aie 
pseudo-homologues of XII I -XVII I (Belt ei al., 2000b). 

There are a numter of other repons of sedimentary HBIs that 
can reasonably be assigned lo those characterised and described 
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Fig. 6. Potential route for diagenctic incorpontion of sulphur into 
HBI irienes (o yield HBl thiolanes and ihiophcnes (HBITs). 

Sinninghe Damsie et al., 1989). Further, it is also known that 
sulphur-rich macro molecular aggregates are imponont geo-
chemical sinks for HBI olkenes (Bosch et al., 1998). In the 
cases of well characterised HBITs (e.g., XIX. XXI-XXII . Fig. 
6), the positions of the thiolane and thiophene moieties are in 
poor agreement with the double bond positions in HBls from 
diatoms such as H. osirearia and R. seiigera (Belt et al.. 1996; 
Johns et al., 1999; Sirminghe Damst6 el al., 1999; Wraigeelal.. 
1997; Wraige et al., 1999) and so incorporation of sulphur Into 
these HBI isomers to yield these HBITs seems unlikely. In 
contrast, the presence of an unsaturated branch point (C7-C20) 
together with double bonds in the C:9-C10 and C23-C24 
positions for HBIs X l - X V I l l isolated from P. intermedium, 
provides the possibility for sulphur incorporation to yield (Fig­
ure 6) HBITs that have been reported and structurally verified 
(Sinninghe Damstfi et al.. 1989; Kohnen et al.. 1990). Thus, 
HBI alkenes from P. intermedium are realistic precursors to 
sedimentary HBITs. Laboratory experiments to simulate these 
transformations will be conducted in the future. 
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here via combined analyses of GC (RI) and mass spectral data. 
These assignments are summarised in Table 2. 

From our data (Fig. 1; Table 1). it is clear that there is a 
significant variation in the distributions of the 8 HBIs that are 
biosynihesised by P. intermedium between different cultures. 
However, since we do not understand the reasons for this 
variability, we are unable (at present) to make any definitive 
correlations with sedimentary distributions of these HBIs. It is 
also apparent thai although the HBIs produced by P. interme­
dium are the most commonly reported ones, there are almost 
certainly other species or genera of diatoms that contribute to 
global distributions. In particular, the occurrence of HBIs in the 
water column (Prahl et al., 1980; Osterrohi el al.. 1983; Volk-
man et al.. 1983; Albaiges et al.. 1984; Bates et al., 1984; 
Matsueda and Handa, I986a;b) is probably better explained as 
a result of planktonic production rather than from a benthic 
source. Significantly, the Pleurosigma genus is extremely 
widespread (van Heurck, 1899) with some of the species being 
ptanktonic(Simonsen, 1974; Hendey, 1964). Examples of these 
include P. elongatum, P. normanii and P. aesiuarii and these 
should receive further attention for HBI biosynthesis in order 
that a more comprehensive account of HBI sources can be 
made. 

4.4. Potential Early Diagcnesis of HBIs from 
P. intermedium 

In addition to the determination of the structures of common 
sedimentary HBIs. the compounds described here may provide 
an insight into the potential sources of diagenetic products of 
HBIs in sediments. These include sulphurised derivatives of 
HBIs (viz.. HBI thiolanes and thiophenes. HBITs) which have 
been reported in a variety of geochemical samples (see e.g., 
Kohnen et al.. 1990: Sinninghe Damsl£ and de Leeuw, 1990; 
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APPENDIX 1. Structures of and C30 HBI parent structures and typical HBI alkenes from sediments and diatoms. 
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APPENDLX 2. »II and "C NMR data for HBIs XIII-XVIII 

XIII and XIV : 'H (S^ppm); 5.74 (ddd. J = 17.1. 10.2, 6.6 
Hz. H-23). 5.11 (m. H-9. 20), 4.92 (d, J = 17.1 Hz. H-24), 4.88 
(d. J = 10.2 Hz, H-24), 2.62 (m. H-6). 2.56 (m. H-8). 2.13 (m. 
H-22), 1.97 (m. H-11.2I). 1.69 (s. H-18(XIII)). 1.54 (s. H-18 
(XIV)). 1.52 (m, H-2, 14), 1.28 (m, H-5), 1.20 (m. H-4. 12). 
1.14 (m. H-3. 13). 0.93 (d. J = 6.6 Hz, H-17), 0.85. 0.84 (2 X 
d. J = 6.6 Hz, H- I . 15. 16. 19); '^C (S^ppm): 144.6 (C-23), 
143.0 (C-7 (XIII)), 142.8 (C-7 (XIV)). 136.1 (C-10 (XIII)). 
136.0 (C-10 (XrV)), 123.7 (C-9 (XIII)). 123.2 (C-9 (XIV)). 
122.9 (C-20 (XIII)). 122.7 (C-20 (XIV)). 112.1 (C-24), 40.0 
(C- l l (XIV)). 39.3 (C-3), 39.0 (C-13 (XIII)). 38.7 (C-13 
(XIV)). 38.2 (C-22), 35.3 (C-5). 34.4 (C-2I). 34.3 (C-6). 31.8 
(C-11 (XIII)). 29.3 (C-8 (XIV)). 29.0 (C-8 (XIII)). 27.9 (C-2. 
14), 25.8 (C-I2). 25.7 (C-4). 23.5 (C-I8 (XIII)), 22.6 (C-1. 15. 
16, 19). 19.6. 19.5 (C-17. 25). 15.7 (C-18 (XIV)). 

XV-XVIII: 'H (a/ppm): 5.73 (ddd, J = 17.1. 10.2. 6.6 Hz, 
H-23). 5.11 (m, H-3 (XVI. XVIII), 9, 13 (XV. XVII). 20), 4.92 
(d. J = 17.1 Hz. H-24). 4.88 (d, J = 10.2 Hz. H-24). 2.62 (m. 
H-6). 2.56 (m, H-8). 2.13 (m. H-22), 1.99 (m. H-4 (XVI. 
XVIII). 11. 12 (XV. XVII). 21). 1.53-1.69 (7 X s. H-I,16 (XVI. 

XVIII). 15. 19 (XV, XVII), 18). 1.52 (m. H-2 (XV. XVIQ, M 
(XVI. XVIII)). 1.28 (m. H-5). 1.20 (m. H ^ (XV. XVII). 12 
(XVI. XVlll)) , 1.14 (m. H-3 (XV, XVII). 13 (XVI, XVIIl)). 
0.95(m,H-17.25),0.86(in, H- I . I6(XV. XVII)). 15, I9(XVI. 
XVIII)). '^C (S^ppm): 144.6 (C-23), 143.0 (C-7 (XV)), 142.8 
(C-7 (XVI)). 142.7 (C-7 (XVII)). 142.5 (C-7 (XVni)). 136.2. 
136.1 (C-IO (XVI. XVIII)), 135.6 (C-10 (XV, XVII)). 131.4 
(C-I4(XV)). l3I.3(C-2 (XVI or XVIII)). 131.1 (C-14 (XVII)), 
(C-2 (XVI or XVIII)), 124.4 (C-13 (XV)). 124.0 (C-9 (XV)). 
122.9 (C-20 (XV)). 124.9. 124.5, 123.6. 123.4. 123.0. 122.8, 
122.7 (C-9. 13. 20 (XVI-XVIH)). 112.1 (C-24). 40.0 (C-II 
(XVIII)). 39.8 (C-11 (XVI)). 39.3 (C-3 (XV. XVII)). 38.9 
(C-13 (XVI)). 38.6 (C-13 (XVIII)). 38.2 (C-22). 35.2 (C-5). 
34.4 (C-21), 34.3 (C-6 (XV. XVII)). 34.0 (C-6 (XVI. XVIII)). 
31.9 (C-11 (XV)). 31.8 (C-11 (XVI)). 29.3. 29.2 (C-8 ( X V I -
XVIID). 28.9 (C-8 (XV)). 27.9 (C-2 (XV. XVII)). C-14 (XVI. 
XVIIl)). 26.7 (C-I2 (XV, XVII)). 26.4 (C^ (XVI. XVIII)), 
25.8 (C-I2 (XVI. XVIII)). 25.7 (C-4 (XV. XVII)). 25.7 (C-I 
(XV. XVII)). (C-I5 (XVI. XVIII)). 23.5 (C-18 (XV, XVI)). 
22.6 (C-I.16 (XV. XVII). C-I5.19 (XVI. XVIII)). 19.6. 19.5. 
19.4 (C-17, 25 (XV-XVIII)). 17.7, 17.6 (C-16 (XVI, XVIII). 
C-I9 (XV. XVII)). 15.8. 15.7 (C-18 (XVII. XVMO). 
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Abstract 

The structures and distributions of highly branched isoprenoid (HBI) alkencs (Haslenes) have been determined following 
isolation from cultures of the diatoms Haslea osireario. Haslea crucigera. Haslea pseudosirearia and Haslea saltstonica. TTie dis­
tributions of the HBIs change between Haslea species and also between different cultures of the same species. Large scale culturing 
of H. ostrearia and H. pseudosirearia has enabled the structures of three new tetra-unsaiurated alkenes to be determined by NMR 
spectroscopy. The structural relationships between different Haslenes together with the potential significance of the biosynthesis of 
HBIs by the Haslea genus is discussed. © 200! Elsevier Science Ltd. All rights reserved. 

Keywords: Haslea ostrearia: Haslea cmcigera; Haslea pseudosirearia; Haslea salistonica; Microalgae; Diatoms; Isoprtnoid alkcnes; Highly branched 
isoprcnoids; C25 ;ilkencs; Non-saponiliable lipids 

I . Introduction 

In a number of recent reports, we have described the 
structures and distributions of a series of C25 highly 
branched isoprenoid (HBI) hydrocarbons that are pre­
sent in the diatom Haslea ostrearia (Gaillon) Simonsen 
(Bell et al.. 1996; Johns et al., 1999; Wraige et al., 1997, 
1999). These compounds (parent structure I ; Fig. I) are 
ubiquitous in contemporary marine sediments and are 
often the major hydrocarbons present (for a review, see 
Rowland and Robson, 1990). Further, by use o f axenic 
cultures, we have demonstrated conclusively that H. 
ostrearia is a primary producer of these lipids (Wraige et 
al., 1999). In culture, HBIs range in their unsaturalion 
(e.g. I I I - X ) between two and six double bonds, though 
monoenes (e.g. I I ) and the parent alkane (I) have also 
been observed in sediments (Robson and Rowland, 
1986). Cultures of H. ostrearia are usually dominated by 
trienes and lelraenes, often as mixtures of geometric 

• Corresponding authors. Tel.: +44-1752-233042; fax: +44-1752-
233035. 

E-mail address: $beh@pIymouth.ac.ult (S.T Belt). 

and/or diastereoisomers (Belt et al., 1996). To date, the 
reasons for varying distributions of HBIs in cultures of 
H. ostreoria are nol fully understood, though it is 
apparent that temperature and not salinity is a major 
controlling influence over unsaluralion (Wraigc et al., 
1998; Rowland et al., 2001). In sediments, it is likely 
thai HBIs undergo isomerisaiion and cyclisalion reac­
tions depending on ihe degree of unsaluration (Belt et 
al., 2000a). More recently, two new producers of C25 
HBI alkenes have been reported (viz. RJiizosolenia seti-
gera (Sinninghe Damste el al., 1999) and Pleurosigma 
intermedium (Belt et al., 2000b,c)). The C25 penlaene 
(IX) found in sctigera is also produced by H. 
ostrearia (Wraige et al., 1997) but the HBIs from P. 
intermedium represent a slightly different structural type 
(e.g. XI -XI I ) , since these compounds are unsaturated al 
the major branch point. C-7. 

In the present study, we report the presence of HBI 
alkenes in three previously unexamined Haslea species 
{Haslea crucigera (Wm. Smith) Simonsen, Haslea pseu-
dostrearia Masse el al. and Haslea saltstonica Masse el 
al.) together with the characterisation of three new HBI 
tetraenes. 

0031-9422/01/$ - see front matter © 2O01 Elsevier Science Ltd. All rights reserved. 
P H : 50031-9422(00)00429-5 
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2. Results and discussion 

2.1. Identification of HBIs in four species of the Haslea 
genus 

The four Haslea species that have been cultured and 
examined for HBIs in this study are H. ostrearia, H. 
crucigera, H. pseudostrearia and H. saltsionica. Each of 
these species are pennale, benlhic diatoms measuring ca. 
30-100x6-20 pm. The main structural difTerences 
between them have been described elsewhere (Masse et 
al., 2000). After large scale culture of each Haslea spe­
cies followed by centrifugation, freeze drying and 
extraction (hexane), GC and GC-MS analysis of the 
total hexane extracts (THEs) revealed the presence of 
several HBI alkenes with varying distributions. HBI 
production from H. ostrearia is well known (Volkman 
et al., 1994; Belt et al., 1996; Johns et al., 1999; Wraige 
et al., 1997, 1999), but this is the first report of HBIs 
from other Haslea species. Following saponification 

Fig. 1. Slrojciures of C u HBI alkenes prci-iously characterised In 
sediments and diatoms. The numbering scheme is illustrated for the 
pareni alkane I. 

(KOH/MeOH/H20) and re-extraction (hexane), the 
remaining non-saponifiable lipid fractions consisted 
almost entirely of HBIs and phylol. Fig. 2 shows repre­
sentative partial total ion current chromatograms 
(TICs) of these fractions for H. ostrearia. H. crucigera. 
H. pseudostrearia and H. saltstonica cultures, which 
clearly illustrates the presence of difTerent H B I distribu­
tions in each Haslea species. The differences between 
these distributions are not presumed to be an indicator 
of each specific Haslea species, since analysis of a num­
ber of different cultures of H. ostrearia reveals a sub­
stantial variation in HBI stnicture(s) (Belt el al., 1996; 
Johns et al., 1999; Wraige et al.. 1997, 1999) and the 
same may well be true for the other three Haslca species 
studied here. However, our analyses do verify that each 
species can be considered to be a primary producer of 
these sesterterpenoid lipids. 

Cj3 
C2S4 X I V 

V I I X V 

Phytol 
IX 

c) 
Phytol 
(IMS-Ether) 

V I I C:35 
V I I I 
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(TMSCirter) 
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Fig. 2. Representative pariial G C (HP-1) toial ion current chromato-
gnims (TICs) of non-saponifiable hexane cxinicts from (a) Hasten 
ostrearia. (b) Haslea pseudosirearia. (c) Haslea crucigera. and (d) 
Haslea saltsionica. 



W.C. Allard et al.f Phytockemuiry 56 (2001) 795-^00 797 

Closer examination of the TICs reveals that they 
consist of mixtures of HBIs reported previously in cul­
tures of / / . osirearia and new, uncharacterised HBI 
compounds. Thus, of the three large scale cultures of H. 
ostrearia analysed in this present study, one culture 
(HO-1; Fig. 2a) was found to contain mainly triene V 
(ca. 90% of total HBIs) and a trace amount o f the tet-
raene V I I characterised from previous cultures (Wraige 
el al., 1997), together with two previously unreported 
tetraenes (XrV, XV; see Table 1 for GC RIs). The other 
two cultures o f / / . ostrearia consisted mainly of HBI iriene 
V with trace quantities of the pseudo-homologues; tetra-
ene (VII ) and penlaene (VII I ) . The new telraenes found 
in HO-1 (vide infra) were also present, though their 
concentrations represented less than 10% of the total 
HBIs for all three cultures. The single large scale culture 
of H. crucigera was found to yield C25 tetraene VI I 
(45%) and pentaene V I I I (22%) but no new HBI alkenes 
were detected (Fig. 2c). Following further fractionation 
of tetraene V I I and pentaene V I I I (Si02/hexanc), N M R 
analysis of these individual components demonstrated 
that they were present as single stereoisomers rather than 
mixtures of diaslereoisomers even though diastereo-
isomeric mixtures of HBIs have been observed pre­
viously in cultures of H. ostrearia (Bell et al,, 1996; 
Johns el al., 1999). Similarly, the bulk culture of H. 
saltstonica yielded only one slereoisomeric C25 HBI 
(Fig. 2d), which corresponded to tetraene V I I (Belt el 
al., 1996). Finally, large scale culture of the second 
Hasiea species isolated from the Kingsbridge estuary 
(UK) , / / . pseudostrearia, contained predominantly a C25 
HBI alkene (XI I I ; resolves as 2 GC peaks) that has not 
been previously characterised, together with a trace of 
pentaene IX (Fig. 2b). 

2.2. Characterisation of 2,6.10.14-telramethyl-9-(3-
mcthylpent^4-enyl)pentadec-2.6,10-lriene (Xl/I) 

81 mg o f a C25 HBI letraenc (94% purity, GC) was 
isolated from a single large scale culture of / / . pseudos-
trearia (Masse et al., 2000) by extraction (hexane), 
saponification (KOH/MeOH/H20), re-extraction (hex­
ane) and column chromatography (Si02/hexane). GC 
analysis of this compound reveals that it resolves into 
two peaks on all three phases used (e.g. Fig. 2b) and 

Table I 
G C retention indices of four isomeric C15 H Bl tetraencs obtained from 
Hasiea osirearia and related species 

Tctraene structure 

Retention index 

Tctraene structure HP-1 HP-5 DB-WAX 

VII 2140 2145 2232. 2238 
M i l 2134.2138 2143. 2146 2221. 2227 
XIV 2157 2159 2267 
XV 2157 2159 2277 

that the GC RIs for both peaks are different to those 
obtained for the previously characterised H B I telraene 
V I I (n.b. diastereomeric HBI V I I only resolves into two 
peaks on D B - W A X ; Table I ) . In addition, while the 
mass spectra for the two tetraenes in this fraction are 
identical to each other, they show differences when 
compared to ms data obtained for tetraene V I I (Fig. 3). 
In particular, the mass spectrum of tetraene V I I exhibits 
a relatively large number o f fragment ions al mjz > 200 
with Ihe most abundant ion al m/2 259, whereas the 
same spectral region for X I I I is dominated by two ions 
at mjz 207 and 275. The intensity o f ion m/z 95 is also 
significantly difTerent between the two isomers. Exam­
ination of the ' H N M R spectrum obtained for X n i 
demonstrates the presence of a vinyl moiety (CH=CH2), 
three trisubstituted double bonds, and a 1:1 ratio of 
isopropyl ((CH3)2CH) and isoprenyl ((CH3)2C=) 
groups. The '^C N M R spectrum reveals six CH3, eight 
CH2, seven C H and three quaternary " C resonances 
which confirms the substitution multiplicity o f the dou­
ble bonds. The appearance of a resonance at ca. 49 ppm 
confirms that the major branch point of the carbon 

V I I 

i l l 
}o lee ISO >DD 3\a I S O l i e 

XIII 
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i 1 J 30» 
- 1 -SO 100 iSD ? o a I S O 100 l i e 
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8 J* 

c: 

< 
X V 

iil'ii''rrs\-?.v • 
90 100 I S O 1 0 0 I S S SOO I S O 

m/z 

Fig. 3. Mass spectra for 4 isomeric Cjj HBI teiraencs isolated from 
cultures of Hasiea ostrearia and related species. 



798 If.C. Allard all Phytochemistry 56 (2001) 795-€00 

chain (C-7) is satui^ted, consistent with other H B I 
stnictures from H. ostrearia (Bell et al., 1996; Wraige et 
al., 1997; Johns et al., 1999). Since ihe presence of a 
vinyl group and ihree trisubsliluied double bonds are 
readily identified from the ' H and '^C N M R data, the 
four double bonds musl be positioned at C23-C24 
(vinyl), C5-C6, C9-CI0 and either of C2-C3 or C O -
C M . Double bonds in both of these latter iwo positions 
can be ruled out from the observation of an equal 
number ofisopropyl and isoprenyl groups. In order to 
determine which end of the carbon chain Is unsaturated, 
the allylic region of the ' H N M R spectrum was exam­
ined in more detail. Methylene (CH2) protons that are 
allylic to two double bonds resonate (8 2.6-2.8 ppm) to 
higher frequency compared to those which are mono-
allylic {S 1.8-2.1 ppm). Thus, the chemical shifts for H-4 
in pentaene IX (Sinninghe Damste cl al., 1999) and 
hexaene X (Wraige et al., 1997) appear at 2.8 and 2.7 
ppm, respectively. The ' H N M R spectrum of the tetra-
enes isolated from H. pseudosirearia does not have any 
resonances in this region and integration of the mono-
allylic region (lOH) is consistent with the terminal dou­
ble bond being in the C l3 -C i4 position. The low fre­
quency chemical shifts for C-17 ( I I . 8 ppm) and C-18 
(16.1 ppm) confirm that the stereochemistries for the 
C5-C6 and C9-CI0 double bonds are E in both cases. 
The structure for the C25 HBI tetraene can thus be 
confirmed as XHI (Fig. 4). 

Finally, since most of the individual resonances in the 
'^C spectrum are split into two peaks, we conclude that 
the letraenes exist as a mixture of diaslereoisomers, a 
feature that has been observed for other HBIs from / / . 
ostrearia (Belt et al., 1996; Johns et al.. 1999). In these 
cases, C-7 has been shown to have a fixed (but 
unknown) configuration, with variable stereochemistry 
at C-22 (Johns et al., 2000). The appearance of two 
compounds (GC) possessing identical mass spectra (vide 
infra) can also be explained by the presence of a mixture 
of diaslereoisomers. 

2.3. Characterisation of 2,6.I0.!4•tetramethy!^7-(3-
methylcnepent^4-enyl)pentadec-5.9-diene (XIV) and 2,6. 
i4-trimethyl-10-meihylene-9-(3-methylenepent-4-enyt) 
pentadcc-6-diene (XV) 

For virtually all cultures of / / . osirearia studied, two 
additional HBI letraenes could be detected as minor 
components ( < 10% of total HBIs) that had different GC 
and mass spectral properties to either V I I or X I I I (Table I , 
Fig. 3). Following repeated fractionation (Si02/hexane). 
these two new lelraenes were obtained from several cul­
tures of H. ostrearia in sufficient quantities and purity for 
structural analysis by GC-MS and N M R spectroscopy. 

The ' H N M R spectra obtained for both compounds 
contains a resonance due to the vinylic proton H-23 
which has a significantly higher frequency chemical shift 

r 

xrv XV 

Fig. 4. Structures of new C35 HDI tctnienes described in ihis study. 

(5 6.33 ppm) compared 10 the analogous resonance 
observed for V I I and X I I I , and appears as a dd due to 
coupling to H-24fi, and H-24,^^, only. Further methy­
lene (alkene) proton resonances are observed al 4.95 
ppm. These observations arc consistent with double 
bonds located at C23-C24 and C22-C25. This arrange­
ment of conjugated double bonds is unusual for HBI 
alkenes and has only been reported for hexaene X which 
has also been isolated from H. osirearia (Wraige et al., 
1997). Additional ' H and " C N M R spectral analysis of 
these two tetraenes confirmed their structures to be XIV 
and XV (Fig. 4). HBI XIV contains two trisubslituted 
double bonds while X V has one methylene and one i r i -
substituted double bond. Both compounds are saturated 
(isopropyl) at each end of the main carbon chain and 
the stereochemistries of the trisubstituted double bonds 
(C5-C6 and C9-CI0 (XIV) ; C9-CI0 (XV)) were found 
to be £ b y analysis of '^C data for C-17 and C-18. 

The results presented here extend our understanding 
of the different structural isomers of HBIs biosynthe-
sised by / / . osirearia. The generality of HBIs possessing 
a vinyl moiety together with a double bond in either of 
the C5-C6 or C 6 ^ 1 7 positions now appears to be fully 
established. The presence of additional double bonds 
account for further degrees of unsaturation in the most 
common tetraenes and pKniaenes, though new tetraene 
structures, with methylenic double bonds in the C22-C25 
position have now been determined. Although the reasons 
for the co-occurrence of individual HBIs are not clear al 
present, it appears that thet« are structural relationships 
between them. Thus, for cultures containing HBIs with 
different degrees of unsaluralion, there is normally a 
double bond in either the C5-C6 or C6-C17 position 
(e.g. V, V I I and V I I I ) . Similarly, co-occurring isomers 
also exhibit structural similarities (e.g. V l l and XV) . 

Our observations are of further significance in thai we 
have shown the biosynthesis of HBIs to be common to 
four Hastea species and this may be the case for the 
entire genus, though planklonic species such as Haslea 
giganiea and Haslea wawrikae (Simonsen, 1974; Von 
Stosch, 1985) have yet to be analysed. Apart from these 
laxonomic relationships, the results of these rigorous 
structural identifications have possible wider implications. 
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For example, in a geochemical context, by careful com­
parison with the authenticated algal compounds, the 
haslenes found in sediments worldwide have recently 
been shown to be principally isomers with C7-C20, 
rather than C5-C6 or C6-C17 unsaturation (Belt et al., 
2000b,c). The C7-C20 unsaturation is therefore con­
sistent with the positions of sulphur incorporation in the 
analagous isoprenoid ihiophenes found in more ancient 
sediments and crude oils and which are useful 'biological 
markers* of ancient algal communities (e.g. Sinninghe 
Damste et al., 1989; Kohnen el al., 1990). Finally, the 
identification of new haslenes is also important in terms 
of their apparently variable pharmacological activities 
(Rowland el al., 2001). Some isomers appear to slow the 
growth of a human lung cancer cell line in vitro, whilst 
others do not. Examination of the bioactivities o f newly 
discovered isomers is therefore a worthwhile goal of 
such pharmacological investigations. 

3.3./. 2.6.W,l4-Tetramethyl-9-(3-methylpent-4-enyl) 
pentadec-2.6.10-triene (XIH) 
3.3.1.1. 'H NMR (270 MHz). & 5.66 (ddd, I H , J = 7, 
10.5, 17.5 Hz, H-23), 5.07 (m, 3H, H-5, H-9, H-I3),4.91 
(m, 2H, H-24), 2.01 (m. lOH, H-4, H-7. H-8, H - I I , H-
12, H-22), 1.67 (s, 3H, H-I5) . 1.59 (s, 3H, H-19), 1.57 (s, 
3H. H-18), 1.53 (m, I H , H.2), 1.45 (s, 3H, H-17), 1.24 
(m, 6H, H-3. H-20, H-21), 0.96 (d, 3H, 7 = 6.9 Hz. H-
25). 0.88 (d, 6H, J = 6.6 Hz, H-1 , H-16). 

3.3.1.2. '^C NMR (67.8 MHz). & 145.1. 144.8* (C-23), 
136.3 (C-6), 134.8 (C-10), 131.1 (C-14), 126.2, 126.1'(C-
5), 124.5 (C-13). 123.5 (C-9), 112.4. 112. 1* (C-24). 49.4, 
49.3- (C-7), 39.8 (C-M). 39.1 (C-3), 37.8, 37.7- (C-22). 
34.6, 34.5* (C-21), 32.4, 32.3" (C-8), 30.4, 30.3* (C-20). 
27.5 (C-2), 26.8 (C-12), 25.7 (C-15). 25.5 (C-4), 22.6 (C-
I . C-16), 20.5, 19.9' (C-25). 17.7 (C-19). 16.1 (C-18). 
I I . 8, 11.7-(C-17). 

3. Experimental 

3.1. Algal cultures 

H. ostrearia and H. crucigera were isolated from the 
Bay of Bourgneuf (France) while H. pseudostrearia and 
H. saltstonica were isolated from the Kingsbridge estu­
ary (Devon, UK) . H. ostrearia was grown in bulk 
between Apri l 1991 and June 1998. Large scale cultures 
(440 1) of each of the other three diatoms were grown in 
an outdoor facility during September and October 1999 
as described previously (Belt et al., 1996). 

3.2. Isolation and purification of HBIs 

3.3.2. 2.6.10.14-Tetramethyl-7-(3-me(hylenepent-4-enyl) 
pentadec-5.9-diene (XIV) 
3.3.2.1. 'H NMR (270 MHz). & 6.33 (dd. J= 10.7, 17.7 
Hz. H-23). 5.20^.99 (m. H-5. H-9. H-24). 4.95 (br, s, 
H-25), 2.2-1-9 (m, H-4. H-7, H-8. H-11, H-21). 1.6-1.1 
(m, H-2. H-3. H-12. H-13, H-14, H-20), 1.54 (s. H-18), 
1.47 (s, H-17), 0.86. 0.84 (2xd . 7 = 6.6 Hz. H-1 , H-15. 
H-16. H-19). 

3.3.2.2. '^C NMR (67.8 MHz). S 146.9 (C-22). 139.1 
(C-23). 135.9 (C-IO), 135.4 (C-6). 126.6 (C-5), 123.1 (C-
9). II5.4 (C-25), I I 3 . I (C-24). 49.4 (C-7), 39.9 ( C - l l ) , 
39.0 (C-3), 38.5 (C-13), 32.2 {C-8), 31.3 (C-21), 29.4 (C-
20). 27.9 and 27.5 (C-2, C-14). 25.7 (C-12), 25.5 (C-4), 22.7 
and 22.6 (C-1, C-15, C-16. C-19), 16.0 (C-18). 11.9 (C-17). 

Each of the large scale cultures of the four diatoms 
were centrifuged. freeze dried and extracted (Soxhiel) 
with hexane to yield total hexane extracts (THEs). The 
THEs were saponified (KOH/MeOH/HzO) and the 
non-saponifiable lipids re-extracted into hexane and 
purified by column chromatography (Si02/hexane). 
Fractions containing >90% ( G Q of individual HBIs 
were combined and analysed by ' H and " C N M R 
spectroscopy. In all cases, the yield of purified HBIs 
from each culture corresponded to ca. I mg per 1 g wet 
weight (centrifuged algal paste). Small aliquots of each 
HBI were hydrogenated (Pt02.2H20/hexane) to the 
parent alkane I in order lo confirm the carbon skeleton. 

3.3. NMR spectroscopy 

3.3.3. 2.6.14-Triinethyl- 10-methylene-9-(3-methylenepent 
-4-enyl)pentadec-6-diene (XV) 
3.3.3.1. 'H NMR (270 MHz), a 6.33 (dd, 7 = 10.7. 17.7 
Hz, H-23), 5.20-4.99 (m, H-9, H-24), 4.95 (br, s, H-25), 
4.78 (br. d. H-I7a), 4.74 (br, s, H-I7b), 2.2-1.9 (m, H-5, 
H-7, H-8, H - l l . H-21). 1.6- I . I (m, H-2, H-3, H-4, H-
12, H-13. H-14. H-20). 1.54 (s. H-18). 0.86, 0.84 (2xd, 
y = 6.6 Hz, H-1, H-15. H-16. H-19). 

3.3.3.2. '^C NMR (67.8 MHz). 5 152.2 (C-6), 146.8 (C-
22), 139.0 (C-23). 135.8 (C-IO). 122.9 (C-9). 115.3 (C-
25). 113.0 (C-24). 108.9 (C-17). 46.6 (C-7). 39.9 ( C - l l ) . 
38.9 (C-3). 38.5 (C-13), 33.8 (C-5), 32.8 (C-8). 31.8 (C-
21), 29.2 (C-20), 28.0 (C-14), 27.9 (C-2), 25.7 (C-12), 25.5 
(C-4), 22.7 and 22.6 (C-1, C-15, C-16. C-19), 16.0 (C-18). 

NMR spectra were recorded in CDCI3 using a JEOL 
EX 270 spectrometer. Chemical shifts (5) are referenced 
to residual CHCI., (7.24 ppm) and C D Q j (77.0 ppm) for 
' H and '^C respectively. Resonances marked * indicate 
the presence of diastereoisomers. 

3.4. Chromatography 

GC-MS was perfomied using a Hewlett Packard 5890 
series I I gas chromatograph coupled to a Hewlett 
Packard 5970 mass selective detector fitted with fused 
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silica capillary columns (12 m (0.2 mm i.d.) HP-I and 25 
m (0.2 mm i.d.) HP-5 Ullra stationary phases; 15 m 
(0.32 mm i.d.) DB-WAX stationary phase). Auto-
splitless injection and helium carrier gas were used. 
The gas chromatograph oven temperature was pro­
grammed from 40 to SOÔ C at S^C m in" ' (HP- I , HP-5) 
and 40 to 200" at 5»C min" ' (DB-WAX) and held al ihe 
final temperature for 5-10 min. Mass spectrometer 
operating conditions were: ion source temperature 250* 
and 70 eV ionisation energy. Spectra (35-500 Daltons) 
were collected using Hewlett Packard Chemstat ion™ 
software. 
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Abstract 

The first example of a freshwater diatom species that biosynthesises the widespread organic geochemicals known as 
highly branched isoprenoids (HBIs) is identified. As a result, diatoms known to produce HBIs now include benlhic, 
plankionic, marine and freshwater species. Laboratory cultures of a number of freshwater diatoms isolated from 
Swanpool, UK and Paimpont, France were examined for highly branched isoprenoid (HBI) alkenes. A C25 HBI triene 
was identified in Navicula sclesvicensis, and characterised using GC-MS. by comparison with an authentic standard. 
© 2001 Elsevier Science Ltd. Al l rights reserved. 
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I . introduction 

C25 and C30 highly branched isoprenoid (HBI) alkenes 
are abundant organic geochemicals found in sediments 
and oils (for a review see Rowland and Robson, 1990). 
Following the discovery (Volkman et al., 1994; Sinninghe 
Damste el al.. 1999) that these compounds can be bio-
synlhesised by the marine diatoms Hasiea osirearia (C25 
HBIs) and Rhizosoleniasetigera(C25 orCjo HBIs), we and 
others have reported the structures of many of the C25 
alkenes from these two sp>ecies (Belt et al., 1996; Johns el 
al., 1999; Sinninghe Damsle et al., 1999; Wraige et al., 
1997, 1999). More recently, we have elucidated the 
structures of a number of HBI alkenes obtained from a 
third species of diatom (viz. Pleurosigma intermedium) 
and shown that these compounds correspond to the 
most abundant and widespread isomers found in sedi­
ments (Bell et al.. 2000a,b). Representative structures 
are shown in Fig. 1 which illustrates some of the most 
common isomeric forms observed for HBI alkenes. 

Correspondinfi author. Fax: +44-1752-233035. 
E mail address: sbelt@plymouth.ac.uk (S.T. Bell). 

However, in contrast to the numerous reports of HBI 
alkenes in marine sediments, there have been relatively few 
reports of such compounds in lacustrine environments 
(Rowland and Robson, 1990). This may be due to a 
reduced number of source organisms present in lakes or 
simply a paucity of study with regards their hydrocarbon 
geochemistry. In this report, we describe the detection of 
the C25 triene I I I in the diatom Navicula sclesvicensis 
which was isolated from Swanpool, a freshwater lake in 
the UK. Analysis of a number o f other freshwater species 
isolated from Swanpool and Paimpont (a freshwater lake 
in Brittany, France) failed to yield any HBI alkenes in 
detectable quantities. 

2. Experimental 

2.1. Isolation and characterisation of freshwater diatoms 

Phyioplankton samples were collected using a 75 pm 
net from the sub-surface waters o f the lakes of Paim­
pont. Brittany (France) and Swanpool, Cornwall (UK) 
in September and November 2000, respectively. For 
both locations, the salinity was below the limit of 

0146-6380/01/$ - sec front matter © 2001 Elsevier Science Ltd. All rights reserved. 
P I I : 50146-6380(01)00102-4 
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Fig. 1. Representative structures o fCu HBI alkcncs reported in diatoms and sediments. 

detection (<0.1%o). Identification of individual diatom 
species in the samples was achieved using light and 
electron microscopy (Hendcy, 1974; Masse el al., 
2001). 

Species isolated were identified as: Swanpool: Navicula 
sclesvicensis (Grunow) Lange-Berthalot (van Heurck, 
1885; Germain, 1936, I98I; Lange-Berthalot, 1980); A^avj-
aila gracilis Ehrcnberg and Synedra tabulata Agardh 
(Germain. 1981). Paimpont: Asierionella Formosa Hassal, 
Mclosira italica (Ehrenberg) Ralfs and TabcUaria fenes-
iraia (lygnbye) Kutz (Germain. 1981). 

2.2. Identification of non-saponifiahle lipids 

Laboratory scale cultures of all six diatom s[>ecies were 
grown in nutrient enriched freshwater CHU 10 medium 
(Stein. 1973) in 250 ml Erlenmeyer flasks al 15 "C with 
illumination provided by cool-white fluorescent lubes in a 
14/10 h light/dark cycle (100 nmol photons m"^ s"") The 
salinity was <0.l%o in all cases. After 15 days, cells were 
harvested, extracted and analyses were made of the non-
saponifiable lipid fractions by GC-MS as previously 
described (see e.g. Wraige et al., 1997, 1999; Johns et al., 
1999). Individual compounds were identified on the 
basis of their retention indices (Rls), mass spectra and/ 
or by co-injection with an authentic standard on HP-1 
and Carbowax stationary phases. 

3. Results and discussion 

3.1. Identification of €23-3 IH in N . sclesvicensis 

Following laboratory scale culture of A', sclesvicensis, 
the non-saponifiable lipid fractions obtained from this 
species were analysed by GC and GC-MS. Fig. 2 shows 
a representative partial total ion current ( T I Q chroma-
togram corresponding to a single culture which illus­
trates the presence of n-C2i:6. hexadecanoic acid and 
phytol (characterised as trimethylsilyl ethers) and a fur­
ther component whose chromatographic properties and 

mass spectrum ( M ^ 346) are consistent with a HBI i r i -
ene. Closer examination of these features suggested that 
this HBI was iriene I I I previously identified in cultures of 
P. intermedium (Belt et al., 2000b). Notably, the RI found 
for this isomer (RI 2087 H P - I ) is lower than that found for 
either of 1 or I I which are isomeric trienes found in H. 
ostrearia and related species (Bell et al., 1996; Wraige el 
al.. 1999; Allard et al., 2001), while the mass spectrum 
contains characteristic ions (and relative intensities) al 
m/z 83, 233 and 261 (Belt et al.. 2000b). HBI HI can be 
readily distinguished from its geometric isomer IV since 
the latter has a significantly lower RI (RI 2042 H P - I ) In 
order for this assignment to be confirmed, the triene from 
A', sclesvicensis was co-injccted with a mixture of authentic 
I I I and IV obtained from a large scale culture of P. inter-
medium (Belt el al., 2000a,b) on two GC phases (HP-1 
and Carbowax) and co-elulion with I I I was observed in 
both cases. Thus, the identification of the single HBI 
found in N. sclesvicensis as I I I is established. Ideally cul-
turing of the organism on a larger scale will allow sufficient 
quantities of this alkene to be obtained for a rigorous 
identification by N M R spectroscopy (cf. Belt el at., 
2000a,b and references therein; Sinninghe Damslc et al., 
1999). 

Interestingly, only one geometric isomer of the C25 i r i ­
ene was detected (viz. E at C9-C10) even though both E 
and Z isomers ( I I I and IV) are produced by P. iniermedium 
(Bell et al.. 2000b). Pleurosigma intermedium also bio­
synthesises C25 HBI letraenes and pentaenes though these 
loo were undetected in the cultures of A', sclesvicensis ana­
lysed. In addition, we found no evidence for the fornution 
of HBI isomers normally associated wiih H. ostrearia (e.g. 
1, I I , V and VI ) despite the similarities between the f^avi-
cula and Haslea genera (Simonsen. 1974). 

Navicula sclesvicensis has been found in many differ­
ent types of habitat from rivers to slightly brackish 
waters. It has also been linked with A', lanceolaia, N. 
viridula (and a variety rosiellata) 1 0 form a distinct 
group within the Navicula genus (Germain, 1981) 
though these species were not detected in either o f 
Swanpool or Paimpont during the present study. 
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Fig. 2. Partial GC-MS total ion chromaiogram of a non-saponifiablc lipid fraction obtained from a culture of Navicula .tclesvicensis. 
Phytol and hexadecanoic acid (16:0 FA) are present as trimcthylsilyl ethers. The peak labelled * is due to an unidentified impurity. 

3.2. Analysis of other freshwater diatoms 

The non-saponifiable lipid fractions for five other 
species (see Section 2.1) were also examined by GC-MS. 
Tabellaria fenestraia failed to yield any readily char-
acterisable components, while the other four species pro­
duced /t-C2i:6 snd phytol in different relative amounts. In 
all cases, no peaks due to HBI alkenes including I I I could 
be detected. Given the presence of the triene I I I in Â . 
sclesvicensis, it seemed surprising initially that HBIs were 
not detected in the related species, Navicula gracilis. 
Indeed, we have recently reported the occurrence of a 
number of C25 HBI alkenes from species within the 
llaslea genus (Allard et al., 2001), and the pseudo-
homologous C30 HBIs have been detected in both R. 
setigera (Volkman et al.. 1994, 1998) and Rhizosolenia 
fallax (Masse, personal communication). However, 
since the Navicula genus is distinctly heterogeneous, our 
observations may not be too surprising and there are 
other cases where the general trend between a genus and 
HBI production is not always observed. For example. 
C23 HBIs were absent from cultures containing a Navi­
cula species (Volkman et al., 1994) and we have failed lo 
detect HBIs in Pleurosigma angulatum and Haslea 
wawrikae (Belt el al., unpublished). In future, i l may be 
of interest to examine the hydrocarbon content of 
Navicula species that are more closely related to N. 
sclesvicensis (vide infra). 

Although HBI triene I I I was readily detected in A'. 
sclesvicensis, none of the diatoms in the current study 
yielded C20 HBIs despite reports of the co-occurrence of 

C20 snd C25 alkenes and the parent alkancs in several 
lakes in the U K (see Rowland and Robson. 1990 and 
references therein) including Grasmere (Yon, 1981) and 
Rostheme Mere (Rowland. 1982). 

It may be significant that alkene I I I found in N. 
sclesvicensis corresponds to what is probably the most 
widely occurring isomer found in sediments and biota 
(see e.g. Belt el al.. 2000b for a review). Thus, ihe source 
of this compound is not limited to a single species of 
diatom (viz. P. intermedium) and there are probably 
other diatom producers, including planktonic species, as 
iriene I I I has also been delected in particulate matter in 
the water column (see e.g. Prahl el al.. 1980; Osterroht 
et al., 1983; Volkman el al.. 1983; Albaiges et al.. 1984; 
Bates et al.. 1984; Malsueda and Handa. 1986; Wake-
ham 1990) and P. intermedium and A', sclesvicensis are 
both benthic species. 

4. Conclusions 

The C23 triene I I I , which is probably the most abun­
dant and widely occurring HBI alkene observed in 
marine sediments and HBI-producing marine diatoms 
has now also been identified in the freshwater diatom A'. 
sclesvicensis. As a result, the number of diatoms known 
to be capable of producing H Bis is now known to include 
benlhic. planktonic. marine and freshwater sp>ecies. This 
diversification in terms of species undoubtedly con­
tributes to the widespread occurrence of these hydro­
carbon alkenes. 
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Abstract 

The C25 highly branched alkenes which have been widely reported in coastal and deep sea marine sediments and 
sedimenting particles have to date only been detected in benthic diatoms. Logically, a pianktonic organism would be a 
much more likely source for the HBIs found in deep sea environments. Here we report the structures of C25 HBI 
alkencs isolated from two planktonic diatoms belonging to the Pleurosigma genus. The HB! structures have been 
determined using NMR and mass spectral techniques. The HBIs from Pleurosigma sp. were identical to those found in 
many deep sea marine samples whereas those of P. planktonicwn consisted of two isomeric tetraenes whose structures 
are novel and which are reported here for the first time. © 2001 Elsevier Science Ltd. Al l rights reserved. 

Keywords: HBI alkenes; Pleurosigma planktonicum; Diatoms; Tetraenes; Plankton 

1. Introduction 

In two recent reports, we described the structures (e.g. 
Fig. 1) of the most common and abundant sedimentary 
isomers of C25 highly branched isoprenoid (HBI) 
alkenes, which are widely distributed in recent coastal 
marine sediments. This was achieved by comparison of 
the gas chromatographic (GC) and mass spectral (MS) 
features of the sedimentary compounds which those of 
C25 alkenes isolated from the benthic diatom, Pleur­
osigma intermedium which were characterised by nuclear 
magnetic resonance (NMR) spectroscopy (Belt et al., 
2000a.b). 

However, since HBI alkenes have been widely repor­
ted from water column particles (e.g. Prahl et al., 1980; 

• Corresponding author. Tel.: +44-1752-233042; fax: +44-
1752-233035. 

E-mail address: sbelt@plymouth.ac.uk (S.T. Belt)-

Osterroht et al., 1983; Volkman et al.. 1983; Albaiges et 
al., 1984; Bates et al., I9S4; Mntsueda and Handa, 1986; 
Wakeham, 1990) f rom as far afield as Dabob Bay, 
Washington, USA, the Peru Upwelling zone, the Ebro 
Delta. Spain, and the eastern North Pacific Ocean, it 
seems unlikely that benthic diatoms such as P. inter­
medium and Haslea ostrearia (Volkman et al., 1994) are 
a major source of C2S HBIs in deep sea marine envir­
onments. Whilst Rhizosolenia setigera is also a plank­
tonic diatom producer of HBI alkenes, this organism 
produces either an uncommon C25 penlaenc (Sinninghc 
Damste et al., 1999) or both C25 and C30 HBIs depend­
ing on the particular strain (Rowland et al.. in press). 
Thus, R. setigera is probably not the sole source of C25 
HBIs in the deep sea. We have therefore examined two 
planktonic diatom species of the Pleurosigma genus for 
HBI alkenes. Significantly, one of these {Pleurosigma 
sp.) produced C25 tetraenes and pentaenes identical to 
those previously found in suspended particles and sedi­
ments, whilst another {Pleurosigma plankionicum) pro­
duced novel and isomeric C25 tetraenes. 

0146-6380/01/S - see front matter (J 
PH: 50146-6380(01)00111-5 

2001 Elsevier Science Ltd. Alt rights reserved. 
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Fig. 1. Structures of C25 HBI alkenes described in [he present study. The parent alkane Czsro (including numbering scheme) is also 
shown. 

2. Experimental 

2.1. Idcntijicaiion of diatom species 

P. plarjktoniaim and P/eurosigma. sp. were isolated 
from phytoplankton collected from surface waters al Le 
Croisic, France (25/03/2000) and characterised using 
light and electron microscopy (Hendey, 1974). The lit­
erature description of P. planktonicum is detailed 
(Simonsen, 1974; Boalch and Harbour, 1977), allowing 
an unambiguous assignment to be made. For the second 
species, the extremely delicate striation suggests that it 
may be Pleurosigrtm subhyalinum (Hustedt and Aieem, 
1951). However, since the structural definition of P. 
subhyalinum is rather limited, we prefer to use the des­
ignation Pleurosigma sp. In any case, from the location 
of its isolation and primary structural features (sigmoi-
dal valves; oblique striae), we can confidently consider 
this species to be a planktonic member of the Pleur­
osigma genus. 

2.2. Identification of Cis Bis 

Laboratory (14 "C, 14/10 light/dark light cycle) and 
large-scale (ambient temperature, light) cultures of each 
species were grown in seawater enriched with F/2 Guil-
lard medium according to published methods (Wraige ei 
al., 1997). Isolation of cells (end of exponential growth 
phase; 10-15 days) together with extraction, purification 
and analysis of the non-sapontfiable lipid fractions 

obtained from each species was as previously described 
(e.g. Wraigc et al., 1997). Individual compounds were 
identified on the basis of their published GC retention 
indices (RIs), mass spectra, N M R spectra (see Appen­
dix) and/or by co-injection (GC) with authentic stan­
dards on a HP-1 stationary phase. ' H and '^C N M R 
analyses were carried out on CDCI3 solutions using a 
Jeol EX-270 spectrometer. 

3. Results and discussion 

3.1. A planktonic source of HBI alkenes 

Cultures of Pleurosigma sp. contained C25 HBIs pre­
viously reported in P. intermedium. The compounds had 
identical mass spectra and GC retention indices to those 
well-characterised isomers. However, the number and 
relative abundances of the different HBIs was found to 
change between cultures. Thus, in one culture, pen-
taenes VI11 and IX were abundant, with tetraenes I V -
V I I as minor components (Fig. 2a), while in a second 
culture, IV and V were the only detectable tetraenes, 
and these were in concentrations comparable to those of 
the pentaenes V I I I and IX (Fig. 2b). These differences, 
together with the absence of the pseudo-structural t r i -
enes ( I I and I I I ) , despite the presence of these com­
pounds in cultures of P. intermedium (Belt et al., 
2000a,b), may be due to subtle phenotypic controls or 
(in the case of the trienes) simply reflect inlra-species 
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Fig. 2. Partial total ion current (TIC) chromatograms of the 
non-saponiftable lipid fractions obtained from cultures of (a) 
and (b) Pleurosigma sp; (c) Pieurosigma planktonicum. Phytol is 
present as its TMS ether. 

effects. These will require furiher investigation before 
e.g. correlations with distributions in the water column 
or sediments can be made. In any case, it is clear that a 
planktonic source of widely occurring C25 HBI alkenes 
has been identified. 

3.2. Novel HBI alkenes in Pleurosigma plankionicum 

Large scale culture (400 I) of P. plankionicum, fol­
lowed by extraction and purification yielded 6 mg of a 
mixture of three compounds whose gas chromato­
graphic (RI 2163 and 2198 hp-i) ^^d mass spectral 
properties ( M ^ 344) were consistent with the presence 
of two isomeric C25 HBI tetraenes together with a small 
quantity of /J-C2i;6 (Fig. 2c). The mass spectra of the 
two HBI isomers X and X I (Fig. 3) were indistinguish­
able indicating a pair of stereoisomers. Although the RI 
of X (RI 2163 HP-i) was found to be similar to that of 
peniaene V I I I found in Pleurosigma sp. and P. inter­
medium (RI 2159 HP-i). ihe two compounds could be 
readily distinguished from their mass spectra (Fig. 3; 
Bell el al., 2000b). Hydrogenation o f an aliquot o f this 
mixture (Pt02-2H20/hexane/H2) resulted in the forma­
tion of a compound, identified as the parent hydro­
carbon C25:o (I) by comparison of its GC retention index 
(RI 2110 HP-i) and mass spectrum with that of an 
authentic standard. 

' H N M R analysis of the two H B I lelraenes revealed 
the presence o f tri-substituted double bonds (5 5.06 
ppm), but surprisingly, the absence of any resonances 
associated with a vinyl moiety, a structural feature 
which is common to all other H B I alkenes that have 
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Rg. 3. Mass spectrum of C25 HBI tetnene XI (n.b. the spectrum of X is the same as that shown for XI). 
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been rigorously characterised by NMR spectroscopy 
(e.g. Belt et al., 1996. 2000a,b; Wraige et al., 1997; Sin-
ninghe Damste el al., 1999; Allard et al., 2001). '^C 
N M R analysis confirmed this observation with exclusive 
detection of resonances attributable to tri-subslituled 
alkencs. Further, both ' H and '^C N M R spectra verified 
the presence of an ethyl moiety as the terminal group of 
the main side chain. The absence of isopropyl groups 
enabled two double bonds to be positioned at C2-C3 
and CI3-CI4 (see I for numbering scheme), while the 
positions of the other two double bonds could be loca­
ted by detailed analysis of the N M R spectra and com­
parison of published data for compounds with related 
structures. 

The appearance of two closely related compounds 
could be explained by the presence of two geometric 
Isomers (C9-C10), identified by N M R methods descri­
bed previously (Belt et al., 2000a,b). This included the 
observation of characteristic resonances ( 'H and '^C) 
associated with (£"and 20 H/C-18. In addition, since the 
two isomers were present in a ratio ca. 2:1 (£:Z). the GC 
elution order was also established (viz. Z before £) . This 
elution order, together with the difference in R l units 
between the two isomers (ARI = 35), is the same as that 
found for other HBIs possessing geometric isomerism in 
the C9-CI0 position (Belt et al.. 2000a,b). An analogous 
isomerism is absent for C25 HBIs isolated from Haslea 
spp. and R. setigera (e.g. Belt et al., 1996; Wraige et al., 
1997; Sinninghe Damste el al., 1999; Allard et al., 2001). 
Thus, the structures of the two C25 HBI telraenes iso­
lated from P. p/ankionicum have been identified as X 
and X I . 

The geochemical significance of these isomeric tetraenes 
is unknown at this stage. Although we have been unable to 
find any reports of these isomers in sediments or in the 
water column, we note that the unusually high retention 
indices (for C25 HBIs) associated with these compounds 
(RI 2163 and 2198 np.i) suggests that they may not have 
been identified as HBIs in previous analyses. 

4. Conclusions 

C25 HBI alkenes have been found in two planklonic 
species of the Pleurosigma genus. P. plankwnicum was 
found 10 contain two novel tetraenes whose structures 
are reported for the first lime. In contrast, the HBIs 
found in a second species, Pleurosigma sp., corre­
sponded to some of the most widely occurring isomeric 
forms reported in deep sea sediments and panicles. 
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Appendix 

' H (270 MHz) and '^C (67 MHz) N M R data for X 
and XI (CDCI3; referenced to residual CHCI3. ( ' H 7.24 
ppm) and CDCI3 C^C 77.0 ppm) respectively). 

' H . 5 5.06 (m, 4H. H-3,5,9.13), 2.66 (r. 2H, / = ? Hz, 
H-4). 1.99 (m, 7H, H-7,8,11,12). 1.67 ( j . H-1,15,18 (XI)), 
1.60, 1.58. I.55(C-I6,I9), 1.54 ( j , H-18(X)), 1.46 ( j , 3 H , 
H-17). 1.04-1.35 (m, 7H, H-20.21,22.23), 0.85 (m. 6H, 
H-24,2S). 

•^C: & 136.7 (C-6 (X)), 136.6 (C-6 (XI)) . 135.0 (C-IO 
(XI)) , 134.8 (C-IO (X)). 13I.4(C-2), 131.2 (C-14), 124.4. 
124.3. 124.2 (C-3.5,13), 123.6 {C-9 (X)), 123.5 (C-9 
(XI)) , 49.4 (C-7 (XI)). 49.2 (C-7 (X)) , 39.8 (C-11 (X)), 
34.3 (C-22), 34.2 (C-2I), 32.4 (C-8 (X)), 32.2 (C-8 (XI)). 
31.9 (C-M (XI)). 30.2 (C-20), 30.0 (C-23). 26.7, 26.8 (C-
4.12). 25.6 (C-1,15). 23.4 (C-18 (XI)) , 19.1 (C-25). 17.7 
(C-I6.I9), 16.1 (C-18 (X)). 11.9 (C-I7 (X)), 11.8 (C-17 
(XI», lI .5(C-24). 
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ABSTRACT C25 highly branched isoprenoid (HBI) alkenes are ubiquitous lipids 
found in geochemical samples around the globe. The origins of these widespread gco-
chemicals are believed to be restricted to a limited number of diatoms, including Haslea 
ostrearia (and related species), Rhizosolenia setigera, and Pleurosigmd intermedium. The 
unsaturation of the HBI alkenes ranges from 2-6 in different species and cultures. The 
number of stereogenic centres is usually limited to two in the HBI alkenes due to double 
bond positions. TTie relative and/or absolute-configurations for these have been deter­
mined for a range of HBI alkenes produced from different diatoms cultured under a 
niimber of growth conditions. These determinations have involved a combined spectro­
scopic and chromatographic analysis using NMR spectroscopy and chiral gas chroma­
tography, respectively. HBIs isolated from Haslea spp. belong to a specific structural type 
which exhibiLconfigurational diastereoisomerism, while those isolated from P. interme­
dium and R. seiigera represent a different structural, type and usually exist as mixtures 
of geometric isomers only. HBIs are reported from a new species of diatom whose 
stereochemical properties lie between those found for Haslea spp. and P. intermedium. 
Chirality 13:415-419, 2001. © 2001 Wiley-Uss. Ihc 
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AlKtract—Highly branched isoprenoid C,o penta- and hexaenes have been isolated from the marine diatom Rhizosolenia seti^era 
and charactensed by NMR spectroscopy. ® 2001 Elsevier Science Ltd. All rights reserved. 

Qo. C25 ^"d C30 highly branched isoprenoid (HBI) 
atkenes are widely occurring secondary metabolites that 
are routinely found in a range of geochemical settings 
ranging from recent sediments to ancient oils (see Fig. 1 
for parent structures).' In a number of recent reports, 
we and others have reported on source organisms for 
the C23 and C30 alkenes, though to dale, a primary 
producer for the C20 analogues remains elusive.^-' 
Structures of various C25 HBIs have been determined 
using N M R spectroscopy following large scale culture 

Figure \. Parent carbon skeletons of C^, Cjj and C „ highly 
branched isoprenoids. 

Keywords: highly branched isoprenoids; aJkenes; diatoms; Rhizosole­
nia setigera; NMR spectroscopy; rhizenes. 
• Corresponding author. Tel.: +44 (0)1752 233042; fax; +44 (0)1752 

233035; e-mail: sbelt@plymouih.ac.uk 

of the source diatoms Haslea ostrearia (and related 
species),**'^ Pteurosigma intermedium'*-^ and Rhizosole-
nia setigera? TTiese compounds exist in a number of 
isomeric forms exhibiting both geometric and configu-
rational isomerism.*"*-'" " In addition, their degrees of 
unsaturation range from two to six for alkenes isolated 
f rom diatoms, while monoenes and the saturated 
hydrocarbons also exist in sediments and oils.' How­
ever, there have been no reports on the structures of the 
pseudo-homologous Cjo compounds (rhizenes) other 
than their unsaturation.^ Here, we describe the struc­
tural elucidation of CTO HBI penta- and hcxaencs (Cjoia 
and CjQ-fi) following large scale culture of the marine 
diatom R. setigera (Fig. 2). 

R. setigera was isolated from Le Croisic, France and 
cultured in 4x60 L tanks containing underground salt­
water enriched with NaNOj (8 mg ml" ') and Guillard's 
medium" (f /2 , 0.2 ml 1"') at Id-IS^C. After centrifug-
ing, the concentrated biomass was freeze-dried and 
extracted with hexanc to yield a non-polar fraction. 
This was then saponified with KOH/MeOH to remove 
triglyceride esters and then re-extracted into hexane. 
Analysis o f this non-saponifiable lipid fraction by GC 
and GC-MS revealed the presence of heneicosa-
3,6,9,12,15,18-hexaene (n-Cz^e) together with two pairs 
of compounds whose chromatographic (retention 
indices'**) and mass spectral properties ( M * 412, 410) 
were consistent with C30 rhizenes possessing five and six 
double bonds. Separation o f these components was 
achieved using column chromatography (SiOj/hexane) 
to yield two CJOTS (21 mg) and two Cjog (10 mg) 
alkenes. 

004CM039/OI/$ - see front matter © 2001 Elsevner Science Ltd. All rights reserved 
PM: 50040-4039(01)01063-2 
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Figure 2. Structures of Cw penta- and hexaenes isolated from R. setigera. 

Examination of the ' H , '^C and DEPT N M R spectra 
of the two C3n;6 HBI alkenes revealed the presence of 
a vinyl moiety and five tri-substitulcd double bonds. 
Two of the tri-substituted double bonds could be 
located at the terminal positions of the main alkyi 
chain as resonances due to isopropyl groups were 
absent. A further double bond could be located at 
the C-7 branch point (see Fig. I for numbering 
scheme) due to characteristic '^C resonances for this 
quaternary carbon {5 142.6 and 142.3 ppm) and the 
absence of any peak at ca. 45-50 ppm, which is diag­
nostic when HBI alkene isomers are saturated at this 
position.-*"'^ The remaining two tri-subsliluted double 
bonds were positioned at C9-CI0 and CI3-CI4 since 
the H-8 protons (and only H-8) were found to be 
di-allylic (S 2.6 ppm). No evidence could be found 
for the presence o f positional isomers, a feature which 
is commonly observed for C25 HBI alkenes from 
Haslea sp.*"'̂  However, the presence of two hexaenes 
could be explained in terms of geometric (and not 
configuralional) isomerism. Thus, unique ' H and " C 
resonances were detected for the methyl group at C-
22."* indicating that the geometric isomerism exists at 
C9-CI0 in an analogous manner to that observed for 
the pseudo-homologous Cjs i r i - . lelra- and penlaenes 
isolated from P. iniermediitm.'-^ Pairs of resonances 
with significant differences in frequency could be 
assigned to C-7, C-8 and C-9.''' verifying that this 
isomerism was at C9-C10 rather than at C13-CI4. 
Further, by comparison of the relative intensities of 
the ' H and '^C resonances with those of the peaks 
corresponding to the two Cjo^ HBIs in the total ion 
current (TIC) chromatogram, the GC elution order 
could be determined (viz. Z before £ ) , which is the 
same as that observed for the related C25 alkenes."*-' 

The structures of the co-occurring penlaenes (Cjiv.s) 
were also examined by ' H and '^C N M R spec­
troscopy and noi surprisingly many of the spectral 
features were extremely similar to those found for the 
C 3 0 6 alkenes. Thus, resonances were consistent with a 

vinyl moiety and four tri-substituted double bonds 
with one of these occurring at the C7-C25 branch 
point.'* E/Z isomerism was also verified as being 
present at C9-CI0, though somewhat surprisingly the 
major isomer was found to be 2 ( Z / £ = l . 5 cf. 0.9 
for 2/1). The only significant spectral differences con­
sisted o f resonances attributable to a single isopropyl 
group confirming that one end o f the main hydrocar­
bon chain was saturated. Despite the extreme struc­
tural similarities and expected specirosopic features 
for isomers possessing unsaturalion at either end o f 
the principal carbon chain (viz. C2-C3 and C17-
CI8), an unambiguous assignment could be made by 
careful examination o f the "C spectrum. For exam­
ple, for the pseudo-homologous 02s:i, 02S;A and C25:5 
alkencs (eight isomers due to positional and geometric 
isomerism) the frequency for C-6 is always signifi­
cantly higher (A^ = 0.3-0.4 ppm) when C2-C3 is 
unsaturated (ca. 5 34.3 ppm).*-^ Since C-6 was found 
lo resonate at 34.3 ppm, with the corresponding reso­
nance for the da hexaenes (which is unsaturated al 
C2-C3) occurring at 33.9 ppm, C2-C3 must be satu­
rated al this position. An analogous trend was 
observed for C-7 with chemical shifts lo higher fre­
quency when C2-C3 is saturated (irrespective o f 
whether C9-C10 is E or Z ) . 

The structures of the two pairs o f rhizenes (C^rs and 
Cjoe) are therefore established as 1-4. The double 
bond positions and stereochemistry are equivalent to 
those established for some C23 alkenes found in other 
strains of R. setigera^^ and P. intermedium ^-^ 
Although the biosynthesis or function of the rhizenes 
is as yet unknown, isotope ratio {d ' ^Q measure­
ments suggest that they may be derived from different 
(and temperature dependent) pools of isopenienyl 
pyrophosphate (IPP) within the cells.'* Now that the 
structures of the C30 alkenes have been established, 
their biosynthesis and function can be examined in 
more detail. 
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Abstract - Two new diatom species, Haslea salstonica and Haslea pseudostrearia are 
described in light and electron microscopy and compared with two well-known mem­
bers of Haslea. Scanning electron microscope observations confirm that the new species 
belong to the genus Haslea. This study extends previous observations on the genus, 
particularly with respect to the development of a pseudosiauros. The characteristic 
features of the genus are discussed briefly. © 2001 Acadfimie des sciences/Editions 
scientifiques et m^dicales Elsevier SAS 

diatoms / Hsslea I new species / taxonomy / ultrastructure 

Resume - Haslea salstonica sp. nov. et Hasten pseudostrearia sp. nov. (Bacil-
lar iophyta) , deux nouveLles diatomees epibenthiques de restuaire de Kings-
bridge, Royaume-Uni. Deux nouvelles especes de diatomees, Haslea salstonica el 
Haslea pseudostrearia sent d^criies el illusirtes ou moyen des microscopes opiique et 
electronique. Les observpiions au microscope electronique 3 balayage permeiteni de 
demonirer I'appanenance de ces deux nouvelles especes au genre Haslea. L'eiude de 
rullrasinjcture du frusiule de quatre especes du genre Haslea pcrmet de preciser les 
observaiions anterieures notainmeni concernani les siries m6dianes transversales ei le 
pseudosiauros. © 2001 Academie des sciences/Edilions scieniiftques el medicates 
Elsevier SAS 

diaiomtcs / Hastea / nouvelles espies / taxonomie / ullrsstructurc 

. Version abregee noiammem au sein du genre Haslea. Lors de son 
inveniaire des diatomees plancicniques de I'oc^an 

L'uiiiisaiion des techniques de microscopic eleciro- indien, Simonsen a reclass6 plusieurs diatomees du 
nique pour la description de I'ulirasiructure des frus- genre NatAcula Bory presentant les memes particular-
lules de diaiom^es esi i I'origine de nombreux change- iles ulirasiniciurales dans le genre nouveau Haslea. Ce 
menis au sein de la classification des Bacillariophyla genre regroupe aauellemenl une vingiaine d'especes 

'Correspondence and reprints. 
E-mail address: gmasse®plymouth.3c.uk (G. Mass^}. 
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doni I'espice type est la diatomee Haslea ostrearia 
(Gaillon) Simonsen (toutefois, cette espece est unique 
dans sa capacitt: a synlhetiser un pigment surnumerdire 
bleu-vert). 

Dans cei article, nous dtcrivons rulirastruciurc de la 
valve de deux nouveaux Hcislea isoles a la suite d'une 
campagne de prelevements du microphytobenihos 
dans I'estuaire de Kingsbridge pr6s de Salcombe en 
Grande-Bretagne et nous effectuons une coiiiparaison 
de ces deux taxons avec deux Haslea bcnthiques issus 
de la collection de microalgues de notre laboraiolre. 

Haslea salstonica sp. nov. el Haslea psettdostreari-
asp. nov. proviennent d'un echantillon de sediment 
recohe a maree basse le 28 juillet 19S>9 dans la parlie 
sud de I'estuaire de Kingsbridge. (Devon, Grande-
Bretagne). Cei estuaire a fait Tobjet d'une campagne 
d'ecliamillonnage dans le but de preciser les iravaux de 
Hustedi el Aleem qui font etat de la presence de la 
diaiomee H. ostrearia. De plus, des lipides. caracieris-
liques des dialomees appartenant au genre Haslea oni 
ei6 retrouves en concentration imponante dans les 
sediments de eel estuaire. 

H. ostrearia et Haslea cnicigera (Win. Sniiih) Simo­
nsen ont etc isoles respeciivement en avril et juin 1999 
dans un prelfivement elTectue dans les claires ostrei-
coles de la baie de Bourgneuf en France. Les microal-
gues upres isolement sont entreienues sur du milieu 
ESI/3 Provasoli modifie. 

Le materiel a ele prepare selon le proiocole decrit 
par Hendey puis rince 3 I'eau disilllee. Une partie des 
frustules nettoyes a ete montee entre lame et lamelle a 
I'aide d'Hyrax pour les observations en microscopie 
optique. Lc reste a ete depose sur un support en laiion 
el recouvert d'une couche d'or/palladium pour les 
observaiions en microscopie elecironique i balayage 
(MEB). 

En microscopie optique, la cytologie du genre Has­
lea esi dominee par la presetice de deux plasies en 
bande, plaques contre le cingulum. Leur contour par-
fois irregulier iraduii rimplantaiion de pyrenoYdes en 
forme de counes baguettes. 

Lors des observations au MEB, nous avons pu mettre 
en evidence plusieurs caracierisiiques ulirastructurales 
communes chez les quaire especes qui les rattacheni 
au genre Haslea. En vue externe, on reiiendra que les 
valves soni reveiues de bandes silicifiees paralleles au 
raphe, I'aire cenirale elant reduite voire absenle. En 
vue inlerne, les stries transapicales touies perpendicu-
laires au raphe, el les vimines delimiienl des areoles 
rectangulaires. Un bourrelet accessoire (cote axiale) 
accompagne le raphe sur louie la longueur de la valve 
du cole primaire. La fissure du raphe esi tournee vers le 
cote secondaire de la valve sauf au centre et aux apex. 
Au centre de la valve, la fissure du raphe est ires fine el 

les pores cenlraux sont a peine dilates. Aux apex, le 
bourrelet s'atienue progress!vement el la fissure du 
raphe se termine en un heliaoglosse. Au centre, sur le 
cote secondaire de la valve, un bourrelet plus court fait 
face au bourrelet accessoire. U est parfois reduii d une 
ebauche en forme d'epaississement localise des stries. 
On peut grouper par deux ces quatre esp&ces : Has­
lea pseiidostrcaria avec H. ostrearia et H. salstonica 
avec H. cntcigera. Lors de I'observaiion de specimens 
vivants, abstraction faite d'une imponante difference 
de taille ainsi que d'une absence de coloration bleu-
ven des apex, H. pscudostrearia apparail comme une 
forme proche &H. ostrcaria. Elles ont plusieurs car-
acleristiques uliraslruciurales en commun: 
rornementaiion de la valve est imperceptible en 
microscopie oplique, on note I'absence 
d'epaississement des virges centrales el on compte 
environ 36 stries iransapicales en 10 pm pour les deux 
especes. Cependant, la peiile laille des specimens, une 
forme sub-capitee, une aire axiale plus large que chez 
Haslea ostrearia, un bourrelet accessoire court et fin 
mais bien defini au centre sur le cole secondaire et 
sunoui I'absence de marennine chez H. pseudostrearia 
a tous les siades physiologiques et dans des conditions 
de culture ideniiques a celles de H. ostrearia nous 
permelieni d'affirmer qu'il s'agit de deux taxons dis-
llncis. La laille des specimens, inferieure a celle des 
auires (axons a ete retenue coinme un caract^re dis-
criitunant ear si certains specimens d'H. ostrearia de 
noire algotheque peuveni avoir une taille approxima-
livement egale a celle des valves d'H. pseiidostrearia 
apres plusieurs mois de culture, lous les frusiules de 
dimension inferieure a 50 pm sont systemaiiquement 
de formes. 

H. salstonica ei H. cntcigera oni , elles aussi. plu-
sicurs caracterisiiques ullrasiructurales en commun doni 
Tepaississemeni des stries medianes des deux coles du 
raphe. Dans la liiierature, on note cependant que les 
ensembles aires medianes, stries formant le pseudos-
tauros, peuvent varier. Cardinal, Poulin el Berard-
TTierriaull presenient un specimen ou seulemeni deux 
virges medianes du cote de la cote axiale ei un du cole 
oppose s epaississem pour former le pseudosiauros. 
Round, Crawford et Mann decrivenl un specimen oO 
trois virges cote primaire et deux i I'oppose 
s'epaississeni pour former le pseudostauros alors que 
celui que nous decrivons dans cene elude presente 
trois virges qui s'epaississent de chaque cote. Les stries 
transapicales sont au nombre de 15 H 17 en 10 pm ct les 
fissures centrales du raphe s'incurvent de la meme 
maniere chez les deux especes. Le contour anguleux 
des valves el leurs dimensions plus faibles chez H. 
satsionica nous permeltenl de dire qu'il s'agii d'une 
espece distincie d'H. cntcigera. 
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1. Introduction 2. Materials and methods 

Cleve Ml created iwo sections, fu5i7bmie5and Orthos-
tichoe, within the genus Naviculs to include species with 
parallel transverse striae, with pores arranged in longitu­
dinal rows, or forming longitudinal striae respectively. 
Both had small or indistinct cenlral areas while some of 
the Onhostichae had a stauros-like stmcture at the centre. 
Also using light microscopy (LM), Patrick (2) and later 
Hustedt (3| produced accounts of the genus Navicula and 
accommodated species with very lightly silicified valves, a 
straight raphe with approximate central pores and tran-
saplcal striae crossed at right angles by a longitudinal 
pattern in the subgenus or section Fusiformes, respec­
tively. With the help of scanning elearon microscopy 
(SEM), Schrader [41 extended Hustedl's [5] observations 
on the raphe structure and pointed out the need to create 
a new genus for Patrick's subgenus on the basis of frustule 
oulline, raphe system and valve strialion like Navicula cf. 
v//fea Cleve. 

This taxonomic revision was achieved with Simonsen's 
diagnosis of Has/ea [6]. By means of Improved light micro­
scopical techniques, the longitudinal striation intersecting 
theiransapical striae was resolved as apically oriented slits 
on the outer surface of the valve. All the Haslea species 
observed by Simonsen [6] were gathered from plankton 
samples and the question could be asked whether these 
characters were also present in benthic forms. 

Roben and Prat (7) and Neuville et al. [8,91 contributed 
to the ultrastructural description of Haslea ostrearia. Their 
results confirmed the presence of characters diagnostic for 
Haslea in both pelagic and benthic species. Among benthic 
species transferred to Haslea, H. crucigera was shown by 
SEM (10, 11 ] to have some additional Internal features that 
are now considered typical of Haslea. An accessory rib 
(axial costa) runs alongside the raphe sternum on one side, 
overlapping the raphe sternum for part of Its length. A 
shorter rib (central bar) is present on the other side of the 
central area. In H. crucigera, thickening of the central 
vlrgae creates a 'false stauros' (pseudostauros). 

Von Stosch (12] presented a comparative study of plank­
tonic species of Haslea ( K gigantea (Hustedt) Simonsen, 
H. gigantea var. tenuis von Stosch and H. wawrikae (Hust­
edt)) Simonsen but also referring to benthic species (H. 
osirearia and H. crucigera). He considered additional 
characters such as apical striae, basal pore membrane of 
the areolae and among components such as the shape, 
position and number of plastlds to be of systematic inter­
est. 

In this paper we describe two new diatoms in the genus 
Haslea. They were isolated from mud samples collected In 
KIngsbridge estuary (UK). We compare them with two 
taxonomically well established Haslea species that we 
isolated from comparable benthic substrata and have main­
tained in culture in our laboratory. 

2.1. Algal cultures 

2.1.1. Haslea salstonica sp. nov. andHaslea pscudostrearia 
sp. nov. 

Samples were collected with a sterile syringe from 
the uppermost 1 cm of mud surface in the south part 
of the Kingsbridge estuary, Devon (UK). Samples were 
taken on the 28th July 1999 and preserved in darkness in a 
cool box. In the laboratory, cells of both diatoms were 
picked out by means of a mouth pipette under the 
microscope, transferred to 250-mL erienmeyer flasks con­
taining 150 ml of ES modified Provasoli's medium [13, 14] 
and grown under controlled conditions (14 "̂ C, 
100 pmol Photon m-^-s'\ 14/10 L/D cycle). 

We originally chose the Kingsbridge estuary in order to 
find a British strain of the diatom Has/ea ostrearia which 
had been reported from Great Britain [15] and from this 
estuary by Hustedt and Aleem in 1951 (161. We also 
investigated this area since lipids which are characteristic 
of Haslea spp. 117, 18) have been found there In relatively 
high concentrations [Belt, personal communication]. 

2.1.2. Haslea ostrearia and Haslea crucigera 

These two diatoms were isolated In April and June 
1999, respectively, from oyster ponds in the Bay of Bourg-
neuf, France, We used the same methodology as described 
for H. salstonica and H. pseudostrearia. Strains were grown 
in the same culture medium as H. salstonica and H. 
pseudostrearia and under the same conditions. 

2.2. Microscopy 

Material was prepared following Hendey's methodol­
ogy [191 and then rinsed with distilled water. A portion of 
the cleaned cells was mounted In Hyrax for LM observa­
tion (Olympus Provis). Selected cells were dried onto 
aluminium stubs and coated with gold/palladium for scan­
ning electron microscopy (JEOL 6400F). 

3. Results 

3.1. Haslea salstonica Mass^, Rinc6 and Cox 

{Plate I, figures B, C, plate II, figures A - f ) 

3.1.1. Description 

Frustules navlculold, narrowly rectangular and slightly 
curved in girdle view. Valves rhombic, 60-65 pm long and 
17 pm wide. Two apically elongated chloroplasts lie 
against each side of the girdle. Raphe straight and central 
with very small central area. Transapical striae unlseriate 
and parallel, 17 in 10 pm, with the central two or three 
virgae thickened to form a pseudostauros. Longitudinal 
striation not resolvable with light microscopy, even under 
interference contrast, 25 In 10 pm. 
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Plate I. Light micrographs of four taxa of Haslea. 
Figure A. Haslea crucigers showing the two chloroplasts. Figures E, F. Haslea crudgera, cleaned valves. Figure B. Haslea salstonica showing the 
two parietal chloroplasis. Figure G . Haslea salstonica cleaned valve. Figure C . Haslea ostrearia showing the two chloroplasts and the blue 
pigmenialion ai the poles. Figure H . Haslea ostrearia cleaned valves. Figure D. Haslea pseudostrearia showing the two parietal chloroplasis. Figure 
I. Haslea pseudostrearia cleaned valves. 
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Plate II. Scanning electron 
micrographs of Ha$/ea sa/sfon/ca 
and Haslea crucigera. 
Figure* A to F. Haslea salslonica. 
A. Whole valve in internal view. 
B. External view of the whole 
valve. C. Internal view of the api­
cal end of a valve showing the 
accessory nb ending near the pole 
and a small helicloglossa. D . Apex 
in external view exhibiting the 
curved distal raphe fissure arxl 
part of the parallel and longitudi­
nal slits abutting the peripheral 
one. E. Centre o^ the valve show­
ing the pseudostauros consisting 
of thick virgae, the accessory rib 
on the primary side of the valve 
and l l ie short second accessory 
rib on the secorxiary side. F. Proxi­
mal raphe fissure in external view 
slightly enlarged and curved to 
the same side of the valve. 
Figures G lo L. Haslea crucigera. 

G. Whole valve in internal view. 
H. External view of the whole 
valve. I . Internal view of the api­
cal pole showirig the accessory 
rib ending, the enlargement of the 
raphe fissure and the helictoglo-
ssa. | . Apex in exterr\al view 
exhibiting the curved distal raphe 
fissure arxi part of the parallel ar>d 
longitudinal slits abuting the 
peripheral one. K. Centre of the 
valve showing the pseudostauros 
consisting of thick virgae, the 
accessory rib on the primary side 
of the valve arxl the short second 
accessory rib on the secorxiary 
side. L Proximal raphe fissure in 
exterrval view slightly enlarged 
and curved to the same side of the 
valve. 
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External raphe fissure straight, with slightly expanded, 
unilaterally deflected central endings and polar endings 
strongly defleacd to same side. Internally the raphe fis­
sures open to one side of the raphe sternum for most of 
their length, except at the centre and near the apices 
where they end in long helictogtossae. An accessory rib 
(axial costa) extends throughout most of the valve on the 
primary side of the raphe sternum, with a shorter rib 
(central bar) at the centre on the secondary side. The 
thickenings of the central virgae are continuous with the 
accessory rib. Areolae quadrate arranged in rows. Longi­
tudinal slits, parallel to the raphe, merging with a periph­
eral slit near the apices on the outer side of the valve. 

Frustulum chromatophora duo laminiformia, ad utrum-
que cincturae latus appressa includens. Valvae lineari-
angulatae, 60-65 pm longae, 17 pm latae; area centralis 
minima; striae transapicales circiter 17 in 10 pm, per 
toiam longitudinem raphi perpandiculares; striae longitu-
dinales circiter 25 in W pm, per microscopium opticum 
non visae; pseudostaurum in media parte valvae, 2-3 
virgis crassioribus formatum. Raphe recta, axialis, fissures 
exiernis recti's, extremis centralibus apicalibusque modice 
dilatatis et unilateraliter curvatis ad primarium valvae 
latus; fissurae intemae raphis ad raphosterni latus per 
majorem partem longitudlnis aperientes, extremis cen­
tralibus simplicibus, recti's proximisque, extremis apicali-
bus in helictoglossa terminantibus. Raphosternumpulvino 
accessor/0 (costa axiali) per quasi totam longitudinem ad 
primarium valvae latus comitatum; pulvinus minor (costa 
minor) ad secundarium valvae latus praesens; areolae 
quadrangulaiae in siriis perpendicularibus dispositae. 
Extus, frons valvae rimis longitudinalibus, raphiparallelis, 
ad apices cum rima peripheral! conjugatis ornata. 

3.1.2. Hohiype 

BM 100257, National History Museum, London 

3.1.3. Type locality 

Kingsbridge estuary close to Salcombe on the sand bank 
at the east of Warham point, UK Marine, inienidal sedi­
ments collected in the Fucus belt by C. Mass6, S. Rowland 
and S. Belt Ouly 28, 1999). 

3.1.4. Etymology 

This Species is named with reference to the sampling 
area 'Saltstone', a sand-bank in the middle of the Sal­
combe estuary. Devon, UK. 

3.1.5. Microscopy 

In LM, cells are free living or adherent, as if in delicate 
mucilage tubes {plate /, figure B) with naviculoid fruslules 
and rhombic valves. Each cell has two, band-like plastids 
lying against the girdle on each side of the cell {plate /, 
figure B). In cleaned material {plate I, figure Ci transapical 
striae are visible throughout the whole valve, crossed by 
less obvious longitudinal striation. The central 2 or 3 striae 
on each side of the central area are thickened to form a 

pseudostauros. The raphe is indistinct except for its central 
endings which lie in a very small central area. 

In SEM, the external valve surface appears to be covered 
with parallel, longitudinal strips of silica separated by very 
narrow slits. The strips are tapered at each end where they 
abut a continuous peripheral slit {plate It, figure D). The 
external raphe system consists of 2 straight branches with 
central fissures curved in the same direction and the polar 
fissures sharply deflected to the same side. Internally, the 
uniseriate rows of square to rectangular areolae are visible 
{plate 11, figure 6, alternating with thick transapical virgae, 
crossed at right angles by longitudinal vimines {plate It, 
Hgures C and £). The raphe fissures open laterally (toward 
the secondary side of the valve) along most of ihe length of 
the raphe sternum but are central in the middle of the valve 
and at the apices {plate 11, figures C and £). The central 
raphe endings are co-axial and close to each other (1 |jm, 
2 striae apart) while at the poles they end in a straight 
helictoglossa (p/a(e //, figures Cand £). An accessory rib is 
present on the primary side of the valve and slightly 
overlaps the raphe sternum for pan of its length {plate II, 
figure Q. The accessory rib merges centrally with 3 thick­
ened virgae, as does a much shorter and less well-defined 
rib on the secondary side {plate II, figure £). These trans­
apical thickenings form a distinct pseudostauros visible in 
LM {plate I, figure C). 

3.2. Haslea pseudostrearia Mass£, Rince and Cox 

{plate I, figures D, I and p/a(e ///, figures A-F) 

3.2.1. Description 

Frustules narrowly reaangular and slightly curved in 
girdle view. Valves lanceolate wiih sub-acute apices, 
37-43 pm long and 6-7 pm wide. Two apically elongated 
chloroplasts lying against each side of the girdle. Raphe 
straight and central without a well-defined axial area. Cell 
wall extremely delicate, longitudinal and transapical stria­
tion not visible in light microscopy. Transapical slriation 
34-36 in 10 pm, longitudinal strialion 42 in 10 pm. 

External raphe endings straight and slightly expanded at 
the centre of the valve, strongly deflected to one side al the 
poles. Internal raphe fissures open to one side of the raphe 
sternum except at the centre and near the apices. An 
accessory rib extends besides the raphe sternum through­
out most of the valve, on the primary side (plate 111, figures 
Cand 0, Internally the areolae are quadrate, arranged in 
regular rows. Externally, the valve appears covered by 
longitudinal strips, separated by slits parallel to the raphe 
and merging with a peripheral sMi near the apices. 

Frustulum delicalum (paulo silificatum), chromatopho-
ris duobus, laminiformibus, ad utrumque cinaurae latus 
appressis. Valvae lineari-lanceolatae, 37-43 pm longae, 
6-7 pm latae, polis subacutis; area axialis inconspicua; 
striae transapicales circiter 34-36 in 10 pm, per totam 
longitudinem valvae raphi perpendicularcs et striae longi-
wdinales ciciter 42 in 10 pm, per microscopium opUcum 
non visae. Raphe recta, axialis, fissuris externis rectis. 
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Plate III. Scanning electron 
micrographs of Haslea pseudos-
Irearia and Haslea ostrearia. 
Figures A to F. Haslea pseudos­
trearia A. Whole valve in inlern.il 
view. B. External view of the 
whole valve. C. Inlerrwl view of 
the apical erxi of a valve showir>g 
ihe accessory rib erxJing near the 
pole and a small helictoglossa. D. 
Apex in external view exhibiting 
the curved distal raphe fissure arxi 
pan of the parallel and lor>gitudi-
nal slits abuting the peripheral 
one. E. Centre of Ihe valve show­
ing ihe accessory ribs. F. Proximal 
raphe fissure in external view 
straight arvJ slightly enlarged. 
Figures G to L. Haslea ostrearia. 
C. Whole valve in internal view. 
H . External view of the whole 
valve. I. inlernal view of the api­
cal end of a valve showing the 
accessory nb ending rwar the pole 
and a small helictoglossa. | . Apex 
in external view exhibiting the 
straight distal raphe fissure. K. 
Centre of the valve showing the 
accessory rib. L. Proximal raphe 
fissure in external view straight 
ar»d slightly enlarged. 

i 
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exiremis centralibus rectis, modice dilatatis, extremis apt-
calibus, modice dilatatis, ad primarium valvae latus cur-
vatis; fissurae intemae raphis per magnam partem hngi-
tudiT)is ad latum raphosterni aperientes, extremis 
centralibus simplicibus, rectis, proximisque, extremis apt-
calibus in helictoglossa terminantibus. Rapbosternum pul-
vino accessorio per quasi totam longitudinem ad prima­
rium valvae latus comitatum; areolae quadrangulatae in 
striisperpendicularibusdispositae. Extus, frons valvae rimis 
longitudinalibus, rapbi paralielis, ad apices cum rima 
peripberali conjugatis ornata. 

3.2.2. Holotype 

B M 100258, National History Museum, London. 

3.2.3. Type locality 

KIngsbridge estuary close l o Salcombe on the sand bank 
at the east of Warham point, UK Marine, intertidal sedi­
ments collected in the FucusbeU by G. Mass6, S. Rowland 
and S. Belt (July 28, 1999). 

3.2.4. Etymology 

This species is named because of its similarity l o Haslea 
ostrearia. 

3.2.5. Microscopy 

Cells are free l iving {plate I, figure D), naviculold, lan­
ceolate w i t h sub-acute apices. Each cell has two band-like 
plastids lying against the girdle on each side of the cel l . 
Cleaned valves (p/afe /, figure 1) appear hyaline apart f rom 
the apically orientated raphe system wi th indiscernible 
nodules. 

In SEM, the external valve surface appears covered wi th 
parallel, longitudinal strips of silica separated by very 
narrow slits. The strips are tapered at each end where they 
abut a continuous peripheral slit {plate III, figure D). The 
external raphe system comprises 2 straight branches wi th 
terminal fissures slightly expanded but almost straight at 
the centre and sharply deflected to the same side at the 
poles {plate III, figures O and f ) . Internally, the valve has 
uniseriate rows of square to rectangular areolae {plate III, 
figure B separated by very slightly thickened transapical 
virgae, crossed at right angles by longitudinal vimines 
{plate III, figures C a n d f ) . The raphe fissures open laterally 
along most of the raphe sternum except in the middle and 
at the apices where they open centrally {plate III, figures C 
and £). The central raphe endings are co-axial and very 
close to each other (140 n m apart, 1 stria) wh i l e at the 
poles they end in a straight and short helictoglossa {plate III, 
figures C arid £)• There is no lateral expansion of the raphe 
sternum into a central nodule. The raphe sternum is flanked 
by an accessory rib o n the primary side of the valve and a 
short and th in rib on the secondary side {plate III, figure f ) . 

3.3. Hasica crucigera (Wm. Smith) Simonsen 

{plate I, figures A, E, F; plate II, figures C-L) [3, 11, 20) 

Living cells have a slightly curved, na r rowly rectangular 
frustules in girdle v i e w (not shown). The valves are lan­
ceolate to l inear-lanceolaie, flat, 9 5 - 9 7 p m long and 
11 - 1 2 pm wide {plate I, figures A, E, a n d F, plate II, figures 
G a n d H). Two band-like plastids lie against the girdle on 
each side of the cell {plate I, figure A). The internal margin 
of the plastids usually appear slightly undulate due to the 
presenceof small obl iquely inserted rod-shaped pyrenoids. 
In cleaned cells {plate I, figures Eand f ) , the raphe appears 
straight and central. Transapical striae (15 in 10 pm) are 
visible w i th in L M and are crossed by more delicate 
longitudinal striae. The central 2 or 3 transapical virgae are 
thickened forming a pseudostauros. 

In SEM, the external valve surface is covered w i t h 
closely spaced, longitudinal strips o f silica separated by 
narrow slits w h ich merge w i t h a cont inuous peripheral slit 
near the apices {plate II, figure J). The external raphe fis­
sures are slightly expanded and turned to one side cen­
tral ly and sharply deflected to the same side at the poles 
{plate II, figures J and L). Internally the raphe slits open 
laterally in the raphe sternum except at the centre where 
the endings are straight and approximate (1 p m apart / 2 
striae width) {plate II, figure K) and at the apices where 
they are slightly expanded in a slightly raised helictoglossa 
(plate II, figure D. 

A n accessory r i b o n the primary side o f the valve flanges 
over the raphe sternum and obscures it for much of its 
length. The internal areola arrangement is similar to the 
other taxa but w i t h fewer longi tudinal striae (20 in 10 pm). 

O n both sides of the raphe, the 3 central virgae are 
thickening fo rming a pseudostauros. The thickened virgae 
are fused w i t h accessory rib on the pr imary side of the 
valve, and w i t h a shorter thinner r ib o n the secondary side 
of the valve {plate II, figure K). The th ickening of the virgae 
extends further across the valve and is more even In H . 
crucigera than H. salstonica {plate II, figure 5). 

3.4. Has/ea ostrearia (Caillon) Simonsen 

{plate I, figures C, H; plate III, figures C-L) 13, 7, 8, 91 
W h e n cells are suffering f r o m nutrient depletion [14, 

211, light microscopy reveals the characteristic, blue-green 
cytoplasmic coloration at the cell apices (plate I, figure Q. 
Two band-like plastrds lie against each girdle . Their extent 
is variable as a func t ion of the b lueing status of the cells 
[221. The valves are narrowly lanceolate, fiat w i t h sub­
acute apices, 6 8 - 6 9 p m long, about 6.5-7.5 p m wide 
{plate I, figures C and H; plate HI, figures C and H). Frus­
tules are narrowly rectangular in girdle v i ew (not shown). 
In cleaned cells {plate I, figure H) the raphe appears straight 
and central. The valve is extremely delicate and the striae 
are not visible in L M . 

In SEM, the external valve structure is comparable to the 
previous species, but the external raphe fissures are 
straight, slightly expanded at bo th centre and poles 
{plate III, figures ) and L). Internally the areolatlon is again 
as above, but there are 36 transapical striae in 10 pm, and 
about 53 longitudinal striae in 10 p m {plate III, figure K). 
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Table I . Summary of features of the four Haslea spp. invesiigaied. 

Haslea salstonica Hasha crucigera Haslea pseudostrcaria Haslea osircaria 
length (pm) 60-65 95-97 37-43 66-69 
breadth (pm) 17 n-12 6-7 6.5-7.6 
Iransapical striae in 10 }jm 15 17 34-36 36 
longitudinal striae in 10 |jm 25 20 42 53 
central virgae thickened thickened unthickcncd unthickened 
accessory rib present present present present 
shorter accessory rib present present present very slight 
central raphe endings deflected deflected straight straight 
polar raphe crnJings deflected deflected deflected straight 

The internal central raphe endings are approximaie, less 
than 200 nm apart {plate III. figure K). Although there is 
well-developed accessory rib on the primary side of the 
valve {plate III, figures I and 10, there is only a very slight 
suggestion of a thickening on the secondary side and no 
thickening of the central virgae. 

4. Discussion and conclusion 

The species described above can be considered in two 
groups, Haslea osirearia with H. pseudostrearia. and H. 
crucigera wi th H. salstonica. A summary of valve features 
is given in table I. 

4.1 . H. ostrearia and H. pscudoslrearia 

Observations of both live and cleaned material revealed 
similarities between these taxa. Both have very delicate, 
lanceolate valves with about 36 transapical striae in 10 pm. 
However, H. pseudostrearia is smaller, has sub-acuie rather 
than acute apices and a wider axial area than H. osirearia. 
Some small specimens of H. ostrearia have been observed, 
but cells less than 50 pm long are always warped |23. 24), 
unlike H . pseudostrearia. The absence of blue pigment in 
living cells of H. pseudostrearia compared with H. ostrearia 
under the same growth conditions supports their recogni­
tion as distinct taxa. 

4.2. H. salstonica and H. crucigera 

These taxa share the possession of a pseudostauros 
formed by a thickening along the central virgae and 
approximately the same transapical stria density (15-1 7 in 
10 pm). The external raphe fissures are similar, deflected 
at the centre and poles, while internally there is an acces­
sory rib on the primary side and a short bar on the 
secondary side of the valve. Haslea salstonica is smaller 
and more rhombic than H. crucigera. wi th more closely 
spaced longitudinal striae. It can therefore be recognised 
as a distinct taxon. The development of the pseudostauros 
may vary in H . crucigera. Cardinal, Poulin and B6rard-
Therriault (11, figure U4\ illustrated a specimen with 2 
thickened virgae on the primary side and one on the 
secondary side while Round, Crawford and Mann |251 
showed a specimen with 3 thickened virgae on the pri­

mary side and 2 on the secondary side forming the pseu­
dostauros. Our specimens have 3 thickened virgae on 
each side. 

Based on this study and recently published investiga­
tions of Haslea species, several ullrastuctural features now 
appear to be typical for Haslea, and should be incorpo­
rated into the generic circumscription. The characteristic 
external morphology of the valves, appearing to have 
longitudinal strips of silica over the vimines with interven­
ing forming continuous slits, is largely confined to this 
genus. It was first reported for Has/ea ostrearia (the gcneri-
type) by Neuville et al. |8, 9) and corroborated by Robert 
and Prat I7 | . Cox 110,26) has shown that Has/ea crucigera 
and another, as yet undescribed, species of Haslea are 
similarly constructed, while von Stosch 112| demonstrated 
the same construction for three planklonic members of the 
genus (H. wawrikae, H. gigantea and H. gigantea var. 
tenuis). Round, Crawford and Mann (25) mention this 
feature in their description of the genus and It is clearly 
present in the two new species we describe here. There are 
a few instances where similar external valve morphology 
has been observed in members of other genera. Cox (271 
has noted that continuous slits can be seen in some 
Navicula species, while external pores may extend over 
more than one areola in some Cyrosigma Hassal species, 
e.g. Cyrosigma Utorale (W. Smith) Griffith and Henfrey 
|28J. More recently this type of pore construction has also 
been observed in a sigmoid diatom [291. However, we 
consider that the possession of continuous external slits 
over many areolae should be considered one of the diag­
nostic charaaers for inclusion in Haslea. 

In addition to its distinctive areola sinjcture, Has/ea also 
has a characteristic combination of raphe features which 
while confirming its position in the Naviculaceae, never­
theless supports its recognition as a distinct genus. Like 
other members of the Naviculaceae, Has/ea has a distinct 
raphe sternum in which the raphe silts open laterally for 
most of their length, but are central at their proximal 
endings, and near the poles where they terminate in 
elongate helictoglossae. There is a well-defined accessory 
rib on the primary side of the raphe sternum, which often 
overlaps the raphe sternum for most of its length. The 
degree of overlap Is species-specific. On Ihe secondary 
side of the raphe at the centre of the valve there is usually 
a shorter accessory rib. However, in some species this 
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fealure is barely distinguishable. E^cternally the raphe fis­
sures are straight for most of their length, slightly expanded 
at their endings, all endings usually deflected to the same 
side of the valve. The polar deflections are usually abrupt, 
the central deflections may be only slight. This conlrasis 
with the external raphe fissures of Navicula which are 
usually hooked at the poles and more or less straight at the 
centre. In Cyrosigma and Pleurosigma W. Smith, the raphe 
endings are simpler deflections, although the ends of each 
slit are usually opposite deflected in Cyrosigma. In Pleu­
rosigma the central endings turn to the same side, but 
polar endings are opposite. The accessory rib configura­
tions in these other genera differ from those In Haslea. 

Observations on live celts of benthic Haslea species 
[Cox, unpubl.l indicate that cells have two band-like 
chloroplasts containing numerous, obliquely inserted, 
small rod-shaped pyrenoids. These often make the inner 
chloroplasi margins slightly Irregular. This can also be 
seen in von Stosch's illustrations of H . wawrikae (12, 

figure 23]. Although von Stosch |12] describes H.glgantea 
var. gigantea as having small, baci l l i form or roundish 
plasilds, he also questions whether this is a f u n a i o n of its 
growth conditions rather than the typical state because old 
cultures of H. wawrikae could produce numerous small, 
almost colourless platelets. Further work on the stability of 
chloroplast form is dearly warranted. 
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Summarj* 

We describe an innovative yet straighiron-vard method to 
obtain high quality thin sections of diatom exoskeletons Tor 
observation by scanning electron microscopy (SEM). The 
use of this new technique allows For clear observations of 
some ultrastructural valve features, including the raphe, 
which are generally difTtcuil to observe and describe 
accurately using transmission electron microscopy analysis 
of thin sections or SEM of randomly fractured diatom valves. 
In addition, because this method involves the complete 
removal of the organic content of the diatom cells, resulting 
in clean and mostly undisturbed skeletal thin cross-sections, 
even the intact valvar structures of u-eak girdle bands can 
be studied. 

Introduction 

Since the beginning of the 18th century when diatoms were 
first obsen-'ed with a simple microscope, it is clear that 
the technological advances in microscopy over the past 
300 years have allowed phycologists to characterize diatoms 
in increasing detail. Thousands of diatoms were described 
with conventional optical microscopes during the latter part 
of the 19lh century when numerous trans-global scientific 
expeditions took place. Diatom genera and species were 
monographed in publications that are still in current use. 

Cornspondmo:: Guilbume Masse. TH.: 4 J ] 2 51 12 S6 57: fax: +31 2 51 12 
56 12: r-mal): BmasM@jsomcT.unlv-nQntc9.fr 

even though the taxa are mainly illustrated with line 
drawings (Clere & Grunow. 188U: Van Heurck, 1880 -
1885: Grunow. 1884: Cle\'e. 1894. 1895). During these 
early investigations diagnoses of diatoms were based on 
light microscopy (LM). which highlighted the overall shape 
of valves, the occurrence of hyal'me areas, the nature of the 
raphe fissures and the characteristic ornamentation kf the 
valve, sometimes with brief considerations of the arrange­
ment of chloroplasts (Mereschkowsky. 1 9 0 1 : 1902-1903) . 

During the middle part of the 2 0 l h century electron 
microscopy (EM) techniques were dc\'eloped (Gaughcr. 
1990) and used for the analysis of diatoms (Gaul et al. 
1993). Transmission eleclron microscopy (TEM) conbibuled 
important information concerning cytoplasmic organelles 
and the fine structure of diatom frustules (Stoermer ct al, 
1964: Chum et a\.. 1966; Pickett-Heaps ei al.. 1979a, b: 
Edgar & Pickett-Heaps, 1984). Despite the high resolution 
offered by TEM (e.g. 5 - 1 0 nm resolution for pore occlusion 
observations), the introduction of scanning electron micro­
scopy {SEM) has had a more profound impact on diatom 
taxonomy (Mann. 1981). SEM has allowed phycologists to 
appreciate the three-dimensional structure of diatom valves 
and the highly characteristic architecture of the silica shell 
(Gerloff & Helmcke. 1974: Paddock & Sims. 1990: Round 
ct al. 1990). 

Hoive^'er. despite these advances there are still some 
morphological valvar features, such as the raphe-associated 
structures, which are extremely difficult to describe accu­
rately using optical microscopy and problematic to study 
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with conventional electron microscopy techniques. Such 
ultrastructural features could potentially provide us with a 
better understanding of the classiTication of diatoms. Indeed, 
features associated with the raphe were studied by Cox 
(1977. 1999a) and used as taxonomic criteria to improve 
the classification of some naviculoid diatoms. Cox stressed 
the importance of taking into consideration all characters 
related to the raphe system, which is one of the first 
siliceous elements of the valve to form during morphogen­
esis (Schmid. 1979: Cox. 1999b). Other authors have 
reported brief descriptions of such structural features by 
manually or accidentally breaking the cell walls. However, 
although this approach can be informative, it is usually time 
consuming as the position of the fractures cannot be 
predetermined, and many attempts are necessary to obtain 
reliable information. In a single study Pocock & Cox (1982) 
de\-eloped a novel resin etching technique to obtain sections 
of Rhabdonema arcuatum. which facilitated examination of 
the cingulum. Although the accumulated information is 
undoubtedly important (Schrader, 1973; Cox. 1977: Kram-
mer. 1982: Mann. 1986: Schoeman & Archibald. 1986). it 
also remains incomplete, because clean fractures of diatom 
cells are rarely obtained. As a consequence of these 
limitations such structural features tend to be omitted from 
present taxonomic studies, l b allow a more analytical and 
comprehensive study of raphe-associated structures to be 
made. \re describe herein an innovative technique to 
enhance the SEM characterization of diatom specimens in 
transaplcal thin sections. 

This method, which yields both clean and predominanUy 
undamaged skeletal cross-sections, allows for the study of 
intact valvar structures, even of weak girdle bands once the 
organic content has been completely removed. We have 
tested this method using several pennate diatoms within the 
genera Navicula Bory and Gyrosigma Hassall, as well as for 
some more delicate members of the genus Haslea Simonsen. 

Experimental 

Benthic diatoms were collected by sampling the top surface 
(1 -2 cm) of mudOats in the Bay of Bourgneuf. France. In 
the laboratory, diatoms were isolated under the optical 
microscope from the soft sediments by manually trans­
ferring cells with a pipette to 250 mL Erlenmeyer fiasks. 
Diatom cells were grown in F/2-enriched sea-water 
(Gulllard. 1975) at 14 'C. with an illumination of 
100 M-mol m~^ s"' provided by cool-white fluorescent 
lubes (LD 14 : 10 h cycle). Cells were har\'esled during 
the exponential growing phase, transferred to 10 m i lubes 
and centrifuged at 1000 g for 10 min to minimize fnjstule 
disconnection and apex breakage (Fig. 1). 

In order to maintain cell integrity, cells were fixed for 
30 min at room temperature in a 3% glularaldehyde 
solution prepared with the culture medium as described 
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Fig. I . Slcp-by-step procedure for the production and analysis of 
thin cross-sections of diatoms. 

by Nassiri et al. (1998). Fixed cells vrere then centrifuged 
(1000 g. 10 rain), the supernatant removed and the 
fixation continued for an additional 2 h in a 3% glutar-
aldehyde solution buffered with sodium cacodylate (0.2 m). 
Samples were dehydrated for 5 min in each of the serial 
alcohol baths (50%. 70%, 80%. 90%. 95% and 100%) 
follo^ving the method described by Beninger et al. (1995) 
and embedded i n Spurr's epoxy resin (Spurr. 1969: McCully 
et aL 1980; Reimann et al.. 1980) according to the modified 
technique outlined by Nassiri et al. (1998) in order to 
maximize a suitable orientation of the diatom cells prior 
to sectioning. The polymerization of the resin was then 
accelerated by transfer of the embedded capsules to a 
laboratory oven for 9 h (70 °C). 
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SF.M OF SECTIONED DIATOMS 3 

Fig. 2. SEM images of transapical thin sections of diatom valves. Transapical section of a diatom showing mainly the embedding resin with 
all valvar features obscurred. 
Fig. 3. Thin sections of diatoms following the evaporation of the embedding resin. Note the remaining organic matter between the siliceous 
layers and the cut sections. 
Fig. 4. Thin sections of diatoms following the evaporation of the embedding resin. Note the remaining organic matter between the siliceous 
layers and the cut sections 
Fig. 5. Transapical sections performed with a diamond knife, heated to burn the resin and rinsed to eliminate the residues of organic matter. 
Cross-section of a cell in division at the valve centre of Gyrosigma cf. linwsum. 
Rg. 6. Cross-section through the middle of the vaK-c of Gyrosignia cf limosum. 
Fig. 7. Cross-section near the valve apex of Gyrosigma cf. limosuni. 
Fig. 8. Cross-section of a cell in division at the valvT centre of Navicula ranwsissima. 
Fig. 9. Cross-section through the middle of the valv« of Hasira crucigera. 
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4 CUASStETAL 

ICX) nm 

1 um 100 nm 

Fig. 10. SEM images of Iransapical thin sections of diatom valves at high magnirication. Sectioning was performed with a diamond knife 
heated lo bum the resin and rinsed to eliminate the residues of organic matter. Cross-section at the valve centre of Navirula ranwsissima 
showing details of the C-shaped raphe Pissure. 
Fig. 11. Cross-section focusing on raphe-associatcd features at the valve centre of Gyrosignta sp. 
Fig. 12. Cross-sections of Gyrosigma sp. showing details of the cingulum. 
Fig. 1 J. Cross-sections of Gyrosigma sp. showing details of the cingulum. 

Different types of glass and diamond knives were tested 
with a Reichert OM-U 3 ultramicrotome ( ) In order to obtain 
th in (250-5(X) nm) sections. Sections were then picked up 
wi th an eyelash, disposed on a circular glass cover slide, air 
dried and examined in L M . Slides wi th suitable th in sections 
were heated in a Pyrolabo WE 01 muflle furnace ( ) 
(450 ± 10 °C. 20 rain) to remove the resin and all of the 
intracellular organic matter After a gradual cooling in the 
furnace ( = 1 h). the slides were taped onto another glass 
plate, which was then placed in a beaker with ultra-pure 
water w i t h gentle st irr ing (15 min). The slides were then 
mounted wi th carbon tape onto aluminium stubs, coated 
wi th Au/Pd and examined in SEM (JEOL 6400F) at an 
accelerating voltage of 6 - 8 kV. a 10 -15 m m working 
distance and a t i l t angle of 6 - 1 0 ° . 

KesulLs and discussion 

In order to establish a satisfactory experimental protocol 
for obtaining th in sections of sufTicient quality suitable for 

SEM analysis, we made a number of mcxlincatlons to an 
elementary method. 

Initially, we used glass knives to cut transapical sections 
of diatoms, which were placed on a glass slide, coated w i t h 
Au/Fd and examined Immediately by SEM. The embedding 
medium clearly achieved its main f ix ing funct ion, but we 
were unable to see the ullrastructure of the diatom valves, 
because they were completely obscured by the surrounding 
resin (Fig. 2). The only noticeable feature was a circular 
outline in the resin, indicating that a section of a diatom 
valve was present. However, as i t is Impossible to cut 
through diatom (rustules wi thout using any embedding 
medium, we had to f ind a melhcxl by which It would be 
feasible to reraove the resin from the diatora shells after 
sectioning wi th glass knives, wi thou t displacing the valvar 
and c(jnnective pieces. Therefore, our second attempt 
Involved remcnral of the embedding resin by Incinerating 
the sectioned material on the slide at a minlmura of 450 "C 
iZoto et ai. 1973: Gerraaln. 1981 : Rlcard. 1987). which 
should also remove al l the intracellular organic matter 
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SEM OP SECTIONED DIATOMS 5 

Following this raodincation. SEM observations revealed that 
the general morphological outline was conseri.-ed without 
disconnection of the two valves or girdle bands. However, 
some residues were stiU visible on sectioned diatoms, 
particularly between the siliceous layers. In addition, 
because the appearance of the sections were not 'clean' 
but ripped (Figs 3 and 4). presumably due lo Ihe inferior 
cutting capability of the glass knife, a further modiTicaliDn 
was needed. 

Thus, the final protocol involved the use of a SPI diamond 
knife lo produce thin cross-sections, incineration to remove 
most or the organic matter, and fmally rinsing these sections 
with distilled water lo eliminate unwanted residues. These 
modincations resulted in sharp, well-deGned thin sections 
through the diatom shells. When examined in SEM. the 
iransaplcal sections appeared extremely clear with a perfect 
cutting plane through the diatom frustules (Figs 5-13). 
There were no residual traces of the embedding resin or the 
organic content in the diatom cells and all the skeletal 
structural features were both well defined and distinct. 

By using this technique, the integrity of the valve 
structures was generally preserved (Figs 5-13). The cham­
bered areolation was quite obvious in Gyrosigma cf. limosum 
Stcrrenburg & Underwood (Figs 5-7) and Has/fa crucigera 
(VV. Smith) Siraonsen (Fig. 8). as well as the characteristic 
raphe-associated structures at various locations on Gyro-
sigma valves. In addition, the integrity of the girdle bands 
between the two volves of the frustules was largely 
mn'uitained with this method (Figs 5-9). At higher 
magnification, these valvar features were observed in even 
greater detail. The raphe-associated structures at the centre 
of the valves of Navicuia ramostssima (C.A. Agardh) Cleve 
and Gyrosigma sp. clearly show distinct fissures, including a 
raphe-sternum and an axial costa (Figs 10 and 11). while 
the details of the cingulum are well illustrated for Gyrosigma 
sp. (Figs 12 and 13). 

In conclusion, the information available via this Irmova-
tive technique should complement that obtained from 
conventional SEM methods and therefore contribute to a 
better definition of the various elements of diatom valves 
and our understanding of the phylogeny of the diatom 
genera. Furthermore, because serial cross-sections from a 
single cell can be obtained, it Is also possible to follow the 
organization of these valvar features along the entire length 
of the valve (Figs 5-7) . Finally, there is also the potential for 
such a technique to be used comparatively in morpho-
genetic studies (Figs 5 and 8). which may complement TEM 
(e.g. Stoermcr ct a/.. 1964) or SEM (e.g. Schmid. 1979: C:ox. 
1999b) observaUons. 

Acknowlcdgcmcnls 

We would like to thank the University of Plymouth. U.K.. 
and the Uniwrsite de Nantes. France, for financial and 

logisUc support to C M . We also thank the Canadian Museum 
of Nature for its financial support to MJ*. and to a referee for 
some extremely useful comments on the manuscript. 

References 

Beninger. P.T.. Potter. T.M. & St-Jean. S.D. (199S> Paddle cilia 
fuQtion artefacts in paltial oi^an of adult Mytllus edulis and 
Placopecten megeUanicus (MoUusca: Bivatvia). Can. /. Zoo]. 73. 
610-614. 

Cbugher. D.. ed. (1990) Scanning Electrvn Microscopy In Taxonomy 
and Functionai Morphology Syslematics Association Special 
Volume no. 41. Clarendon Press. Oxford. 

Cleve. P.T. (1894) Synopsis of the navlculoid diatoms. Part 1. 
K. Svenska Vetensk. Akad. HantU. 26. 1-194. 

Clevc. P.T. (1895) Synopsis of the navlculoid diatoms. Part 2. 
K. Svrnska Vctrnsk. Atari Hantfl. 27. 1-235. 

Qeve. RT. & Grunow. A. (1880) Beilnige tar Kennlniss der 
arctischen Dlatomeen. K. Svenska V'ermjt Akad. Handl. 17. 1-121. 

Cox. E.J. (1977) Raphe structure In naviculold diatoms as revealed 
by the scanning electron microscope. Nova Hedwigia. Belh. 54. 
261-274. 

Cox. E-I. (1999a) Studies on the dialom genus Navicula Bory. v m . 
Variation In valve morphology in relation to ttie generic 
diagnosis based on Navicub tripunctata (O.F. MGlter) Bory. Diatom 
Ra. 14. 207-237. 

Cox, E.J. (1999b) Variations In patterns of valve morphogenesis 
bcturen represcntaUves of six biraphid dialom genera (BadUario-
phyceae). PhycvL 35. 1297-1312. 

Cox. E.J. & Ross. R. (1981) The suiae of pennate diatoms. 
Proceedings of the Sixth Symposium on Recent and Fossil Diatoms. 
Otto Koeltz. KocnIgsteSn (ed. by R. Ross), pp. 267-278. 

Drum. R.W.. Pankralz. H.S. & Stoerroer. E.F. (1966) Chapter title? 
Dlatomeenschalen Im elektronenmikroskopischen Bild. Vol. 6 (ed. by 
J.-G. Helmcke and VV. Kricger). pp. 1-25. Publisher. Town? 

Edgar. LA. & Pickelt-Hcaps. I.D. (1984) Valve morphogenesis in 
Ihe pennate diatom Navicula cuspldaia. /. Phycoi 20. 47-61 . 

Gaul. U. Geissler. U. Henderson. M.. Mahoney. R. & Reimer. C.W. 
(1993) Bibliography of the nne-slruclure of diatom Ihislules 
(Bacillariophyceae). Proc Acad. NaL Sci. PhUa. 144. 69-238. 

Gerloff. I . & Helmcke. I.-G. (1974) Chapter title? D/fltomecnjchfll«i 
(m elektronenmikroskopischen Bild. Vol. 8 (ed. by J.-G. Helmcke. W. 
Krieger and ] . GerlolT). pp. l-34.Publlsher. Town? 

Germain. H. (1981) Flore des Diawmees. Eaux Douees et Saumdtrts. 
Soclete Nouvelte des Editons Boubcc. Paris. 

Grunow. A. (1884) Die Di.ntomeen ran Franz Josefs-Uind. Akad. 
WIss. Math-Naturw. Kl. Danks. Wien. 48. 53-112. 

Guillard, R.R.L. (1975) Culture of phytoplankton for feeding 
marine inrertebrates. Culture of Marine InvertebmUs Animals 
(ed. by W. L Smith and M. H. Chanley. M.H). pp. 26-60. Plenum 
Press. New York. 

Knunmcr. K. (1982) Observalions on the raphe slit of some 
Baclllarlophyceae and Ideas on Its function. Ar^L Hydrobioi 
Supplement. 63. 177-188. 

Mann. D.G.( 1981) Sic\-e3 and Haps: siliceous minuUae In the pores 
ofraphid diatoms. Proceedings of the Sixth Symposium on Recent 
and Fossil Diatoms (ed. by R. Ross), pp. 279-301. KoeIl2 SclenUHc 
Books. Kocnlgstein. 



6 C. MASSE ET Ai. 

Mann. D.G. (1986) Nitzschia. subgenus Nitszchla. (Notes for a 
Monogmph of the Bacillariophyscae. 2). Proceedings of the Bghlh 
Internationa! Diatom Symposium (ed. byM. Rlcord). pp. 215-227. 
Koellz Scieniinc Books. Koenigstein. 

McCuily. M.E.. GofT. L.]. & Adshead. PC. (1980) Preparalion of 
algae for liglu microscopy. Handbook of PhycologicaJ Methods. 
Developmental and Cytological Methods (ed. by E. GantI). pp. 263-
283. Cambridge University Press. Cambridge. 

Mereschkowsky. C. (1901) Etudes sur rendochrome dcs dlalomees. 
Mem. Acad. Imp. Set. St.-Petersb.. Sir. VIII. Q. Phys.-Malh. M . 
1-40. 

Mcreschkovvsky. C. (1902-03) Les types de rendochromc chez les 
diatomees. Scripta Bot. (SL-Ptiersb.). 21. l - ]06( in Russian). 
107-193(in French). 

Nassiri, Y.. Robert. }.-M.. Rince. Y. & Ginsburger-Vogel. T. (1998) 
The cytoplasmic fine structure of the diatom Haslea ostrvaria 
{BaciIlarioph>-ceae) in relation to marennine production. Phyco-
logla. 37. 84-91. 

Paddock. T.B.B. & Sims, P.A. (1990) Micromorphology and 
evolution of the keels ofraphe-bearing diatoms. Scanning Electron 
Microscopy in Taxonomy and Functional Morphology (ed. by D. 
Qaugher). pp. 171-191. Syslematics Association Special 
Volume No. 41 . Clarendon Press, Oxford. 

Picketl-Heaps. J.D.. Tippit. D.H. & Andrrozzi. ].A. (1979a) Cell 
division in the pennate diatom Pinnularla. HI - The vah-e 
and associated cytoplasmic organelles. Biol. Cell. 35, 195-
198. 

Pickell-Heaps. J.D.. Tippil. D.H. & Andreozzi. J.A. (1979b) Ceil 
division in the pennate diatom Pinnufurio. IV -VaK-e morpho­
genesis. Biol. Cell 35. 199-206. 

Pocock, K.L & Cox. B.J. (1982) Frustule structure in the diatom 
Rhabdonema arcuatum (Lyngb.) KQti. Nova Hedwigia. Belh. 36. 
621-641. 

Reimann. B.E.P.. Duke. E.U & Floyd. G.L (1980) RiaUon. 
embedding, sectioning, and staining of algae for electron 
microscopy. Handbook of Phycological Methods. Developmental and 
Cytological Methods (ed. by B. Gantt). pp. 285-303. Cambridge 
University Press. Cambridge. 

Ricard. M. (1987) Diotomop/ii/Cfcj. Vol. 2. AUas du Phytoplancton 
Marin (ed by A. Sournia). Centre National de la Recherche 
Scientinque. Paris. 

Round, P.E.. Crawford. R.M. & Mann. D.G. (1990) The Dtatorm. 
Cambridge Unlrersity Press. Cambridge. 

Schmid. A.-M.M. (1979) The development of strurture In the shells 
of diatoms. Nova Hedwigia. Beih. 64. 219-232. 

Schoeman. F.R. & Archibald. R.E.M. (1986) Cyroslgma rnutenba-
chiae Cholnoky (Bacillariophyceae): its morphology and taxon­
omy Nova Hedwlgta. 43. 129-157. 

Schradcr. H.-i. (1973) Types of raphe structures In the diatoms. 
^ova Hed\vigia. Beih. 45. 195-230. 

Spurr. A.R. (1969) A low viscosity epoxy resin embedding medium 
for eleclron microscopy. /. tJ/trosinict. Res. 26. 31-43. 

Stoermer. E.P.. Pankralz. H.S. & Drum. R.VV. (1964) The fine 
structure at Mastoglola greviUei VVm. Smith. Pratoplasma. 59. 
1-13. 

Van Heurck. H. (1880-1885) Synopsis des diatomfes de Belgique. 
H. Van Heurck. Anvers. 

Zoto. G.A., Dillon. D.O. & SchiichUng. H.E. (1973) A rapid method 
for cleaning diatoms Tor taxonomic and ecological studies. 
Phycologla. 12. 69-70. 

O 2001TSenor> ]Klkms3n4aUSu^fn r in l (<A( i cTBB^ 1-7 



Submitted to European Journal of Phycology 

M O R P H O L O G I C A L , B I O C H E M I C A L A N D M O L E C U L A R E V I D E N C E 

F O R T H E T R A N S F E R O F GYROSIGMA NIPKOWII M E I S T E R T O T H E G E N U S 

HASLEA ( B A C I L L A R I O P H Y T A ) 
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A B S T R A C T The genus Haslea Simonsen has been erected to accommodate spindle-shaped 

valves with acute apices, convex margins, straight raphe and approximate central pores, 

inconspicuous areas, and Iransapical striae crossed at a right angle by a longitudinal pattern 

with a slit apically oriented in each areola. Investigations on mudflats from the French 

Atlantic coast revealed the presence of a sigmoid diatom sharing characteristics with both 

Gyrosigma Hassall and Haslea. Following a thorough morphological study in light and 

scanning electron microscopy in addition to biochemical and molecular analysis, we are 

proposing the following new combination, Haslea nipkowii (Meister) Poulin & Masse. 

Despite a deviant sigmoidicity, this taxon shows diagnostic features of Haslea with 

longitudinal slits running externally from one pole to the other, all merging with a peripheral 

slit at the apex, and the presence of small areolae beyond the helictoglossa. Unique to H. 

nipkowii are the unequal T-shaped distal raphe fissures, the overiapping and deflected 

proximal raphe ends, and the overhanging axial costa on the primary side of the valve. 

Similariy, this taxon proved to synthesize C25 highly branched isoprenoids typical of the 

genus Haslea with a double bond always present between Ce and C5. The molecular analysis 

performed on 7 species of Haslea and 2 sigmoid taxa has established the monophyly of the 

genus Haslea including H. nipkowii. 

Key words: Diatoms, Gyrosigma, Haslea, new combination, ultrastructure, HBI, DMA 

analysis. 
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Abstract 

Unusual chemicals produced by the 'blue oyster' diatom, Haslea osircaria. include Ihe water-soluble blue pigment marennine and 
numerous polyunsaturated sesiertcrpene oils or haslencs. Aqueous extracts of the alga exhibit in vitro and in \i\o activities against 
human lung cancer cells and anti-HIV effects. Here we report that three haslenes also demonstrate in vitro cytostatic action against 
a human lung cancer cell line. The most active haslene is the most unsaturated and unsaiuration in the haslcncs increases with 
increasing algal growth temperature. © 2001 Elsevier Science Ltd. AH rights reserved. 

Keywords: Hasleo osirearia; Bacillnriophycane; Diatoms; Isoprenoid alkcncs; Haslcncs; Highly branched isoprcnoids; Tempcraiurc; Uniaiuralion; 
Cancer; Cyloslalic 

1. Introduction 

Haslenes are unsalui^ted C25 highly branched iso­
prenoid (HBI) hydrocarbons which apparently originate 
from relatively few species of dialomaceous algae (Volk-
man el al.. 1994; Sinninghe Damsle et al., 1999; Bell et 
al., 2000). Nonetheless, they are widely distributed and 
sometimes abundant in aquatic environments and. for 
instance, are found in sediments from the USA, U K and 
mainland Eurofw (Robson and Rowland, 1986; Row­
land and Robson, 1990) and even Antarctica (Johns et 
al., 1999), where they are thought to originate from 
diatoms living on sea-ice (Nichols et at., 1988). 

Laboratory culiuring experiments under axenic condi­
tions (Wraige el al., 1999) have shown that one biological 
producer of haslenes is Haslea ostrearia. which is a large 
pennale diatom (Round et al. , 1990). Other diatom 

• Corresponding author. Tel.: +44-1752-233013: fax: +44-1752-
233035. 

E-mail addrcxses; s.rowland@plyniouth.acuk (SJ. Rowland), 
s.beti@plymouih.oc.uk (S.T. Bell). 

' Present address: Ecoioxicalogy and Hazardous Substances 
National Centre, Environment Agency. Howbery Park, Wallingford. 
Oxon, OX10 8BD, UK. 

sources include other Haslca species (Masse el al., in 
press). Rliizosolenia sciigera (Volkman el al., 1994; Sin­
ninghe Damslc c l al., 1999) and Plcurosigma inter­
medium (Belt et al., 2000) although these have yet to be 
shown to produce haslenes under axenic conditions. The 
structures and configurations of many of the haslenes 
from H. osirearia have been established previously by 
spectroscopic studies (e.g. Bell el al.. 1996; Johns et al., 
1999; Wraige et ah, 1999). Since several haslencs have 
been obtained pure in milligram to gram quantities, and 
given the anti-cancer and anti-HIV acliviiies of some 
other chemicals produced by H. ostrearia (Carbonnelle 
et al.. 1999; Berge el al., 1999), we decided to determine 
whether the haslenes also exhibited bioactiviiy. 

Activity was observed but varied for dienes, trienes 
and letraencs. We iherefore examined some factors 
controlling unsaturation (cf. Wraige et a!., 1998). Tem­
perature exhibited the major effect, unsaturation 
increasing with increasing tem()erature. 

2. Results and discussion 

Milligram quantities of pure hasla-6(l7).23-diene 
(I), 12R and 22y?5-hasla-6(l7),9,23-irienes ( I I ) and 

0031-9422/Ol/S - see front mauer © 2001 Elsevier Science Ltd. All rights reser\-ed. 
P l l : 50031-9422(00)00434-9 
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hasla-6(l?),9,l3,23-tetraene ( I I I ) were isolated from 
pastes obtained from large-scale cultures o f / / , oslreaha 
as reported previously (e.g. Johns et al., 1999; Wraige et 
al., 1999). We then measured ihc concentration of each 
pure haslene in aqueous dimethylsulfoxidc solution 
required to reduce the growth of an evolving, human 
non-small-cell bronchopulmonary carcinoma cell line 
(Roussakis et al., 1991) in vitro by 50% in 72 h (IC50) 
compared to untreated controls (Mosmann, 1983). This 
is a widely accepted preliminary screening measure of in 
vitro cytotoxic activity (Suffness and Pezzulo, 1991). 
For comparison with other studies, we also measured 
the ICso of the tetraene (compound III ) against a non-
evolving murine cancer cell line (Pigs) (Suffness and 
Pezzuto, 1991). Haslenes with three and four degrees of 
unsaturation were able to produce an efTect (Table I) . 

Cytocidal activities of chemicals are not uncommon in 
in vitro tests of marine natural products (e.g. Patterson 
ct al., 1991) but at some concentrations the haslenes 
exhibited only anti-proliferalive or cytostatic efTects on 
the growth of the N S C L C - N 6 cell line without cyiocidal 
activity. That is, the growth of the cancer cells was slo­
wed or hailed but the cells were not killed. Further spe­
cificity was indicated by an observed effect of ihe iriene 
on the N S C L C - N 6 cell line (Roussakis ct al. , 1991) 
whereas there was no such efTect on a clone of this line. 
It would be interesting to isolate larger quantities for 
more refined in vivo bioaciivity tests and particularly to 
examine ihe effects of more unsaturated haslenes such 
as the penlacnes and hexaenes. We therefore investi­
gated ihe culture conditions necessary for production of 
polyunsaturates. 

Unsaiuration in the so-called normal (unbranched) 
lipids of plants, which are principally esters of faiiy 

Tabic I 
Cytostatic acUvily of individual haslenes to cell line NSCLC-N6 
established from a primary epidermoid carcinoma of hum.in origin 
(Roussakis cl al.. 1991) assayed by ihc methods of Mosmann (1983) 

llaslcne Structure 
number 
(Fig. 2) 

ICw^Mgrnt-') Cancer ceil line* 
(in vitro) 

Hasb-6(I7), 1 > 30 (Inactive) NSCLC-N6 
23-dicne (Human lung) 

22flHasla-6(17). 11 13.4 NSCLC-N6 
9.23-tricnc (Human lung) 

22A5-Hasla-6(I7). II 14.4 N'SCLCN6 
9.23-tricnc (Human lung) 

Hflsb-6(l7).9.i3. 111 3.S NSCLC-N6 
2>Ictnicnc (Human lung) 

Hasb-6(I7).9.I3. III <3.3 Pju (Mouse) 
2>tctniene • 

' The NSCLC-N6 cell line derives from a human non-small-cell 
bronchopulmonary careinoma (moderately difTcrcnuaied, rarely kera­
tinizing, classified as T2NOMO). 

ICjo is Ihc concenlration of haslcnc required to reduce Ihe cancer 
cell concentration by 30% compared to untreated controls after 72 h. 

acids, usually increases with decreasing growth lem-
peralure. This is thought lo be a protective response to 
chilling and to involve regulation of properties such as 
membrane fluidity and stability (reviewed by Quinn et 
al., 19S9). Essentially ihe principle is that c/j-double 
bonds decrease the melting point of a normal lipid and, 
therefore, organisms living in low temperature environ­
ments require more unsaturated normal lipids to pre­
serve fluidity. This general inverse relationship with 
temperature apparently also extends to the normal lipids 
of some algae. Thus lipid unsaiuralion in the widespread 
sedimentary n-alkenones derived from some prymnesio-
phyic algae has been widely used as a proxy measure of 
palaeo-sea surface temperatures for palaeocMmatic stu­
dies (e.g. Eglinion et al. , 1992). However, there are 
numerous exceptions to this common relationship 
where normal lipids possess more than two double bonds 
(e.g. Farkas et al., 2000 and references therein) and neither 
is it known what the effect of the rrom-double bonds, 
which usually occur in acyclic isoprenoids such as 
haslenes, would have on melting point and fluidity. All 
haslenes isolated ihus far (e.g. Bell et al . , 1994) and even 
the parent saturated haslanc (Robson and Rowland, 
1986) are oils even at room temperature. 

In preliminary experiments with H. osirearia cultures, 
we noted considerable diversity in haslcne distributions 
as revealed by gas chromatography-mass spectrometry 
( G C - M S ; Wraige ct al., 1997). Since salinity appeared 
to exhibit no appreciable effect on unsaiuration (Wraige 
el al., 1998), we investigated the effect of growth tem­
perature on haslene distributions. Small-scale batch 
cultures of H. ostrearia were grown in the laboratory in 
replicate in a controlled atmosphere in modified Provo-
sali media at constant salinity and irradiancc intensity al 
temperatures of 5, 15 and 25±0.5' 'C. A slock of the alga 
used as inocula for these experiments was grown al 
I 5 ± I * C for multiple generations. Lipid extracts were 
obtained by solvent extraction and examined by G C -
MS (Johns el al., 1999; Wraige el al., 1999). 

Whilst growth from the inoculum was slow to initiate 
at 5°C, requiring about 10 days to reach the logarithmic 
phase (Fig. la) the only haslenes produced between 10 
and 27 days, were the 6(17), 23 and 5. 23 dienes (Figs. 2 
and 3, compounds I and iV) the structural character­
izations of which, we have reported previously (e.g. Bell 
ev al.. 1994; Johns et al. , 1999). A re-equilibration thus 
occurred from the corresponding iricne isomer dis-
iributions, which dominated the inoculum grown al 
15'C. However, cell growth had not reached the sta­
tionary phase by 27 days (ca. 170,000 cell ml"') so we 
cannot rule out the possibility that more unsaturated 
haslcnes could be produced in later growth, though we 
consider it unlikely. Indeed, monitoring of a single 
growth cycle of the alga at I5**C, revealed faster growth 
than al S'*C. probably partially due to prior acclimation 
of the stock culture at this temperature and in this case 
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at a cell concentration of ca. 170,000 cell ml"' at day 7 
(Fig. lb), the hasla-trienes (compounds II and V) were 
dominant (Fig. 3), as they were in the inoculum. 
Between day 5 and day I I , tetraenes (compounds HI 
and V I ) were also detected (Fig. 3). At 25*C, production 
of successively more polyunsaturated analogues was 
observed, including production of teiraenes by day 3 
and additionally, pcntaene production from day 8 (ca. 
170,000 cell ml - ' ; Figs. Ic and 3). Thus, there is a sig­
nificant relationship between culture temperature (and 
perhaps growth phase) and haslene unsaturation, toge­
ther with a quite rapid equilibration of haslene dis­
tributions with temperature. No such effect was 
observed on the haslapentaene V I I produced by R. seii-
gera (Sinninghe Damstc et al., 1999). 

Opportunities to examine the effects of phenotypic 
variables on unsaiuration in algal isoprenoids do not 
often arise. Acyclic isoprenoids (presumably including 
the haslenes) are initially biosynihesiscd as poly­
unsaturated species via isopentenyl diphosphate and 
dimeihylallyl diphosphate, unlike n-fatty acids which 
are mainly desaturated after production (Quinn et al., 
1989). Although many algae produce polyunsaturated 

isoprenoid alkenes such as squalene, lycopene, phytoene 
and other carotenes, the efficiency of the cyclisation of 
squalene to sterols and of the desaturation of phytoene 
to other carotenoids means that significant accumulation 
of unsaturated hydrocarbons is usually not observed in 
micro-organisms. Significant amounts of partially satu­
rated squalenes are found in some archaebacteria, such 
as the anaerobic, thermophilic methanogen, Meihano-
bacterium thermoaulotrophicum and the variations in 
unsaturation have been suggested to allow internal pro­
ton regulation (Tornabenc et al., 1979). However, il has 
also been argued thai the cfTccls of hydrogen flux in the 
corresponding ether lipids would outweigh those in the 
hydrocarbons and nothing conclusive is known. 

Determination of whether the biosynthesis of the 
haslenes is via the mevalonate or non-mevalonate route 
may be helpful in elucidating their location and func­
tions (cf. Rohmer et al., 1996). 

Culluring of H. ostrearia should seemingly be con­
ducted at the higher growth temperatures used herein 
(e.g. 25 'C) if the production of the tctra- and pcntaun-
saturaled haslenes is to be maximised for further bioac-
tivity testing with cancer cells. 

I I 

I I I 

VI 

VI I I 

Fig. 2. Simciures of haslcncs produocd by Haslea ojirearia al difTcrenl culture temperatures. Structures were established previously by NMR 
spcciroscopy and other iiarhniqiies applied to milligram quantities of pure haslcncs isolated from larger batch cultures of H. ojirearia (e.g. Bell el al., 
1994. 1996: Johns et al.. 1999; Wraigc el al.. 1999). 
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tested in duplicate. Cell growth was estimated at day 0 
and day 3 (72 h) and for investigation of cytostatic and 
anti-proliferative effects also at 24 and 48 h. 

3.2. Algal cultures 

H. osirearia was isolated from oyster ponds of the 
Daic de Bourgneuf (France). Cultures were grown in 
quadruplicate in 250 ml Erlenmeyer flasks a l 5. 15 and 
25''C with illumination provided by cool-white fluor­
escent lubes in a 14/10 h light/dark cycle. They were 
incubated in a modified E S 1/3 Provasoli medium at 
salinities of ca. 32 per mil under 100 nmol photons 
s~' irradiance. Samples were harvested by filtration. 
The structures of the haslenes isolated from larger batch 
cultures were established previously by N M R spectro­
scopy (e.g. Belt et al. . 1994; 1996; Johns el al. , 1999; 
Wraigeet al. . 1999). 

J 
I V 

Time (min) 

Fig. 3. Panial gas chromatograms illustrating the distributions of 
hasJencs in H. ostrearia cultures gro*-n at 5 (day 27), 15 (day 7) and 
2S'C (day 10). Slnictures of ihc haslmes art shown in Fig. 2. Idcniilics 
were confirmed by comparison of relention indices and mass spectra 
with auihcnlicated compounds. Gas chroraaiography-mass spectro­
metry conditions: HP 5890 GC-MSD 12 m HP- Ultra I column, 50-
300 ai 5'C 40 eV. 

3. Experimental 

3.1. Cytostatic tests 

The cytostatic activity of individual haslenes ( l - I II ) to 
cell line N S C L C - N 6 established from a primary epi­
dermoid carcinoma of human origin (Roussakis et a)., 
1991) was assayed by the method of Mosmann (1983). 
The cells were cultured in R P M I 1640 medium with 5% 
fetal calf serum, to which was added 100 \i\ of penicillin, 
100 Mg streptomycin ml"' and 2 m M gluiamine, at 37''C 
in a 5% CO2 atmosphere. 

Experiments were performed in conditions of con­
tinuous exposure, in solution in water + 5% dimethyl-
sulphoxide on microliter plates (2x 10^ cells ml"') . Cell 
growth was estimated by a colorimetric assay based on the 
conversion of tetrazolium dye ( M T T ) to a blue formazan 
product by live mitochondria. Three concentrations were 

3.3. Instrumental 

G C - M S was performed using a Hewlett Packard 5890 
series II gas chromalograph coupled to a Hewlett 
Packard 5970 mass selective detector fitted with a 12 m 
(0.2 mm i.d.) fused silica capillary column (HP-1 Ultra 
stationary phase). Auto-splitless injection and helium 
carrier gas were used. The gas chromatograph oven 
temperature was programmed from 40 to 300"C at 5** 
min~' and held al the final temperature for 10 min. 
Mass spectrometer operating conditions were; ion 
source temperature 250' and 70 e V ionisation energy. 
Spectra (35-500 Daltons) were collected using Hewlett 
Packard Chemsiation"^" software. 
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Abstract 

Polyunsaiurated highly branched isoprenoid ( H B I ) hydrocarbon distributions of laboratory cultures of five strains of the 
planktonic diatom Rhizosolenia seiigera (Bright\vell) are shown herein to be highly variable. Some strains produced both haslcnes with 
from three to five double bonds and rhizcncs. The haslencs comprised not only A 5 alkenes but also those with C7(20) unsaiuraiion, 
including has la -7{20 ) , 9£ .Z . 23-iriencs and h a s l a - 7 ( 2 0 ) . 9 £ . Z - l 3 . 23-iclraencs. T h e rhizenes contained C7(25) unsaturaiion and the 
vinyl moiety common to all algal haslencs so far characicriscd. The cfTccis of temperature and salinity on H B I composition, along 
with isotopic content, were determined in strain C S 389/A. Increase in growth temperature from 18 to 25 " C increased the degree of 
unsaiuraiion in the haslenes and £ to 2 isomcrisation in the triene. There was also an increase in unsaturation in the rhizencs at the 
highest growth temperature, with hexacnes dominant over the pcntacnes but in the rhizenes, 2 to £ isomerisation increased. 
Increased salinity from IS to 35 psu increased cell growth and rhtzene production but decreased haslcnc production. Unsaturation 
in haslcnes was not changed by increased salinity but unsaturation in the rhizenes decreased. These may reflect growth rate differ-
ences. The carbon isolopic compositions of the haslcncs and rhizcncs were similar to that of the major sterol a i 18 " C , but the major 
H B I isomers were 3-4 per mil depleted relative to phyiol released by saponification from chlorophyll a. TTiis suggests biosynthesis 
of H B I s from a different isotopic pool of isopentenyl biphosphate to that from which phytol is biosynthcsiscd. At 25 ' C . further 
isotopic differences were observed. The variables controlling H B I distributions in R. .seiigera are still not fully understood and 
raiionalisation of the environmental controls on the sedimentary distributions o f the H B I s from R. sctigera may only be possible 
once such factors arc established. <Q 2001 Elsevier Science Ltd . A l l rights reser\'ed. 

Key-words: Rhizosolcnia scHsera; Bacilbriophyccic; Microalgac; Dialoms; Isoprcnoid alkenes: Highly branched isoprcnoids; Cjo alkcnes; Rhizcncs; 
Haslenes 

1. Introduction 

The only highly branched isoprenoid (HBI) hydro­
carbons reported to date in the diatom Rhizosolenia 
seiigera (Brighlwell) are either a C25 pcnlaene (I) or C30 
alkenes (Volkman el al., 1994, 1998; Sinninghe Damste 
ct al., 1999a). We have proposed the name 'haslenes' for 
the HBI C 2 J alkenes (Rowland et at., 2001), because 
Ihcy were first reported (Volkman el al., 1994) from the 
diatom Haslea ostreaha (Simonsen). We now suggest 
the name 'rhizenes' for the corresponding Cjo HBIs, as 

• Corresponding auihor. Tel.: +44-1752-233013; fax; +44-1752-
233035. 

E-mail address: s.rowland@plym.ac.edu ( S J . Rowbnd). 

they were first reported from R. sctigera (Volkman et 
al., 1994). 

The single haslapentaene (I) identified thus far in R. 
setigera, has been characterised by NMR spectroscopy 
and comparison with data for the same compound in H. 
osirearia (Wraige et al., 1997; Sinninghe Damstc ct al., 
1999b) and the double bond positions of four rhizenes 
have recently been established (Belt el al.. 2001). How­
ever, (he factors controlling the distributions of HBIs in 
R. setigera are al present unknown. These are important 
since HBIs are quite commonly reported in oceanic 
sedimenting panicles (reviewed in Belt et al., 2000a) 
where they may be useful indicators of specific diatom 
inputs. Whilst a number of benlhic diatoms are 
known to produce haslcnes (e.g. several Haslea spp. and 

0031-9422/01/$ - see fruni mailer ® 2001 Elsevier Science Lid. All rights rcser^xd. 
P l l : 50031-9422(01)00318-1 
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(I) 
C C M P 1330 
(Sinnlnghe Damste et al . . 1999b) 

(II) 
Rhizane 

(Ml) 
Hasrane 

(IV) 
C S 389/A 

(V) 
C S 389/A 

m 
C S 3e9/A 

/ / Nantes 99 
(soe also Belt c l al.. 2001) 

(VII) 
C S 389/A 

f / Nanlec 99 
(see also Belt ol al.. 2001) 

(VIII) 
C S 389/A 
Nantes 99 
(SOB also Bon et al.. 2001) 

OX) 
C S 389/A 
Nantes 99 
(SCO also Belt el al.. 2001) 

C S 389/A 

(XI) 
C S 389/A 

Pleurosigma intermedium; Beit el al., 2000a), R. setigera 
is to date the only marine planktonic diatom known to 
produce cither haslene or rhizenc HBIs. 

The haslenes in estuarine sediments appear to allow 
resolution of the contributions of the benthic species to the 
total diatom flux (Cooke et al., 1998) and some haslenes 
also appear to possess cytostatic efTecls against human lung 
cancer cells in vitro (Rowland et al., 2001). It would there­
fore be interesting to know whether the rhizenes arc equally 
geochemically specific and/or bioactive. Here, we report 
the haslenes and rhizenes of five strains of R. seiigcra and 
investigate the effects of growth temperature and salinity 

on haslcne and rhizene production in one strain. Further­
more, we have investigated the effects of these variables on 
the carbon isotopic composition of the haslcnes and rhi­
zenes in this strain. Such data may eventually help to allow 
the environmental distributions of HBIs in sediments and 
sedimenting particles to be understood. 

2. Results and discussion 

R. setigera (Brightwell) is a common diatom often 
found in the plankton of coastal and marine waters 
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(Round el q1., 1990). The taxonomy of the genus is 
however, somewhat uncertain (Round el al., 1990; 
Volkman el al., 1994, and references therein) and has 
been revised by Sundsirom (1986) and also been subject 
to several other modihcaiions. including ihe transfer of 
the only two freshwater Rhizosolenia species lo a new 
genus Urosotenia (Round el al., 1990). 

The HBIs of three strains of R. seiigera have been 
reported previously (Volkman el al., 1994, 1998; Sin-
ninghe Damste et al., 1999a) and, in contrast lo the 
production of haslenes only in ihe benthic diatom H. 
osirearia, the HBIs of R. seiigera varied from rhizenes 
characterised by GCMS and hydrogenation lo the par­
ent rhizane (II) in two Australian strains CS-62 and CS-
389/1 grown at 20 and 18.5 ' C and 70-80 m E m '^ s 
white light and 28 psu salinity (Volkman ei al., 1994, 
1998), to haslapcnlaene (I) only, in strain CCMPI330 
grown at 4, 12 and 20 'C in North Atlantic seawater 
(Sinninghe Damsle ei al., 1999a). Since the distributions 
in the previous reports were rather difTercnt from one 
another, we decided lo examine further the hydro­
carbons of strain CCMP 1330 and four other strains of 
R. seiigera. 

2.1. R. seiigera CS sirain 389/A 

2.J .1. HBJ idemijicai ions and partial structural 
characterisalion of rhizenes 

A 10 I culture of R. setigera was grown from an 
inoculum obtained from the Huon estuary. Tasmania, 
Australia. The wei paste obtained after ccntrifugalion 
was extracted by allowing it to stand in chloroform (24 
h). This yielded 220 mg of loial chloroform extractable 
lipids. Microscale hydrogenaiion (Adam's catalyst) of a 
small aliquot of the total lipids of a culture grown at 
18 *C (35 psu salinity) produced rhizane (II) and 
haslane (III) as the only HBIs, identified by GCMS and 
GC retention indices compared to the synthetic alkanes 
(Robson and Rowland, 1986, 1988). A small amount of 
an unidentified C30 alkane (Rl 2543hp.5) with two 
degrees of unsaluration (ca. 10% relative to II) was also 
present (cf Prahl el al., 1980). 

The total chloroform extract was further fractionated 
by open column chromatography on silica and frac­
tions containing respectively, two C 2 5 trienes, three C M 
pentaenes, and three C 3 0 hcxaenes (identified by 
GCMS) obtained by elution with successive volumes of 
pentane. GCMS, 'H and '^C NMR spectroscopy 
revealed that the C 2 5 irienes were identical lo those 
recently identified in Pleurosigma intermedium (Belt cl 
al., 2000a) viz. hasla-7(20),9£"/Z,23-trienes (IV and V). 
Both £ (major) and Z isomers were present. These 
A7(20) haslenes are therefore different to those of //. 
ostrearia and indeed of R. setigera strain CCMP 1330 
(Sinninghe Damste et al., 1999a) which contained a A5 
double bond (I). 

The presence of inseparable mixtures of three C30 
alkenes in each of the pentaene and hexaene fractions 
precluded full structural characterisations by NMR, but 
a number of features were nonetheless clear. Namely, 
the rhizenes all contained a vinyl moiety (A28)—present 
in all haslenes and rhizenes identified in diatoms thus 
far—a number of trisubstituted double bonds and, con­
sistent with the presence of the haslatrienes (IV and V), 
A7(25) unsaturalion ( 'H NMR: 5 5.71, I H , ddd, H-28; 
4.9, 2H, m, H-29; '^C NMR DEPT,COSY,COLOC; 6 
144.6, C-28: 112, C-29;I42. C-7). Full structural char­
acterisation of four of Ihe six alkenes (VI-IX) was 
possible upon isolation of two pairs o f isomers from a 
further strain of R. setigera, Nantes 99 (vide infra; Belt 
el al.. 2001). 

Thus, this study has shown that R. setigera is able to 
biosynthesise simultaneously, haslenes and rhizenes, 
whereas previously only one or the other was reported, 
and that whilst H. ostrearia produces haslenes with A5 
and A6(17) double bonds, P. intermedium and R. scii-
gera apparently produce haslcnes with A7(20) unsa-
turation. Interestingly, haslencs and rhizenes have been 
reported to co-occur in some marine sediments and the 
present findings raise the possibility that in such cases 
both may have derived from R. setigera. 

2.1.2. Effects of salinity and temperature on HBI 
distributions 

To investigate the controls on the concentrations and 
the apparent variability of haslene and rhizene distribu­
tions in R. setigera. small scale cultures of sirain CS 
389/A were grown at two salinities (18 "C; 15 and 35 
psu) and three temperatures (10,18, 25 *C; 35 psu). Each 
culture was grown for three growth cycles then a single 
sample taken from each after the third growth cycle (i.e. 
four samples) before culiuring and harvesting in tripli­
cate after a fourth cycle (i.e. a further 12 samples). This 
multiple cycle culturing was designed to allow the algae 
to acclimate somewhat to each set o f new culture con­
ditions. Cell concentrations in the fourth growth cycle 
were monitored by a calibrated fluorescence method 
(days 0, 2, 4, 6, 7; Fig. 1) and by microscopy (days 0, 7; 
mean cell counts). Cells were harvested at day 7. Cul­
tures were filtered and filters extracted with chloroform 
with ulirasonication after addition of /i-docosane as 
internal standard for quantification by GCMS. Recov­
ery of the internal standard was 137 ± 1 7 % (n= 12). 
Extracts were also saponified, re-extracted into hexane 
and after silylation the non-saponifiable lipids were 
examined by GCMS and by GC-isolope ratio monitor-
ing-MS (GC-irm-MS). The absolute concentrations of 
HBIs ranged from about 5 lo 20 pg cell"' . The cell 
concentrations in the day 7 samples were used lo esti­
mate these concentrations. 

Cell growth was faster at 35 psu salinity than at 15 psu 
(Fig. 1) and at 35 psu total HBI production (mean 19.4± 
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0.6 pg cell"') was twice that ot 15 psu (10.23±0.57 pg 
cell-'; Fig. 2a). In contrast, haslene production was 
greatest at the lower salinity (Fig. 2b). 

The ratio of rhizenes to haslenes was, however, much 
higher at 35 psu (Fig. 2c) due to the higher absolute 
concentrations of rhizenes. Whilst unsaturation in the 
E,Z A7(20) haslatrienes (IV, V) was unchanged by sali­
nity (Fig. 3a and b)—as was also the case for the A6(I7) 
triene in H. ostrearia (Wraige et al., 1998)—unsatura­
tion within the rhizenes was changed and was higher at 
the lower salinity (Figs. 2d and 3a). Whether these var­
iations can be atlribuied directly to the differences in 
sahnity, or actually reflect the difference in growth rates, 
will require further investigation at further, inter­
mediate, salinities. 

At 35 psu salinity, R. seiigera did not grow well after 
4 days at 10 "C (Fig. I) but at 18 and 25 "C growth was 
good to 7 days (Fig. 1). Variation of growth tempera­
ture from 10 to 18 to 25 "C produced a change in the 
total HBl production, which maximised at I8" 'C(I9.4± 
0.6 pg cell- ' ; Fig. 2e). [The mean value at 10 "C (Fig. 2e) 
should be treated as a maximum since the measurement 
was based on cell counts determined at 7 days where 
growth had decreased (Fig. 1).) Thus maximum HBl 
production in R. seiigera occurred at 35 psu, 18 'C. This 
may reflect the conditions to which the strain had 
become best acclimated in culture previously. 

Within the HBIs, maximum haslene production was 
observed at 25 "C, and there was a steady increase in 
haslene production with increasing temperature (Fig. 20-

In contrast, rhizene production maximised at 18 "C, 
leading to a maximum in the rhizene/haslene ratio at 
this temperature (Fig. 2g). 

Unsaturation in the haslenes also varied with tem­
perature; haslatricnes (IV and V) were accompanied by 
haslaletraencs (X, XI) at 25 "C (Fig. 4c). This variation 
of the degree of unsaturalion in the haslenes of R. seii­
gera with growth temperature in strain CS 389/A con­
trasts with the previous observation of the invariance in 
the single haslapentaene (I) produced by R. setigera 
strain CCMP 1330 with variation of temperature 
between 4 and 20 "C (Sinninghe Damste et al., 1999a). 
However, the degree of unsaturation in the two strains 
CCMP 1330 vs CS 389/A was quite different (viz. 5 vs 3 
and 4 double bonds, respectively) and furthermore, 
haslenes in the CCMP 1330 strain had a A5 double 
bond whereas those of strain CS 389/A had 7(20) unsa­
turalion. The variation of unsaluration with tempera­
ture in this strain is similar to, though less pronounced 
than, that observed in ihe AS and A6(I7) haslenes of H. 
osirearia which varied from diene produclion at 5 "C to 
tetraene and pentaene produclion at 25 "C (Rowland et 
al., 2001). Isomerisation of the E to Z haslene isomers 
also increased with increasing lemperaiure (Fig. 4). 

Strain CS 389/A cultured herein, produced both the 
haslenes and rhizenes at all temperatures. In contrast, 
strain CS 389/1 cultured al 18.5 -̂C, produced only rhi­
zenes (Volkman ct al., 1994), suggesting thai co-pro­
duction of haslcnes and rhizenes is not a general 
phenomenon even in R. seiigcra strains from the same 
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c and g: rhizcncs:haslencs ratio; d and h; rhizahcxacnes:rhizapcntaenes ratio. 

general location. Nonetheless, 18 *C was the optimum 
temperature for rhizene production in strain CS 389/A 
(Fig. 2g). As with the haslcne distributions, the degree 

of unsaturation in the rhizenes of strain CS 389/A 
changed reproducibly with temperature; the proportion 
of hexaenes to pentaenes increasing markedly with an 
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Fig. 3. G C M S total ion current chromatograms of total chloroform 
extracts of R/tizosolenia seiigera strain CS 3 8 9 / A at (a) 15 psu and (b) 
35 psu salinity, 18 °C. Roman numerals reTer to IIBI structures shown 
in text. Cii=/i-docosanc internal standard. • = n-Hcnicosahexacnc. 
30:S, 30:6 = tiaknonn Cxi pcntacnc and hcxaene. respcctiv-ely. 

increase in temperature from 18 to 25 "C (Figs. 2h and 
4a-c). Again, this is somewhat similar to the change 
observed in the A5 and A6(17) haslenes of H. ostrearia 
(Rowland et al., 2001). However, opposite to the 
haslenes, Z to E isomerisation occurred in the rhizenes 
(Fig. 4). 

2.1.3. Effects of temperature on the isotopic 
compositions of HBIs 

The '^C/'^C isotope ratios (in the 5 notation relative 
to PDB standard) of phytol, haslcne (IV), five of the six 
rhizenes and cholesi-5, 24-dienol (Barrett el al., 1995) in 
R. setigera CS 389/A grown at 18 and 25 "C were mea­
sured by GC-irm-MS. Certified reference materials 
[n-hexadecane (n-Ci^), n-icosane (n-Czo), n-tetracosane 
(rt-C24) and n-dotriacontane (n-C32)l each of known 
isotopic composition, were co-chromatographed with 
each sample during each GC-irm-MS analysis. The iso­
tope value of the 2-haslalriene (V) could not be obtained 
due to insufficient GC resolution from /i-henicosahex-
aene. The 5 per mil value of each analyte was measured. 
Then, to allow for within-run instrument drift, differ­
ences between the measured and certified values of the 
nearest eluting n-alkane reference were added to the 
measured value of each analyte to give a range. The 
means and standard deviations for the ranges obtained 
in replicate expKriments were then calculated and are 
shown as box and whisker diagrams in Figs. 5 and 6. 

V 

L i * : 

VD 

IX 

VI 

JL 

Vll 

VI 

30:6 

Fig. 4. G C M S total ion current chromatograms of total chloroform 
extracts of Rhizosolenia serigera strain C S 3 S 9 / A at 3 5 psu salinity, (a) 
10 (b) I S and (c) 25 " C . Roman numerals refer to HBI structures 
shou-n in text. C^'n-docosanc internal standard. * ^n-Henicosa-
hexacnc. 30:5. 30:6-unknown C m pentacneand hcAatnc. respectively. 

Thus, any major difTerences in 6 between the individual 
lipids which emerge are unlikely to be artefactual. The 
mean within-run variations from the certified values 
were: [(n« 10) n-Czo, 0.4 ± 0.3 per mil; n-Cj-i, 0.3 ± 0.3 
per mil; n-Cj2.0.4 ± 0.2 per mil]. 

At 18 "C, the £-haslalricnc (IV) was about 3-4 per mil 
depleted in '^C compared to phytol. This applied to 
both the algae cultured for three generations (Fig. 5a) 
and the final fourth generation samples (Fig. 5b). At 
25 "C the result was the same (Fig. 5a). A previous 
study showed that haslapcnuene (I) in R. setigera strain 
CCMP 1330 grown at 12 ' C was 4.5 per mil depleted 
compared with phylol (Schoutcn el al., 1998). This is 
probably not significantly different from the 3-4 per mil 
determined in the present study. 
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Fig. 5. Bar and wtiiskcr diagrams illustrating the influence of growth temperature on the A6 " C isotope values of hasla -7(20). 9E,23-triene (IV) 
compared with phytol TMSi eiber (isotopicaDy corrected) in Rhizosolenia seiigera CS 389/A. (a). Culture grown for three growth c>-clcs al 18 and 
25 ' C . Analyses made in duplicate (18 ' C ) nod triplicate (25 ' Q . (b). Culture grown for four growth cjdes at IS "C in triplicate. The results of 
triplicate analysis of a single sample ('A[ul>licar) and full experimental triplicate ('Expcrimeniar) are showTi. The data indicate a 3-4 per mil 
depletion in " C in IV compared with phyiol. 

The isotopic compositions of the haslene (Fig. 5) and 
cholest-5,24-dienol (desmosterol) in the present strain 
grown at 18 ' C , were about equal (Fig. 60, again as 
found previously (Schouten el al., 1998). Schouten et al. 
concluded from these similarities, thai (I) was bio-
synihesised, like the sterol, in the cytosol of the diatom 
cell and not in the plastid. Our data support the 
contention that the haslene and the sterol in R. setigera 
C S 389/A were biosynthesised from a similar isotopic 
pool of isopentenyl diphosphate in the cuhure grown at 
18 " C ; perhaps in the cyiosol. 

At 25 " C , however, the A 5 values of the haslene (ca. 
3-4 per mil; Fig. 5a) and the sterol (1-2 per mil; Fig. 60 
were somewhat different; certainly in the 4ih generation 
samples for which the most comprehensive data set was 
obtained (Figs. 5a and 60 In fact, the A5 value of the 
sterol at both 18 and 25 ' C , closely matched the value of 
the dominant alkene at each temperature (Fig. 6a, d, and 
0- Thus, at 18 " C , the dominant rhizenes were the E-
pentaene (Figs. 4b and 6a; DC) and hexaene (Figs. 4b and 
6c; \T1) and the A 5 values of both these (and the E-
haslatriene) and the sterol were about 3-4 [^r mil in the 
3rd generation and in the 4th generation samples 
(Figs. 5a,b and 6a, c, and 0- A l 25 " C , the dominant 
alkene was an unknown hexaene (30:6 Figs. 4c and 6d), 
and whilsi there was some spread in the data, the mean 
range of A6 values of both this and the sterol were lower 
than those of the haslene (Fig. 5a) and the other rhizenes. 

These data suggest that the biosynthesis of the domi­
nant alkenes and sterol are coupled at both tempera­
tures, probably from an isolopically similar pool of 
isopentenyl diphosphate. 

Interestingly, the A 5 values of some of the indi\'idual 
alkenes varied quite considerably. Thus whilst the values 
for the CTO rhizapentaene (VIII ; Fig. 6b) and rhizahex-
aenes ( \ ' i l ; Fig. 6c; VI ; Fig. 6e) were similar to that of the 

haslenes (ca. 3-4 per mil) at both temperatures, these var­
ied somewhat from those of the unknown hexaene 30:6 
(Fig. 6d). (Although iherc also appeared to be a difTerence 
in the A5 values of the pentaene ( l \ ; Fig. 5a) between 18 
and 25 "C (Fig. 6a) this probably reflected the very low 
abundance of the penlaene at the higher temperature (0.15 
± 0.07 pgcell-'; Fig. 4c), which made measurement much 
less accurate and prone to influences from co-eluting 
compounds such as bis(2-ethylhexyl)phthalate, a con­
taminant which was present in the procedural blank and 
had a similar retention index to the alkene). 

Clearly, the isotope studies support our earlier con­
clusion that biosynthesis of the HBIs in R. setigera 
strain CS 389/A is complex. The following interpreta­
tions must therefore be viewed as speculative. Overall 
the isotopic measurements suggest: 

1. Biosynthesis of phytol from an isotopically differ­
ent pool of IPP to Ihe haslenes, rhizenes and sterol 
at 18 °C. in the plastid, in agreement with a pre­
vious report for a a 5 haslene in a different R. 
setigcra strain. 

2. Particularly close coupling of the biosynthesis of the 
major alkenes and the sterol at both tempera lures, 
but some differences in isotopic fractionalion of car­
bon even within ihe different C30 alkenes, especially 
between VI ,VII and the unknown Cj^e (Fig- 5c, d 
and e) at the highest growth temperature. 

We propose, at both 18 and 25 "C, biosynthesis of 
phytol in the chloroplast from geranyt diphosphate 
probably via a non-mevalonate route from C O 2 as is 
true of phytol produclion in some other diatoms (Cvejic 
and Rohmcr, 2000). 

A l 18 and 25 'C, we envisage biosynthesis of haslenes 
probably outwith the plastid, either via a mevalonate 
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route leading to isotopic differences in the IPP com­
pared with that used in phylol biosynthesis, or via a 
non-mevalonate route using an IPP pool which is iso-
topically distinct from that used in phytol production 
(cf. Cvejic and Rohmer, 2000). This might involve con­
densation of geranyl diphosphate (GPP) and a C15 iso-
prenyl moiety (possibly peruviyl diphosphate, PPP). The 
involvement of PPP rather than famesyl diphosphate 

(FPP) might explain coupling to give the C-7 branched 
HBI structure, rather than coupling of GPP and FPP 
which would probably lead to a squalene-type structure. 

Biosynthesis of many of the rhizenes at 18 and 25 
( V I . V I I . V I I I , IX) might be from the same pool of IPP 
(and hence PPP) as that used for haslene biosynthesis at 
18 and 25 X , but biosynthesis of some C30 alkenes (e.g. 
unknown 030:5)—and the sterol at 25 "C, must be from 
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a somewhat isotopically distinct IPP pool. Given the 
similarities in the isotopic values of the dominant 
alkenes and the sterol at both temperatures, we assume 
alkene synthesis from these IPP pools takes place out 
with the plastid, even though some terpene secondary 
metabolites are also believed to be produced in the chlor-
oplast (e.g Cvejic and Rohmer, 2000, and references 
therein). Production in the cytoplasm is consistent with 
previous findings that diatoms are able to use different 
carbon sources in different cell compartments (Cvejic and 
Rohmer, 2000) and our unpublished findings which 
indicate that haslenes in H. ostrearia are not associated 
with the fatly acid storage lipids (which are found in the 
chloroplast). 

Whilst more definitive studies of the biosynlhetic path­
ways to the HBIs in R. setigera will also require growth of 
the diatom with isotopically enriched substrates, such as 
with '-*C02 and also studies of the sites of '^C incorpora­
tion by '^C NMR, the GC-irm-MS approach used herein 
provided useful complementary information and did not 
require perturbation of algal growth with artificially high 
substrate concentrations or mixotrophic growth condi­
tions. The results of our studies with isotopically enriched 
substrates will be published separately. 

2.2. R. setigera sirain CCMP 1330 

When North Atlantic (off Massachusetts, USA), 
sirain CCMP 1330 was cultured at 4-20 "C previously, 
it was shown to produce haslapcntacne (I) as the only 
HBI, even when growth temperature was varied. (I) was 
also the only HBI produced when the same strain was 
cultured al 15 "C in the present study (Fig. 7a). The HBI 
was identified by comparison of GC and MS data with 
authenticated samples from H. osirearia (Wraige et al., 
1997) and an aliquot of the previous sample isolated 
from R. setigera (Sinninghe Damste et al., 1999b). The 
«-alkenes reported previously were also present (Fig. 7a). 

2.3. R. setigera strain CCMP 1820 

The HBIs of this strain have not been reported pre­
viously but were found herein (Fig. 7b) to comprise 
haslapcntaene (I) as the only HBI in a culture grown at 
15 "C . Again, n-alkenes were also present (Fig. 7b). 

strain grown at 15 **C. All compounds were identified by 
GCMS retention time and mass spectral comparison 
with previously authenticated compounds from P. 
intermedium (Belt ct al., 2000a,b). The rhizencs present 
comprised two pentaenes and two hexaencs, both with 
C7(25) unsaturation (VI-IX) as determined by NMR 
for sirain CS 389/A above. The relative proportions of 
HBIs, which were very similar in two samples, collected 
and cultured one year apart, arc shown in Fig. 7c and d. 

3. Experimental 

3.1. Algal cultures 

R. setigera strain CS 389/A isolated from the Huon 
estuary, Tasmania, Australia, was grown at 10, 18 or 
25 *C, 35 psu, under white light at 80 jiE m-^ s in fE 
or fE/2-I medium as described previously for other 
strains (Volkman cl al., 1994, 1998). Both small scale 
(250 ml Erlenmeyer flasks) and larger scale samples (10 
1, 18 *C) were cultured. 

R. seiigera strains isolated from France (Nantes 99 
and Nantes 00) were isolated from Lc Croisic, France 
and cultured in 4x60 I tanks containing underground 
saltwater enriched with NaNOj (8 mg ml" ' ) and Guil-
lard's medium (f/2. 0.2 ml 1"') at 16-I8'*C and on the 
smaller scale at I5'*C. Samples for hydrocarbon analysis 
were obtained by ccntrifugalion. Strains CCMP 1330 
and 1820 were purchased from the Guillard Collection 
USA and grown under the same conditions as the 
French strains above. 

3.2. Lipid extraction and alkene isolation 

Alkenes were isolated by extraction of the centrifuged 
algal paste with chloroform (sirain CS 389/A) or hex­
ane, aided by uUrasonicaiion (45 min, Kerry Pulsatron 
HBI72) followed by column chromatogaphy on silica 
and elulion with hexane. Selected samples were saponi­
fied by heating (60 °C, I h) in methanolic KOH (e.g. 
Volkman et al., 1998) and derivatised with BSTFA/ 
TMCS (60 "C, 30 min) prior to analyses by GC-MS and 
GC-irm-MS. 

3.3. NMR spectroscopy 

2.4. R. setigera Names 1999 and Nantes 2000 

Strains of R. setigera isolated from the North Atlantic 
(off southern Brittany, France) contained, like the Tas-
manian strain CS 389/A, both haslencs and rhizenes 
(Fig. 7c and d) and similar to that strain, the haslenes 
included trienes (IV and V) with C7(20) unsaluralion. 
The corresponding tetraene [viz. hasla-7(20),9£,I3, 23-
ictraene; X] and traces of the corresponding A2 pen­
taene (cf. Belt et al., 2000b) were also present in this 

NMR spectroscopy was conducted on a JEOL EX 
270 multinuclear (' H, '^C) 270 MHz spectrometer. Data 
were recorded on the delta scale (ppm) using the 
resonances of CDCl, (7.25 ppm ' H , 77.0 ppm '^C) as 
internal references. 

3.4. Gas chroma I ography-mass spectrometry 

Dcrivatised total chloroform extracts (Figs. 3 and 4), 
non-saponifiable lipids (Fig. 7) or alkene fractions (for 
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Fig. 7. G O I S total ion current chroinatograms of non-saponifbblehpids(TMSi ethers) of/( . i f / lyrrasirains C C M P 1330, C C M P 1820, Nantes 99 
and Nantes 00. P = phytol, TMSi ether; n«» n-alkcnes. Roman numerals refer to HBI structures shown, (a) RhizosoUnia setigera C C M P 1330; (b). 
Rhizosolenia setigera C C M P 1820; (c) Rhizosolenia seiigcra Nantes 1999; (d) Rhizosalenia setigera Nanles 2000. 
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NMR) from strain CS 389/A were examined by gas 
chromatography-mass spectrometry (GC-MS) per­
formed using a Fisons Instruments MD800 equipped 
with a Carlo Erba on-column injector. The gas chro-
matograph was fitted with a 12 m (0.2 mm i.d.) fused 
silica capillary column (HP-5 Ultra stationary phase). 
Helium carrier gas was used. The gas chromatograph 
oven temperature was programmed from 40 to 300 "C 
al 5 *C min~' and held at the final temperature for 10 
min. Mass sp>ectrometer operating conditions were; ion 
source temperature 250 "C and 70 eV ionisation 
energy. Spectra (40-650 Daltons) were collected using 
Fisons Masslab™ software. Alkene fractions from all 
other strains were examined by gas chromatography-
mass spectrometry (GC-MS) performed using a Hew­
lett Packard 5890 series II gas chromatograph coupled 
to a Hewlett Packard 5970 mass selective detector fit­
ted with a 12 m (0.2 mm i.d.) fused silica capillary 
column (HP-1 Ultra stationary phase). Auio-splitless 
injection and helium carrier gas were used. The gas 
chromatograph oven temperature was programmed 
from 40 to 300 "C at 5 "C min" ' and held at the final 
temperature for 10 min. Mass spectrometer operating 
conditions were; ion source temperature 250 "C and 70 
eV ionisation energy. Spectra (35-500 Daltons) were 
collected using Hewlett Packard Chemstalion^" soft­
ware. 

i.5. Gas chromatograpby-isolope ratio monitaring-mass 
spectrometry 

GC-irm-MS was performed with a Finnigan Delta S 
mass spectrometer essentially as described previously 
(Merrii el al., 1995). GC conditions were: oven tem­
perature 40-135 'C at 30 "C min" ' , 135-300 "C at 4 ^C 
min~'; 60 m DB-I , helium carrier gas. Isotopic values 
were determined by integration of the ion currents of 
mfz 44—46 produced by combustion of chromato-
graphically separated compounds and comparison with 
C O 2 reference gas. Certified reference materials com­
prising r7-hexadecane, n-icosane, n-tetracosane, n-
dotriacontane and n-hexalriacontane of known isotopic 
composition were co-chromatographed with the algal 
lipids derivatised with BSTFA/TMCS. Determinations 
of the haslene were made in full procedural triplicate, 
including culturing conditions and in analytical tripli­
cate (Fig. 5b). To correct for the isotopic effect of the 
derivalisation of phytol and cholesl-5,24-dienol with 
BSTFA/TMCS, both free phytol (Aldrich, 97% mixture 
of E and Z isomers; £-phytol, -28.02 per mil delta 
notation relative to PDB standard) and a sample of 
phytol derivatised with each batch of BSTFA/TMCS 
were examined by GC-irm-MS. The difference in values 
was used to calculate the isotopic composition of the 
TMS group using a published method (Jones et al., 
1991). 
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Abstract 

TTie effect of life c>cle on the disiribuiions of C j j and C30 highly branched isoprcnoid ( H B ! ) alkene lipids has been investigated 
for the marine diatom Rhizosotenia setigera. The concentrations of the C-w compounds arc largely independent of the cell volume, 
though the ratios of the individual isomers possessing five and six double bonds show a dependence on the position of the cell 
during its life cycle, especially during auxosporulation. In contr;isi to ihc Cyo pseudo-homotogucs. the €25 isomers arc not always 
detected in cultures of R. seiigera. The biosynthesis o f the C2S H B I s would appear to result from the onset of auxosporubtlon, with 
further changes to their distributions taking place after this phase, including the formation of more unsaturated isomers. The results 
of this investigation may be used in part to explain the large variations in these lipids reported previously. ® 2002 Elsevier Science 
Ltd . A l l rights reserved. 

Keywords: Rhizosolenia setigera. Microalgae: Diatoms: Highly branched isoprenoids: Alkenes: Life c>xle: Auxosporubiion: lIBIs 

1. Introduction 

C25 and C30 highly branched isoprenoid (HBl) alkenes 
are unusual secondary metabolites that are derived from 
diatoms and are commonly used as biological markers in 
sediments and other geochemical environments (Robson 
and Rowland, 1986; Rowland and Robson, 1990). Several 
of the isomeric C25 alkenes also possess a cytostatic effect 
on a human non-small-cell bronco pulmonary cell line 
(NSCLC-N6) (Rowland et al., 2001a). Volkman and co­
workers (1994) were the first to determine biological 
sources of these isoprenoids, namely the marine diatoms 
Haslea osirearia (C25) and Rhizosolenia setigera (C30). 
Some representative structures of Cẑ  (haslcncs) and C30 
(rhizenes) HBIs are shown in Figs. I and 2. Although an 
account (in terms of structures and distributions) of the 
C25 HBIs produced by H. ostrearia would appear to be 
well defined, the situation with R. setigera is less clear. 
The culture of R. setigera investigated by Volkman el al. 

• Corresponding author. Tel.; + 44-1752-2J3042; fax: +44-1752-
233035. 

E-ma'd address: tbeIt@ptynioulh.ac.uk (S.T. Bell). 

(1994) was found to contain three C30 pentaenes (Cso s) 
and two C30 hexaenes (C3o;6)> with no detection of any 
C2S alkenes. In contrast, Sinninghe Damste et al. 
(1999a) showed that a strain of R. setigera isolated from 
Vineyard Sound, MA, USA contained only a single C25 
pentaene in addition to two novel /i-alkenes, with no Cjo 
homologues. The structure of the C2S;5 in this strain was 
subsequently shown to be 3, previously found in cul­
tures of H. ostrearia (Sinninghe Damste et al., 1999b). 
During the course of our own studies, we have observed 
both C25 and C30 HBl alkenes within the same cuhures 
of R. seiigera. together with considerable varialions in 
their distributions (Rowland et al., 2001b). It is of course 
possible that these differences may be attributable to 
changes in phenotypic variables employed during the 
culturing experiments (e.g. light, salinity, temperature, 
nutrients, etc.) or to the use of different strains of dia­
toms belonging to the same species. Indeed, we have 
noted some variation in distributions with temperature 
and salinity, and also with the origin of the diatom 
strain. Significantly, however, we have also observed 
variations in distributions under 'controlled* conditions 
(constant temperature, salinity, light cycle, etc.) using a 
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Fig. 1. Reprcscnialive structures of C^j HBI alkenes isolated Trom various marine diatoms. 

Fig. 2. Structures of Cjo HBIs isolated from R. setigera. 

single strain, indicating that other factors are also 
important (Rowland el al., 2001b). In addition, Sin­
ninghe Damste and co-workers (2000) have reported 
that distributions of the HBI Cjsis and C2S and C27 n-
atkenes produced by R. setigera were quite variable for 
experiments performed at the same temperature. 

In this report, we describe an investigation of the dis­
tribution of C23 and C30 HBI alkenes biosynthesised by 
R. seiigera as a function of the position of the cells 
through their life cycle. Our observations reveal a rela­
tionship between cell size and HBI content, including a 
dramatic change in the distribution of alkenes during 
the regeneration of their original size through a sexual 
cycle (auxosporulalion). This is a necessary phase of the 
life cycle, since vegetative multiplication, involving the 
formation of new valves within the parent fruslule, 
results in consequential formation of increasingly smaller 
cells. After a suflicienily large number of such divisions, 
a critical point in cell size is reached and sexual repro­
duction is induced with formation of an auxospore (an 
expandable zygotic cell). This forms the basis of a new 

generation of large daughter cells. Since the sexual 
reproductive phase and auxosporc formation is rela­
tively short (ca. I week) compared to the lotal life cycle 
(as much as several months or years), the observation of 
such events is more achievable in laboratory cultures 
(rather than in natural populations) since more homo­
geneous samples are attainable. Further information 
relating to diatom life cycles can be found elsewhere 
(e.g. Round el a!., 1990). 

2. Results and discussion 

2.1. Distribution of HBIs in RS-1 

A strain of R. setigera was isolated for the first 
experiment (RS-1) from Le Croisic, France. From a single 
cell, an inoculum was obtained ( I month equilibration 
time) which was used to generate a series of batch cultures 
corresponding to six consecutive cycles of growth. Fol­
lowing extraction and derivatisation. total ion current 
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(TIC) chromatograms of the non-saponifiable lipid 
fractions obtained from each cycle demonstrated the 
presence of phytol, n-C2i;6 (henicosa-3,6.9,l2,I5,l8-
hexaene) and four C ^ HBI alkenes as the main identi­
fiable components. The C30 HBI alkenes, which con­
sisted of two pentaenes (C30-.5) and two hexaenes (C30;6). 
were identified as isomers 7-10 (Fig. 2) by comparison 
of their GC and MS properties with authentic com­
pounds (Bell el al., 2001). A small amount of C25 iriene 4 
could also be detected. Fig. 3 shows a partial TIC chro-
matogram corresponding to cycle 1 which illustrates the 
relative amounts of these compounds including the Cj^s 
and C30:6 isomers. Subsequent cycles resulted in extre­
mely similar chromatograms, though the C z j j observed 
in cycle I could not be detected. For all cycles, the 
major rhizenes were the pentaene isomers (C3o s/C3o 6 = 
12±1.4). 

A summary of the cell dimensions and H BI distributions 
can be found in Table 1. As expected, cell dimensions 

L i J J 
.15 40 

RctrnCiDn time 

45 

Fig. 3. Partial T I C chromalogram of a non-saponifiablc lipid fraction 
from RS-I (cycle I), The peak marked ' is due lo ihe tnlcmal stan­
dard. The peak numtxrs refer to the C^j and CM structure numbers in 
Figs. 1 aad 2. 

(mean cell width and volume) decreased slightly with 
consecutive cycles as a result of cell division. The mean 
concentration of the C30 HBI alkenes (10.7±1.7 pg 
cell"') is reasonably close to that found by Rowland et 
al. (2001b) (17.3 pg cell"'; 18 «C) but rather higher than 
that reported by Volkman et al. (1994) (1.6 pg cell- '). 
However, an exact agreement may not be expected due 
lo the differences in culture conditions and/or strains. 
Perhaps of greater significance is the fact that the mean 
concentration of HBIs per unit cell volume was found 
10 be essentially invariant throughout the six cycles 
(Table I). Although ihe observation of C30 HBI alkenes 
was in general agreement with those made by Volkman 
and co-workers (1994), the virtual absence of any C25 
alkenes seemed surprising since we have previously 
reported both C25 and C30 alkenes from R. setigera iso­
lated from the same location and cultured under similar 
experimental conditions (Rowland el al., 2001b). How­
ever, in terms of addressing our original aim, we con­
sidered that although the six cycles studied in RS-1 
certainly represent numerous individual replications or 
generations, ihe study may have been limited in terms of 
a broader range of physiological changes. Since a more 
comprehensive study involving a whole life cycle, 
including the sexual regeneration was considered 
impractical, we decided to concenirate on this last and 
quite distinct physiological event (viz. auxosporulation). 
We therefore conducted a second experiment (RS-2) to 
examine the effect of this sexual reproductive phase on 
HBI alkene structures and distributions. 

2.2. Distribution of HBIs in RS-2 

In a second experiment (RS-2), a further inoculum 
was generated from a single R. seiigera cell, though in 
contrast to RS-I, the cells were believed to be close to 
the onset of auxospomlation (ca. 4.7 \im width). Indeed, 
during the third cycle, auxospores could be detected 
using light microscopy. Significant numbers of initial or 
"daughter" cells were seen in cycle 3 (14.0%) with the 
proportion increasing (61.4%) during cycle 4 (Table 2). 
By cycles 5 and 6, virtually all cells could be considered 

Table 1 
Cell dimensions and and Cjo HBI concent rations obtained from six consecutive cycles of a culture of R. seiigera (RS-I ) 

Biomass n-Cii-4 Phytol Total HBI Total C n Cjo-j c»» Mean Mean Total Total 
C»6 width volume HBI c » 

(cell ml-') (pg cell-') (pg a l l - ' ) (pgcell') (pgc« l | - ' ) (pg cell-') (pg cell-') (jim) (fg Mm-') (fg Mm-*) 

C>-cte I 11 640 0.09 0.16 10.40 9.99 8.90 1.10 8.12 18.7 1309 7.9 7.6 
Cycle 2 12 400 0.00 3.74 11.70 11.70 10.67 1.03 10.33 18.1 1279 9.1 9.1 
Cycles 10 120 0.11 0.48 9.60 9.51 8.S6 0.64 13.82 17.2 964 10.0 9.9 
C>-cle 4 9360 0.16 4.20 13.36 13.36 12.45 0.91 13.70 16.6 1254 10.7 10.7 
Cycle 5 10 720 0.12 0,09 9.33 9J1 8.65 0.66 13.12 15.9 nsi 8.1 8.1 
C>xle6 14 800 0.00 2.49 10.12 10.12 9.38 0.74 12.65 15.0 1090 9.3 9.3 
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to be present as a result of auxosporulalion (92.6 and 
100% daughter cells, respectively). Cells from a further 
fi\'e cycles were harvested to allow for a further compar­
ison with the results from RS-I. In contrast to the rela­
tively modest volume changes that were observed for cells 
belonging to consecutive cycles in RS-1 (Table I) , much 
greater differences were observed as a result of aux-
osporulation (Table 2; Fig. 4). Thus, mean cell volumes 
were determined for mother (125±8 \im^) and daughter 
(2210±I60 pm') cells using mean cell volumes (total 
cells) and relative populations (Table 2). Cell volumes 
for cycles 6-11 were all similar, with little variation from 
a mean value of 2290±IOO j i m ' despite consecutive cell 
division. Not surprisingly, since cell volumes and 
growth rates (indicated by ihe cell concentrations at the 
end of each exponential phase) are inextricably linked, 
an inverse relationship was found between these for the 
pre- and posl-auxosporulation phases. 

When the non-saponifiable lipid fractions for each 
cycle were analysed by GC*MS, some differences were 
observed between cycles and with the results obtained 
from RS-1 (vide infra). A partial TIC chromaiogram 
from cycle 1 (Fig. 5) indicated the presence of the same 
C3(̂ .j and C3o,6 HBI alkenes present in RS-l, though 
phytol and n-Czns were not delected. In addition, there 
was a trace amount of the C25 iriene 4 which was mostly 
absent in the first experiment (RS-1) and there was a 
greater concentration of the pair of C30 hexaenes com­
pared to the pcntaenes. Thus, the Cso s/Cjoe ratio was 
0.93, which compares with a mean ratio of I2±1.4 in 
RS-1. Similar observations were made in cycle 2 
(Table 2). During cycle 3, when auxospores and daugh­
ter cells were first detected using light microscopy, the 
small amount of €25.3 observed in the first two cycles 
was absent and the C30 pentaenes were the dominant 
isomers (Csfts/Cjora ratio increased sharply to 3.48). In 
cycle 4, when over 60% of the culture corresponded to 
daughter cells, the Cyo-^/Cioe ratio increased further 
(4.42). In addition, phytol, n-C2i:6 and the C25 iriene 4 
were also detected and the toial concentration of HBIs 
(pg cell-') increased noticeably (Table 2). This lolal 
concenlralion increased further during cycles 5 and 6-11 
(100% daughter cells) though theCzs HBI concentrations 
increased at a greater rate compared with those for the C30 
HBIs (C2S/C30 increased from cycles 4 to 11, Table 2). In 
addition, a C25 letraene (5) was delected during cycle 5 
while a C25 pentaene (6) was detected in cycle I i . Finally, 
the Csftj/Csae ratio underwent further changes, with a 
gradual reduction between cycles4 and I I . 

The dramatic changes in cell dimensions and con­
centrations of HBIs (pg cell"') that accompanied aux­
osporulalion (cycles 3-5) prompted us to consider more 
closely the HBI concentrations on a unit cell volume 
basis ( I Mm^). Using this approach, the total concentra­
tion of C30 HBIs was found to be reasonably constant 
(Fig. 6a) with a mean value of I2 .0±2.9 fg pm"^ fol-
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F i g 4. Photographs of R. seligera ( R S - 2 ) obtained using hghl microscopy i l lustraling ihc differences in cell dimensions between two daughter cells 
( A ) , a single mother cell (B) . two evolving daughter cells from their corresponding mother cells ( Q . 

lowing auxosporulation, which compares wi th lhat o f 
9.1 ± 0 . 9 f g \im-^ oblaintrd fo r RS- I . However, the ratio 
of the pentaene and hexaene isomers was affected sub­
stantially dunng the period of auxosporulation. with 
C^o s/C^o 6 increasing f rom 0.84 to 4.42 between cycles 2 
and 4. Fol lowing auxosporulation. this ratio underwent 
a gradual decrease (Fig. 6b). 

Different changes were observed for the C25 HBIs In 
contrast to the invariance in the total C^o alkcne con­
centrations, we observed an increase in the concentra­
tion o f the C 2 5 HBIs (especially C 2 5 4 ) with cycle number 
fo l lowing auxosporulation, and this too was reflected in 
an increasing C 2 5 / C W ratio (Fig. 6c and d). While this 
trend appeared to be initiated by the onset of aux­
osporulation. the effects taking place dunng this phase 
were not as dramatic as those observed for the C^o HBIs 
(viz. changes in C jos /Cwe ratio, vide inf ra) . Indeed, 
consistent changes in the C25 H B I concentration took 
place both dunng and after auxosporulation, being sig­
nificant in cultures containing only daughter cells, 
including the observations of pentaene 6 and tctraene 5 
as the major isomer during cycle 11 (Fig. 5). 

Thus, we have demonstrated that distributions o f C2S 
and C%o H B I alkenes biosynthesised by R. seiigera are 
strongly dependent on the position of the diatom in its 
life cycle, wi th the most noticeable changes taking place 
as a result o f auxosporulation. These observations can 
be summarised as follows: ( I ) C*o HBIs (rhizenes) are 
only biosynthesised with five or six degrees of unsa-
turat ion. (2) The total rhizene concentrations (measured 
on a unit volume basis) remain constant during different 

stages o f the life cycle, but the degree o f unsaturation 
( C v ) 5 / C v ) 6 ratio) is highly vanabic, especially dunng 
the period o f auxosporulation. (3) C 2 5 H B I s (haslenes) 
are biosynthesised wi th between three and five degrees 
o f unsaturation. (4) Unl ike the rhizene pseudo-homo-
logues, haslenes are not always observed; their produc­
tion would appear to be mainly stimulated by the onset 
o f auxosporulation. though their concentrations and 
unsaturation continue to increase af ter this phase. 

While these results can be used i n part to explain the 
large variations in C25 and Cv> H B I distributions 
observed in other cultures o f R. seiigera, it is not clear at 
this stage i f similar or related effects apply to other l ipid 
classes. Relationships between carbon content or chlor­
ophyl l a levels as functions o f cell dimensions (including 
volume) have been reported ( M u l l i n et al., 1966; Dur-
bin. 1977), though to our knowledge, such studies have 
not been earned out on individual lipids. However, i t 
has been reported recently that cell size (amongst other 
factors) in phytoplankton can contnbute to carbon iso­
tope fractionation and therefore cell dimensions and 
growth rates should be considered i f stable carbon iso­
tope compositions o f organic material are to be used in 
determining, e.g. palaeo-(C02(aq)I levels (Popp et al., 
1998). I t has also been shown that variations i n carbon 
and hydrogen isotop>es of individual compounds within 
the same and different organisms can occur, and this may 
result f r o m different and competing biosynthetic path­
ways, isotopic enrichment i n biosynthetic precursors or 
substrates involved in biosynthesis (e.g. N A D P H ) (Ses­
sions et al., 1999; Rowland et al.. 2001b). Clearly then. 
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changes in disiributions o f individual lipids may cause 
variaiions in measured isotopic f ract ionat ion. The fact 
that changes in distributions may also be associated 
wi th cell dimensions as shown here suggests that the 
measurement o f isotopic fractionation o f individual 
lipids as a funct ion o f cell size or dimensions could be 
highly informative. Such an investigation is currently an 
area o f research in our laboratory. 

3. Experimental 

3.1. Isolation and cuUuring of R. sefigera 

replicated se\'eral times over a period o f I month. A f t e r 
this equil ibrat ion period, 150 m l o f new F/2 medium 
was inoculated wi th a concentration o f 100 cell m l ' ' 
(cycle I ) . A t the end of the exponential growing phase 
(11 days), cells were harvested by f i l t r a t i on , w i t h a sub-
sample being used to inoculate a second flask (cycle 2) 
w i t h the same cell concentration as per cycle I . This 
procedure o f culturing, harvesting and further inocula­
t ion was repeated a further four times to yield a total o f 
six cycles. 

For each cycle, cell counting was performed using 
light microscopy and cell volumes were determined wi th 
a Beckman Coulter-Counter. 

3.1.1. Experiment I: RS-I 
R. seiigera was isolated f r o m Le Croisic, France (8/8/ 

2000) using a plankton net (75 pm). In the laboratory, 
single cells (ca. 20 pm width) were isolated under the 
microscope and grown in 250 ml Erlenmeyer flasks 
containing 150 m l F/2 Gui l la rd medium under con­
trolled conditions (14 "C, 100 \imo\ photons cm"^ s"'. 
14/10 h light/dark cycle). In order to ensure complete 
equilibration wi th the culture conditions, cells were 

3.1.2. Experiment 2:RS-2 
R. setigera (R.s. 99) was isolated f r o m Etel, France 

(25/03/1999) and cultured using the same general 
method as described fo r Experiment I wi th the fo l low­
ing exceptions : the cell concentration at the beginning 
o f each cycle was 500 cell m l " ' and cells were harvested 
at the end o f each exponential g rowth phase (ca. 7 
days). In addit ion, single cells were isolated f r o m R.s. 99 
which had equilibrated in the laboratory for more than 
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F i g . 5. Partial T I C chromaiograms corresponding (o alternate cycles o f a cul ture o f R. seiigrra ( R S - 2 ) . T h e peak m a r k e d • is due to ihe i n i e m a l 
s tandard. T h e pcalc numbers refer to ihe a n d C j o structure numbers in F i g s . I and 2. 
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F i g . 6. Concen lra i ions a n d ratios o f C ; j a n d C j o H B I alkcncs as a Tunction o f cycle number for R. seiigera R S - 2 . T h e ven ica l line a l c>xle 3 denotes 
the onset o f a u x o s p o r u l a l i o n . T h e horizontal and diagonal lines a r r trend lines only. 

one year. As a result, all o f the cells were extremely 
small (ca. 4 \im width) and believed to be close to the 
critical size fo r auxospore fo rmat ion and the onset of 
auxosporulalion. 

3.2. Analysis 0/C25 and Cjo HB/s by GC~MS 

Analysis o f H B I alkenes was as previously described 
(Wraige et al., 1997, 1999; Belt et al . , 20003,b). Briefly, 
cells were filtered at the end o f each exponential growth 
phase and extracted wi th hexane fo l lowing addit ion of an 
internal standard (7-hcxylnonadecane; 1.1 pg filter"'). 
Extracts were saponified ( 5 % (w/w) K O H / 8 0 % M e O H / 
20% H2O) and then re-extracted into hexane, dried and 
derivalised ( B S T F A ) to give a non-saponifiable l ip id 
(NSL) f ract ion. G C - M S analysis o f these N S L fractions 
was performed wi th a Hewlett Packard 5890 Series I I 
gas chromatograph coupled to a Hewlett Packard Mass 
Selective Detector (5970 scries) fitted with a 12 m (0.2 
mm i.d.) fused silica column ( H P - I stationary phase). 
Au to splitless injection and He carrier gas were used. 
The gas chromaiograph oven temperature was pro­
grammed f r o m 40 to 300 "C a l 5 "C m i n " ' and held at 
the final temperature for 10 min. M S operating condi-
tions were: ion source temperature 250 *C and 70 eV 
ionisation energy. Spectra (50-550 Da) were collected 
using Chemstaiion software. Identification o f individual 
compounds was achieved by comparison o f retention 
indices and mass spectra wi th authentic standards. Sys­
tematic errors linked to variations in H B I concentra­
tions f rom duplicate or replicate determinations are 
typically 1(^-15% while random errors associated wi th , 
e.g. isomer ratios arc less than 5%. 
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