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HIGHLY BRANCHED ISOPRENOID ALKENES FROM DIATOMS:

A BIOSYNTHETIC AND LIFE CYCLE INVESTIGATION

by
Guillaume Gabriel Massée

ABSTRACT

In addition to the production of phytol (from chlorophylis) and sterols, a limited number of diatom
species are capable of synthesising unusual C,s and Cjy highly branched isoprenoid (HBI) alkenes. At
the outset of the current investigation, the structures of most C,s and C3o 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 C,s and C;; HBI alkenes biosynthesised by Rhizosolenia
setigera demonstrated a dependence on the physiological status of the cells, as measured by the
position of this diatom in its life cycle. Thus, while C3; HBIs were observed at every stage of the life
cycle, Czs HBIs were not always present in the cells. Since the synthesis of C,5 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 C;g alkenes (previously reported in other strains of Rhizosoleniu setigera), and
a novel monocyclic C;s alkene were also observed during life cycle experiments. The two Cy
hydrocarbons structures were subsequently characterised and the potential geochemical relevance of
these compounds was highlighted by comparison of their mass spectral and chromatographic
properties with those of alkenes reported in sediments and suspended water column particles.

An investigation of terpenoid (including HBI) biosynthesis in the diatoms Haslea ostrearia,
Rhizosolenia setigera and Pleurosigma intermedium has been performed. Evidence for species and
organelle dependent biosynthetic pathways has been observed. Phytol is synthesised by each species
investigated according to the recently discovered methyl-erythritol phosphate (MEP) pathway. This
pathway is also involved in the synthesis of C,s HBIs in the two species Haslea ostrearia and
Pleurosigma intermedium. In contrast, Cy5 and C; HBIs, and (at least) one monocyclic Cxp alkene,
appear to be made predominantly via the mevalonate (MVA) route in the diatom R setigera.
Evidence for the contribution of the MVA pathway to the biosynthesis of sterols was found for the
diatoms Rhizosolenia setigera, and Pleurosigma intermedium. In contrast, only contributions from
the MEP pathway were found for the biosynthesis of sterols in Haslea ostrearia. Preliminary
evidence for dynamic interchange between the two pathways has also been observed.

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










1.2 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 C,s and C; highly branched
isoprenoid (HBI) alkenes (Volkman et al., 1994; Belt er al., 2000a, 2001a,b,c). These HBIs
occur in a wide range of sedimentary environments (reviewed by Rowland and Robson,
1990) and since their first discovery in diatom cultures (Volkman er al., 1994), several
studies have enabled for the structures of numerous Cps and C3o HBI isomers to be fully
characterised. Indeed, from bulk cultures of the diatom Haslea ostrearia (Bory) Simonsen,
Belt et al. (1996) and Johns er al. (1999) characterised the structures of several C,5 isomers
via NMR spectroscopy. Later, Wraige ef al. (1999) excluded the possibility of a bacterial
origin of these HBIs (as suggested by Farrington ef al. (1977), Boehm and Quinn (1978) and
Requejo and Quinn (1983)) by reporting the same HBIs in axenic cultures of this species.
More recently, several other diatom species belonging to the Huslea genus have been
reported to be capable of synthesising HBIs (Allard er a/., 2001). From large-scale cultures
of these three newly identified producers (Haslea crucigera, Haslea salstonica and Haslea
pseudostrearia), they determined the structures of new tetra-unsaturated alkenes.
Interestingly, all the HBI alkenes found in Haslea species share common structural features
(Figure 1.4). Indeed, while these hydrocarbons exhibit differences in their degree of

unsaturation (2-6 double bonds), all possess the same parent carbon skeleton (Figure 1.3;




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 C,5 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).
/\I\//EL'\* )\A\J‘\f\f*)\
/L/\/)\f%J\ /LAJ\SM\

I
/L/VLSJL/\/)\

Figure 1.4 Structures of Cy;5 HBI alkenes identified from cultures of Haslea species.



Most recently, two previously characterised Cys HBIs and a new Cjs isomer (Figure 1.5)
were identified in a further Haslea species, previously classified as Gyrosigma nipkowii
(sigmoidal species) and recently transferred into the genus Haslea (Belt et al., 2001d; Poulin
et al., 2000, 2002, submitted). In contrast to all other Cy5 HBI alkenes from Haslea species,
two of these compounds were present as diastereoisomers (Figure 1.5). With the discovery of
this particular isomer, a geometrical isomerism at position C9-C10 was reported for the first

time within the alkenes produced by Has/ea species.

Figure 1.5 Structures of the C;s HBIs identified in Haslea nipkowii.

An identical isomerism was also reported by Belt er al., (2000a, b), who identified two
Pleurosigma species (P. intermedium and Pleurosigma sp.) as sources for the most
commonly reported Cys HBIs in sediments. From bulk cultures of these diatoms, they
elucidated the structures of eight novel Cy5 HBI isomers (Figure 1.6). The structures of these
alkenes were found to be isomeric to those found in Haslea species. For these isomers, the
major branch point at C7 was found to be unsaturated, with a double bond in the C7-C20

position, while the double that was present in either the C5-C6 or C6-C17 positions in HBIs



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 Cy5 HBIs identified from cultures of Pleurosigma species.

Finally, from bulk cultures of the diatom Rhizosolenia setigera Brightwell, Belt er al.
(2001a) elucidated the structures of four C3p HBIs (two Cjp pentaenes and two Cjq hexaenes)
for the first time. Similar structural features to the C;s HBIs were observed from these

compounds. Consistent with structural features found for HBIs 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 1.8 Structures of the C3o 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 Cys5 and Cig HBI isomers, the influence
of environmental parameters such as salinity (Wraige et al., 1998) and temperature
(Rowland er al., 2001a) have also been investigated. While Wraige et al. demonstrated that
variations in the salinity of the culture media did not affect significantly HBI distributions in
H. ostrearia, Rowland and co-workers reported a significant effect of the culturing
temperature on the distribution of HBIs produced by this species. A low (5°C) culturing
temperature increased the saturation of the alkenes (Cjs:2) contained in the cells, while a high
(25°C) culturing temperature increased the proportions of the more unsaturated isoprenoids
{Cis:4 - Cas: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 Cjg pentaenes and two Cyg hexaenes with no Cys HBIs, Sinninghe
Damsté er al. showed that a strain of R. setigera (CCMP 1330) contained only a single Cys
pentaene in addition to two novel n-alkenes, with no C3o homologues (Sinninghe Damsté er
al., 1999a,b, 2000). The strain of R. setigera (RS-99) isolated from northern France by Belt
el al. (2001a) contained only four C;p HBI isomers (two Cj3p pentaenes and two Csg
hexaenes) with no C;s HBIs. Additionally, Rowland er al. (2001b) demonstrated that cells
from the same R. setigera strain (RS-99) were capable of producing both C,s and C;p 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

At the outset of the present study, it was clear that the likely sources and the structures of
most C,s 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 er 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 Cys and C3¢ HBI alkenes biosynthesised by R.

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

(ii))  search for new HBI producing diatoms in order 1o understand better the reasons

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

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

of HBIs in diatoms.

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

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

described as follows:

Chapter 2 describes an examination of (selected) lipid distributions in several species
belonging to the Rhizosolenia genus and members of closely related genera, together with an
investigation of the distributions of Cys and C3p HBI alkenes biosynthesised by R. setigera as

a function of its life cycle. As a result, a further species capable of producing both Cas and
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Cso0 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 Czs and two
monocyclic C3p hydrocarbons have also been observed during a limited phase within the life

cycle of R. setigera.

Chapter 3 describes the structural characterisation of these novel monocyclic Csq alkenes.
The HBI distributions of two R. setigera strains were investigated, and sufficient quantities
of pure compounds were isolated from bulk cultures of these two strains to allow for the

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

Chapter 4 describes the intra-cellular fractionation of R. setigera cells in an attempt to
understand better the compartmentation and function of isoprenoids in diatoms. In a
comprehensive study, the biosynthetic mechanisms involved in terpenoid (including HBIs)
formation in the diatoms Haslea ostrearia, Rhizosolenia setigera and Pleurosigma
intermedium has been carried out. This has included culturing each species in the presence of
pathway-specific inhibitors, together with feeding experiments containing isotopically
labelled substrates. Analysis of natural carbon isotope fractionation in these lipids by GC-
irm-MS has been used to complement the results from other approaches. Evidence for
species and organelle dependent biosynthetic pathways is presented, together with

preliminary evidence for dynamic interchange between the two pathways.

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

a chapter-by-chapter basis)

11



CHAPTER TWO

HBI distributions in the diatom Rhizosolenia setigera: Life cycle effects

2.1 Introduction

Since Volkman and co-workers (1994) discovered C3p 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 Cy;5 HBIs produced by Haslea ostrearia and
Pleurosigma intermedium. The culture of R. setigera investigated by Volkman ef al. (strain
CS 62) was found to contain three C;q pentaenes (Csq.s) and two Cjg hexaenes (Csp) and no
Cys alkenes were detected (Volkman er al., 1994). Belt and co-workers (2001a) noted a
similar, though not identical distribution of C3 HBIs (two Cjg:5 and two Csg) in R. setigera
isolated from northern France (strain RS 99) and elucidated the structures of the C3g HBIs for
the first time. In contrast, Sinninghe Damsté ef al. showed that a strain of R. setigera isolated
from Vineyard Sound, MA, USA (CCMP 1330) contained only a single Cjs pentaene in
addition to two novel n-alkenes, with no C3p homologues (Sinninghe Damsté er al., 1999a).
The structure of the Cys:5in this strain was subsequently shown to be that previously found in

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

During the course of our own studies, we have observed both Cys and Cs¢ HBI alkenes
within the same cultures of R. sefigera 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, temperature, 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 Damsté e/ al. (2000) have
reported that distributions of the HBI Cjs.s and Cps and C;; n-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, ¢) such that sexual reproduction, followed by an auxospore formation (Figure 2.2 d, €)
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 et al., 1990; Mann et al., 1999). In
contrast, very few studies have considered the biochemical implications of such a process,
even if 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”.

d Poi
WL
S Y
— ) L . - N g
15t division 2 division 3rd division
mean @ =, mean @ = (1,+1,) 2 mean @ = (1,+2l,+1,) /4

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 Cs5 and Ciy HBI alkenes
biosynthesised by R. setigera as a function of the position of the cells through their life cycle.
In a preliminary experiment, the effects of auxosporulation only, on the distribution of Cas
and C;o 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 HBJ distribution of previous cultures of this strain, both Cy5 and
Ci0 HBI alkenes were observed within the non-saponifiable fractions obtained from cultures
of these daughter cells, indicating that Cy5 biosynthesis may be related to the auxosporulation
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. setigera 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. setigera 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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2.2 Experimental

2.2.1 Algal cultures

Rhizosolenia pungens was isolated in May 2000 from the Rance Estuary, Ile et Vilaine
(France). Rhizosolenia robusia 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 “Vallée Mabile”, Loire-Atlantique (France).
Proboscia indica, Guinardia delicatula and Guinardia stolterfothii were isolated in June

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

All 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 controiled conditions (14°C, 100 pmol 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 pm

orifice tube, 2 ml counted).

2.2.2 Life cycle investigations with Rhizosolenia setigera
Preliminary experiment: RS-0

A single cell of the diatom R. setigera (RS 99) was isolated from a natural assemblage of the
phytoplankton obtained from surface waters of the Etel River, France (25/03/1999) and

grown in 250 ml Erlenmeyer flasks containing 150 ml F/2 Guillard medium under standard
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controiled 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. setigera was 1solated 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 ml™! (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 further 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 determined 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 mi" 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 pm 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 fifty-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, 1.1 pg filter') was added to each filter prior to

extraction in order to quantify the HBI cell concentrations.

1 Cell 100 Cell.ml"! 100 Cell.m!”!

m STy T

Isolation of
R. setigera 1 month ll days ‘
equilibration \
\

Cycle 1 Cycle2 Cycle3 Cy-cle 4 Cycle 6

:. 11 days, §11 day

Microscopy

HBI Coulter
analysis
by GC-MS l
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.

2.3.1 Investigations on the hydrocarbon distribution 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-Cji.6 (I, henicosa-3,6,9,12,15,18-hexaene) and phytol
(V) but do not produce any HBI alkenes (Cys or C39 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-Cz.6 (1), phytol (V), tri,

tetra and penta-unsaturated C,s HBIs isomers and six C3p HBI alkenes (VI-XI).

Table 2.1: Hydrocarbon distribution from six diatom species.

Species investigated Phytol V. #-Cy,61 HBI Alkenes detected
Rhizosolenia pungens + + II-Iv, VI-XI
Rhizosolenia robusta +
Proboscia indica +
Guinardia delicatula +
+
+

+

+ -
+

Guinardia stolterfothii
Urosolenia cf. longiseta
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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-Cyy6 (I), phytol (V) and four Csp
HBI (VI-IX) (Rowland et al., 2001a,b), but no Cas HBIs alkenes (haslenes) were detected. In
addiuon, the major rhizenes were the pentaene isomers (Csq:s / Caps = 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-
Caie (I) and the Cip rhizenes were detected as before, but in addition, the TIC
chromatograms revealed the presence of Cys HBI isomers. In cultures of the sub-strains 1
and 3 (Figure 2.7 b, d), E isomers of tri and tetra-unsaturated C,;5 HBIs (Il and I1I) were
detected, together with small amounts of the related pentaene isomer (IV). In cultures of the
sub-strain 2 (Figure 2.7 c), only Cys triene and tetraene isomers were detected, with the

proportion of tetraene being substantially reduced than for sub-strains 1 and 3.
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2.3.3 HBI distributions in R. setigera during the post-auxosporulation 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), #-Cz6 (I) and
four C3p HBI alkenes (VI-IX) as the main identifiable components (Table 2.2). A small
amount of Cps triene (II) could also be detected in cycle 1 (Figure 2.8). Similar
chromatograms were obtained for the following 5 cycles, except that the Cz53 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 (Csq:s / C306 = 12 £ 1.4).
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Figure 2.8 Partial TIC chromatogram of a non-saponifiable lipid fraction from RS-1 (cycle
).



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

consecutive cycles (experiment RS-1).

Biomass n-Capg Phytol Total HBI Total C,5 Total Cy, Cios Cis

(Celiml")  (pgcell’y (pgcell™y (pgcell™ (pgcelly (pgcelly (pgcell") (pg cell)
Cyclel 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
Cycled 9360 0.16 4.20 13.36 0.00 13.36 12.45 091
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 C5p C30.5/Caos

(pm) (@m>)  (fepm?) (fgpm?)
Cyclel 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
Cycled  16.55 1254 10.65 10.7 13.70
Cycle5  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 HBIl 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 um®) and daughter (3196
+ 170 pm?) cells using a coulter counter (Table 2.4). Between cycles 7 and 51, the cell
volumes gradually decreased (3369 to 356 pm3) due to consecutive cell division (Figure
2.10). In cycle 35, a few auxospores were detected using microscopy, and the resulting
daughter cells were observed 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 (cycies 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 daughicr 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 um’, whereas the volume of the daughter cells (cycles 52 to
60) was 6522 + 439 ym°.

When the non-saponifiable lipid fractions for each cycle were analysed quantitatively by
GC-MS, some substantial differences in the HBI 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 Cjq.5 (VI, VIII) and Cig6 (VII, IX) HBI alkenes that
were detected in RS-1, although phytol (V) and #-C;;.6 (I) were undetected. In addition,
there was a trace amount of the Cys triene (II) which was mostly absent in the first
experiment (RS-1) and there was a higher concentration of the pair of Cjp hexaenes
compared to the pentaenes. Thus, the Cig.5 / C3p ratio was 0.93 which compares with a
mean ratio of 12 + 1.4 in RS-1. Similar observations were made in cycie 2 (Table 2.3).
Auxosporulation 1 (Figure 2.9 b, ¢; cycles 3-4): During cycle 3, when auxospores and
daughter cells were first detected using light microscopy, the Cjs;3 observed im low
concentration in the first two cycles was absent and the C;¢ pentaenes were the dominant
isomers (Csg.s / C306 ratio increased sharply to 3.6). In cycle 4, when over 60% of the
culture corresponded to daughter cells, the Cjg.5 / Capg ratio increased further (4.4). In
addition, n-Cj).¢ (I), the C;s 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 Cjs 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 C;s tetraene (I1I) was detected during cycle 5 while a Cys pentaene (TV)
was detected in cycle 11. Interestingly, the trends observed for the triene (I1) could also be
made for both Cjs.4 and Cys.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 Cys pentaene were detected.
Collectively, the total concentration of HBIs (Cys and C39 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;s HBI concentrations increased at a greater rate
compared with those for the C39 HBIs (C;5/ C3q 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 Cys triene (XII, ¢f. Chapter 3) and
Cio tetracne (X, ¢f. Chapter 3) were first detected during cycle 17. The Z isomer of the Cj
hexaenes (VII) was absent from cycle 18 to cycle 24, apparently replaced by the new Csg
tetraene (X). From cycle 19, small amounts of a third Cyy pentaene (XI, ¢f. Chapter 3) were
also observed. Finally, the Csos / Cso ratio underwent further 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 C3g hexaene (VII).

Auxosporulation 2 (cycles 50-52): During cycle 50, a large number of auxospores were
detected 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-Ca;.¢ and both Cys.3 and
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Cas.4 concentrations increased sharply from cycle 50. However, on this occasion, no
significant changes in the Cjp unsaturation were observed during the auxosporulation event.

Thus the C3¢.5/C30.6 remained unchanged (3.1 + 0.3).

Post-auxosporulation 2 (Figure 2.9 1; cycles 53-59): During cycle 53, the Cys triene (III)
reached a maximum of 25 pg cell”’ while the Cys pentaene (IV) was detected for the first
time since cycle 42. In addition, the Cjs tetraene 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 from cultures of
Rhizosolenia setigera (a) growth cycle 1, (b) growth cycle 3, (c) growth cycle 4, (d) growth
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Figure 2.9 (continued) Partial TIC chromatograms of the non-saponifiable lipids from
cultures of R. setigera (e) growth cycle 12, (f) growth cycle 17, (g) growth cycle 18, (h)
growth cycle 23.
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size and cycle number.

2.4 Discussion

2.4.1 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 er al.,

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 from the other species. He also pointed out the need to
create new genera to accommodate species possessing long needle-like processes like R.
pungens and R. setigera, freshwater 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 ultrastructural features and even if placed in

distinct genera, are still closely related taxa.

Family Genus Species
-R. pungens
-R. setigera
-Rhizosolenia
-Rhizosoleniaceae -R. robusta
-Proboscia —— P indica

-Urosolenia ~ ————ou— -U. c¢f longiseta
. . -G. delicatula
-Guinardia | -G. stolterfothii

Figure 2.11 Taxonomic relationships between Rhizosolenia setigera and related species.
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2.4.2 Variations in HBI distributions between 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. pungens. This may not be too surprising since the ultra-structure of R. pungens
1s 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, Cys
HBIs were absent from cultures of Pleurosigma angulatum, Navicula gracilis, N.
ramossisima, N. lanceolata and N. Phyilepta, despite their morphological similarities with
Pleurosigma intermedium and Navicula sclesviscensis, two species capable of producing Css

HBIs (Belt et al., 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. ¢f shrubshrolei as
well as R. ¢f. 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 innoculum for this
experiment was very small (ca 4 um width) while the lower threshold of the size ranges
recorded in floras is not less than 6-8um (Hustedt, 1930; Hendey, 1964; Van der Werf and

Hulls, 1957-1974). Similar observations were reported by Mann er 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 Cys and C3¢ HBIs, whereas in culture,
it is only the C39 HBIs that are always synthesised. Therefore, the fact that C3s 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 C;5 and C3p 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 R. setigera (RS 99)
kept during one year in the laboratory was examined by GC-MS, only four C;p HBI alkenes
(VI-IX) and no C;5 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 Cso.5 (VI, VIII) and Csq¢ (VII, IX)
HBI alkenes detected, but the TIC chromatograms revealed the presence of C;s HBI isomers
(II-1V). These observations clearly demonstrated that despite the effects of environmental
parameters on HBI biosynthesis (Sinninghe Damst¢ et al., 2000; Rowland ef al., 2001b), the

physiological status of the cells must have a major impact on the HBI distribution within the
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cells. More importantly, the C;s biosynthesis seems to be strongly correlated to a major
biological event: auxosporulation. During experiment RS-1, the small amount of Css triene
(IT) 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 C,s HBI biosynthesis occurs. To check this hypothesis further, 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 um
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 auxosporulation occurred, the
mean cell volume was 364 + 23 um’. The volume changes associated with the resulting
daughter cells was again dramatic with an increase to a mean volume of 6522 % 439 um’.
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 p.m3). Using this approach, the total

concentration of C3p HBIs was found to be reasonably constant with a mean value for the
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concentration of Csg HBIs per unit volume of 8.0 + 5.3 fg pm™ which compares with that of
9.1+ 09 fg pm'3 obtained for RS-I. However, while the total C;y HBI concentration
remained constant, the ratio of the pentaene and hexaene isomers was affected substantially
during the period of auxosporulation, with the Cjg.5 / C30.6 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 Cjp hexaene was apparently replaced by a

third C3p hydrocarbon (X) with five degrees of unsaturation,

Different changes were observed for the C;s HBIs. In contrast to the essential invariance
observed for the total Csg alkene concentrations, an increase in the concentration of the Css
HBIs (especially Cjs.4) with cycle number was observed and this was clearly reflected by an
increase in the Cys / Csp 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 C3p HBIs (viz. changes in Csq:5 / Cio ratio, vide infra). Indeed, consistent
changes to the C,5 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 Cjs 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 C,s HBI
biosynthesis appear to be stimulated by the onset of auxosporulation. The total C;s 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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events of RS-2. Indeed, it was not until cycle 17 that a C3 monocyclic tetraene (Csp.4:1, X)
and a related Cys monocyclic triene (Cas3.), XII) were detected. Shortly after, during cycle
19, an additional Cs;p monocyclic pentaene (Csgs.), XI) was detected. Mass spectral properties
and retention indices (RI 2548, 2579 up.)) of the two Cj¢ alkenes indicated that they were
identical to two hydrocarbons identified in Dabob Bay (Prahl er 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 er al., 2001b)
and CCMP 1694 (Allard, 2002). In addition, the mass spectrum and retention index (RI 2089
up-1) of the Cy5 compound indicated that it was identical to that identified in the North West
Atlantic (Farrington ef al., 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 Cjyg alkenes, this novel Cys hydrocarbon has not been reported previously in

diatoms.

These three novel hydrocarbons were subsequently characterised and identified as two
monocyclic C3p (X, XI) hydrocarbons and a monocyclic Cys (XII) hydrocarbon following
large scale culture of Rhizosolenia setigera (strains RS99 and CCMP 1694), purification by

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

2.5 Conclusion

This study has demonstrated that distributions of C,s and C3¢ HBI alkenes biosynthesised 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,s and Cy 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 um™), but the degree of unsaturation (Csg.s / Cs0:6 ratio) can be highly

variable especially during the period of auxosporulation.

(3) Two new monocyclic C3p hydrocarbons and one new monocyclic Cys hydrocarbon are

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

{(4) Cys5 HBIs are biosynthesised with between three and five degrees of unsaturation but only

as a single (E) geometric isomer.

(5) Unlike the C3p HBIs, the Cys 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.

C,s and Cy9 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 HBI-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. serigera strains CCMP 1820 and CCMP 1330 noted by Rowland et al.
(2001b) and Sinninghe Damsté et 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;s HBIs (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,s alkenes synthesised by these species are of the same structural type as the most
common and abundant HBIs 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 HBIs, especially given
their abundance and widespread occurrence (Hendey, 1964; Simonsen, 1974; Hayward,
1993; Shipe er al., 1999). To date, only these two Rhizosolenia spp. have been reported as
producers of the C3p 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 (pg cell™") obtained from fifty-nine consecutive cycles (Cycle 1-30, experiment RS-2).

n-Cyg Cass Casa Casss Phytol Cos Cios Cio.n Cios Cas3a Desmosterol  Cp5/Cyo Cio5/Cns
1 11 i v \4 VI+ VIIL VII+IX X X1 Xl XII
Cyclel 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 08
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 35
Cycled 03 0.4 n. d. n.d 0.2 14.8 3.4 n. d. n. d. n. d. 7.4 0.0 4.4
Cycles 0.6 2.1 03 n. d. 0.4 13.5 4.9 n. d. n.d. n.d. 7.1 0.1 28
Cycle6 0.9 38 0.9 n.d. 0.5 15.0 5.9 n. d. n. d. n. d. 7.0 02 25
Cycle? 0.7 6.0 1.4 nd 1.1 18.0 5.0 n. d. n.d. n. d. 20.1 03 3.6
Cycle8 0.8 5.7 3.9 n. d. 0.7 15.3 5.0 n.d. n.d. n.d. 1.1 0.5 31
Cycle9 1.5 10.8 6.7 n. d. 1.2 222 7.8 n. d. n. d. n.d. 17.6 0.6 28
Cyclel0 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
Cyclel | 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
Cyclel2 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
N Cyclel3 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
b Cyclel4 1.5 7.7 40.0 49 1.7 8.1 5.5 n. d. n. d. n.d. 328 39 1.5
Cyclel5 1.6 17.8 235 2.1 1.5 225 14.5 nd. n.d n.d 313 1.2 1.6
Cyclel6 1.4 1.5 28.0 2.6 1.0 10.7 8.4 n.d n. d. n. d. 26.2 22 1.3
Cyclel? 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
Cyclel8 1.1 5.0 16.6 1.5 0.8 6.3 22 22 n. d. n. d. 12.2 22 29
Cyclel9 1.2 5.5 15.4 1.7 0.6 4.1 1.4 22 0.2 n. d. 8.0 29 2.8
Cycle20 1.6 9.5 15.4 0.6 1.7 12.4 23 34 0.1 n. d. 15.1 1.4 53
Cycle2l 23 11.8 233 09 1.6 10.6 2.1 4.7 0.1 n.d 16.0 20 5.0
Cycle22 2.7 6.8 26.5 22 1.7 3.2 1.3 24 0.2 n.d. 14.5 5.0 2.5
Cycle23 23 1.5 20.3 1.5 1.1 4.0 1.2 3.6 0.4 n. d. 9.5 32 34
Cycle24 1.6 8.8 20.8 1.2 1.1 6.2 1.3 38 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 ¢.5 25 6.2 0.5 0.4 29 1.5 1.5 0.0 n.d 45 1.6 1.9
Cycle27 2.9 11.2 24.0 1.6 25 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
Cycle3) 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).

n-Cy6 Casa Casua Cass Phytol Caos Cios Csoaa Cips. Cisaqn Desmosterol  Cp/Csy  Cio9/Cios
| 11 1] v \Y Vi+ VI VII+IX X X1 XI XIII
Cycle3| 0.0 1.9 23 0.1 0.0 2.6 1.1 0.5 0.0 03 1.7 1.1 2.3
Cycle32 0.0 3.9 33 0.3 02 2.0 0.7 23 0.1 2.5 2.5 3.0 2.8
Cyclel3 0.0 23 6.9 03 0.1 1.1 0.5 1.8 0.2 1.1 1.9 3.1 2.4
Cycle34 0.0 1.1 4.5 0.2 0.1 0.6 0.2 0.8 0.1 04 1.7 4.0 3.2
Cyclel5 0.0 0.8 34 0.1 0.1 0.5 0.1 0.8 0.1 0.3 1.1 3.1 34
Cycle36 0.7 2.5 10.8 1.1 0.3 04 0.3 0.8 0.2 0.0 3.5 83 1.3
Cycle3? 0.4 1.0 4.9 04 0.2 0.4 0.3 0.2 0.0 0.0 2.3 7.5 1.3
Cycle38 0.3 1.4 5.5 0.5 0.1 03 0.2 0.3 0.0 0.0 2.0 9.1 1.5
Cycle39 0.0 04 2.0 0.2 0.0 0.2 0.1 0.1 0.0 0.0 0.5 7.5 24
Cycle40 0.0 0.1 0.2 0.0 0.0 ¢.1 0.0 0.1 0.0 0.0 0.2 1.1 4.8
Cycledl 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
Cycled2 0.0 1.8 0.5 0.0 0.1 4.0 1.0 1.4 02 0.6 1.2 0.4 39
o Cycled3 0.1 2.9 0.8 0.0 0.1 47 1.0 1.6 0.1 0.6 1.5 0.6 4.5
o Cycled4 0.2 3.7 1.7 0.0 0.2 44 1.3 1.4 0.2 0.6 3.6 0.8 35
Cycle4s 0.3 4.0 4.5 0.0 0.3 23 1.2 0.5 0.0 02 2.3 1.9 23
Cycled6 0.1 1.7 2.3 00 0.1 1.6 0.6 0.3 0.0 0.1 1.1 1.7 2.8
Cycled? 0.1 3.0 2.2 0.0 0.1 32 1.3 0.3 0.0 0.1 1.4 1.1 2.6
Cycled8 0.2 33 24 0.0 0.3 lé 1.3 0.3 0.0 0.0 2.2 1.1 2.8
Cycled49 0.2 2.9 2.8 0.0 0.6 2.8 1.0 0.2 0.0 0.0 22 1.5 2.9
Cycle50 0.1 2.3 3.6 00 0.1 2.2 08 0.6 0.0 0.3 1.4 1.7 2.9
Cycles| 0.3 3.1 38 0.0 03 6.6 1.9 2.0 0.0 0.5 4.1 0.7 34
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
Cycles3 3.7 25.1 54.0 73 4.6 239 88 9.6 0.7 4.5 24.6 2.1 2.7
Cycle54 33 15.2 87.3 21.7 5.8 4.9 22 3.7 0.0 33 21.9 11.7 22
Cycle55 3.5 10.2 77.2 204 4.0 238 1.4 36 0.6 3.1 22.2 13.1 20
Cycles56 3.8 78 54.8 12.0 1.7 4.1 1.7 4.3 0.6 23 11.3 7.1 24
Cycles7 1.6 35 325 7.8 3.8 1.4 0.7 24 03 1.0 16.4 9.1 1.9
Cycle58 5.0 8.1 60.1 13.5 3.6 48 1.8 3.6 0.5 2.0 16.2 7.8 2.6

Cycle59 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).

Biomass Daughtercell 1~ Mean volume  Total HBI  Total Cy Total C3y  Total Sterol  Total HBI  Total Cys Total Cyy  Total Sterol
(Cellml") (%) (un’) (pecell!)  (ppcell’) (pgeell™)  (pgeell)  (gpm”)  (gpm”)  (gum”)  (fgpm™)
Cyclel 25440 0 188.0 1.9 0.0 1.9 04 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
Cyclel 10560 14 569.8 39 0.0 3.9 1.3 6.8 0.0 6.8 23
Cycled 5800 61 2092.8 18.6 0.4 18.2 74 8.9 0.2 8.7 35
Cycles 6480 93 2819.5 20.7 24 18.3 7.1 7.3 0.9 6.5 2.5
Cycleb 5560 100 3277.7 256 4.7 21.0 7.0 7.8 1.4 6.4 2.1
Cycle7 3070 100 3369.3 30.5 7.5 23.1 20.1 9.1 2.2 6.8 6.0
Cycle8 4520 100 2356.4 299 9.6 20.3 1.1 12.7 4.1 8.6 4.7
Cycle9 2930 100 2356.4 47.5 17.5 30.0 17.6 20.2 7.4 12.7 7.5
Cyclel0 4140 100 2336.4 332 9.5 23.7 9.9 14.1 4.0 10.0 42
Cyclell 3680 100 2250.9 48.4 25.1 23.2 14.4 21.5 11.2 10.3 6.4
Cyclel2 4020 100 1622.8 201.3 159.5 41.9 85.0 124.1 98.3 25.8 54.8
3 Cyclel3 2120 100 1875.3 142.9 132.2 10.7 92.9 76.2 70.5 57 49.5
Cyclel4 4400 100 1788.4 66.1 52.6 13.6 328 37.0 294 7.6 183
Cyclel s 4720 100 1622.8 804 43 .4 37.0 313 49.5 26.7 22.8 19.3
Cyclcl6 4480 100 1788.4 6l.1 42.0 19.1 26.2 342 23.5 10.7 14.6
Cyclel7 4760 100 1704.3 47.5 27.2 203 17.3 279 16.0 11.9 10.1
Cyclel8 4500 100 1704.3 31.7 23.2 10.7 12.2 18.6 13.6 6.3 7.2
Cycle19 5560 100 1622.8 28.1 22.6 7.8 8.0 17.3 13.9 4.8 49
Cycle20 5560 100 1622.8 40.2 25.5 18.3 15.1 24.8 15.7 11.2 9.3
Cycle2! 3800 100 1622.8 48.7 35.9 17.6 16.0 30.0 22.1 10.9 99
Cycle22 4440 100 1704.3 40.0 35.5 7.0 14.5 23.5 20.8 4.1 8.5
Cycle23 5800 100 1544.0 344 263 9.2 9.5 22.3 18.9 59 6.2
Cycle24 5560 100 1394.1 382 30.7 11.5 10.7 27.4 22.0 8.3 7.7
Cycle2S 8040 100 1185.2 246 18.2 1.0 9.0 20.7 15.4 9.3 76
Cycle26 6960 100 1121.4 13.5 9.1 5.8 4.5 12.0 8.2 5.2 4.0
Cycle27 5320 100 889.0 454 36.8 13.1 15.8 51.0 41.4 14.7 t7.7
Cycle29 1040 100 645.0 56 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
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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).

Biomass Daughtercell 1 Daughtercell2 Mean volume  Total HB!  Total Cys Total Cyp  Total Sterol  Total HBI  Total Cys Total Cy,  Total Sterol
(Cell ml") (%) (%) (um’)  (pgeel) (pgeell) (ppeel) (pcell  (eum?)  (fpum?)  (fgpm®) (g pm’)
Cycle3l 10280 100 0 786.0 8.1 43 43 1.7 10.3 5.5 54 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 11000 100 0 735.6 1.1 9.5 3.5 1.9 15.1 13.0 47 2.6
Cyclel4 12480 100 0 735.6 6.6 5.8 1.6 1.7 8.9 7.9 2.1 24
Cycle3s 13360 100 0 735.6 5.0 43 1.5 1.1 6.7 59 2.0 1.5
Cyclel6 11760 100 0 602.7 15.0 14.3 1.6 3.5 249 238 2.7 5.9
Cycle3? 16560 100 0 562.2 7.1 6.4 0.9 2.3 12.6 11.4 1.5 4.0
Cyclel8 16400 100 0 562.2 7.9 7.3 0.8 2.0 14.0 13.1 14 35
Cycle39 17700 100 0 523.6 2.8 25 0.3 0.5 53 4.8 0.6 1.0
Cycled0 14300 100 0 486.6 0.5 0.3 03 0.2 1.0 0.6 0.6 05
Cycled | 20300 100 0 451.5 6.2 1.3 7.2 1.0 13.8 2.9 15.9 2.3
Cycled2 19360 100 0 486.6 1.3 2.3 6.6 1.2 15.0 4.7 13.6 2.5
Cycled3 18800 100 0 486.6 9.3 3.7 7.5 1.5 19.2 7.5 153 32
Cycled4 18000 100 0 4515 11.0 53 7.3 3.6 244 11.8 16.2 8.0
Cycled5 19800 100 0 486.6 12.5 85 4.5 23 25.7 17.5 93 4.7
Cycled6 20600 100 0 451.5 6.2 4.0 2.5 1.1 13.7 8.9 54 2.5
Cycled? 21300 100 0 418.0 9.7 52 4.8 1.4 233 12.5 11.4 33
Cycled8 21400 100 0 356.2 10.5 5.7 5.1 2.2 29.6 16.0 14.4 6.1
Cycled49 26700 99 1 386.3 9.5 5.8 39 2.2 24.6 14.9 10.2 5.7
CycleS0 20700 96 4 574.5 9.0 5.9 3.6 1.4 15.6 10.3 6.3 24
Cycle51 15000 83 17 1663.3 15.5 7.0 10.5 4.1 9.3 4.2 6.3 24
Cycle52 4000 36 64 4343 4 51.8 244 374 9.0 11.9 5.6 8.6 2.1
Cycles3 2240 0 100 7439.1 119.1 864 430 246 16.0 11.6 58 33
Cycle54 2120 0 100 63789 1314 1242 10.9 219 20.6 19.5 1.7 34
Cycle55 2320 0 100 63789 112.0 107.8 8.5 222 17.6 16.9 1.3 3.5
Cycle56 2080 0 100 6181.4 80.4 74.6 10.8 11.3 13.0 12.1 1.7 1.8
Cycle57 2440 0 100 5988.0 46.0 438 49 16.4 7.7 7.3 0.8 2.7
CycleS8 2440 0 100 6181.4 88.2 816 10.7 16.2 14.3 13.2 1.7 2.6
Cycle59 2080 0 100 6786.5 138.5 130.8 12.8 27.2 20.4 19.3 1.9 4.0




CHAPTER THREE

Identification of novel monocyclic Cy5 and C;¢ hydrocarbons from the diatom

Rhizosolenia setigera

3.1 Introduction

Cao, Cas and Csp 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 C;5 and Cjg
HBIs in laboratory cultures of the diatoms Haslea ostrearia 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 Cys skeleton with
between three and five double bonds (Belt et al., 1996). Later, a single penta-unsaturated Cys
HBI previously characterized from Hasiea ostrearia was reported in a culture of
Rhizosolenia setigera (strain CCMP 1330) isolated from North Atlantic sea-water
(Sinninghe Damsté er al., 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 sedimentary 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 Ca5 and Csp HBIs. Allard et al. (2001) determined the structures of several
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new tetra-unsaturated Cys HBI alkenes from bulk cultures of the diatom Haslea crucigera, a
well characterized member of the Haslea genus, as well as from cultures of newly
characterized members of this group including Haslea salstonica and Haslea pseudostrearia
(Massé er al., 2001). More importantly, from cultures of the diatom Pleurosigma
intermedium, Belt et al. (2000a,b) identified Cys 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 er al., 2001c) suggested that this genus was a more likely source of the
most common and abundant sedimentary HBIs isomers. The contribution of diatoms to Cjs
HBI production and their occurrence in sedimentary environmental matrices now appears

well established.

In their initial report, Volkman e al. (1994) identified a group of HBIs possessing a Csg
skeleton with five or six double bonds in laboratory cultures of Rhizosolenia setigera. They
found that the hydrocarbon fraction of this diatom contained three C3g pentaenes and two Csp
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 C3p HBIs (two pentaenes and two hexaenes) were found in the
hydrocarbon fraction of laboratory cultures of this diatom. From bulk cultures, they
characterized the structures of these four C39 HBIs (VI-IX, Figure 3.1, Belt es 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 Cjys
trienes, three C3p pentaenes and three Csg hexaenes. The two Css trienes were found to be the

same E and Z isomers found in P. intermedium, whereas four of the C3g HBIs (E and Z
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isomers of both Cjg.s and Cjo.¢ HBIS) were found to be identical to those characterized by
Belt er al. (2001a). During the course of their studies, Rowland et al. (2001b) found that the
strain RS 99 was also able to produce both Cys and Cj9 HBIs, with the C;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,s HBIs isomers. In addition to these observations, Rowland er al.
found that variations of growth temperature 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 cultures grown 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 Czs and C3g HBIs in RS 99, it
was shown that Cy5 HBI production is initiated by the onset of auxosporulation. In addition,
while the four Ci3g HBIs previously characterized from this diatom were found during its
entire life cycle, three previously uncharacterised hydrocarbons (two C;p compounds and a
C,s isomer possessing four degrees of unsaturation) were biosynthesised during the second
phase of the life cycle. The mass spectral characteristics and retention indices of the two Csg
compounds indicated that they contained five and six degrees of unsaturation, and that they
were identical to hydrocarbons identified in Dabob Bay (Prahl er 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 Cjs
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

51




(Barrick and Hedges, 1981) and Arabian Sea, Cariaco Trench and Peru Up-welling sediment
samples (Allard, 2002). In contrast to the C3p compounds, this novel Cas 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

3.2.1 Algal cultures

Rhizosolenia setigera, strain RS 99 was isolated from surface waters in Le Croisic, France.
An alternative strain, CCMP 1694, isolated from the Guif of Oman (Arabian sea), was
purchased from 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 umol 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 centrifugation at the end of the exponential

growing phase.

3.2.2 Isolation of HBIs

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

which were freeze 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 Si0, (5% H;0O, 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, Iml min™') was used to obtain pure compounds in the
following amounts: C3g (5 DBEs): 10 mg), C30 (6 DBEs): 3 mg, Cys (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.

3.3.1 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 from R. setigera RS 99 revealed the presence of Czs and C;p alkenes along with
small amounts of n-C.6 (I). Figure 3.2 shows a representative partial TIC chromatogram
obtained for RS 99. The Cys HBI isomers consisted of two trienes (E and Z isomers)
previously identified from cultures of P. intermedium (1I-111; Belt et al., 2000a,b). These two
trienes were also accompanied by a small amount of a single C;; tetraene. Analysis of the
mass spectral characteristics and retention index (RI 2089 yp.)) 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 Cs HBIs, the TIC chromatogram revealed the presence of a suite of four
Cso HBIs (VI-IX) previously characterised by Belt ef al. (2001a), together with two
additional C3o compounds (RI 2548, 2579 yp.;) observed previously in strains of R. setigera
(Volkman et al., 1994, 1998; Rowland et al., 2001b) and sediments (reviewed by Allard,
2002). Although these compounds were structurally uncharacterised, mass spectral data (M"
=412, 410) indicated that they contained five (R1 2548 yp.)) and six (RI 2579 yp.) degrees of

unsaturation respectively.

Analysis of GC-MS total ion current (TIC) chromatograms corresponding to non-
saponifiable lipid fractions from R. c¢f. setigera CCMP 1694 revcaled a similar although not
identical hydrocarbon distribution to that found for RS 99 (Figure 3.3). Indeed, n-Cyi.¢ (1)
was detected, together with small amounts of the Cys triene (I1) and a suite of five Cjp
hydrocarbons. The GC-MS characteristics of three of these compounds corresponded to the
three C3g HBIs VI, VIII and IX previously observed in the RS 99 strain along with the two
additional C3o compounds (RI 2548, 2579 yp.;). Thus, the non-saponifiable lipid components
of both R. setigera strains were found to be similar, although a Cjp hexaene (VI1I), and the
unidentified Cys hydrocarbon were not detected in CCMP 169, In addition, the two novel
Cso alkenes were the major hydrocarbons present in the non-suponifiable lipid fraction of

CCMP 1694, while in RS 99, the four C3p HBIs (VI-1X) werc the dominant hydrocarbons.
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Figure 3.1 Representative structures of hydrocarbons previousiy identified in cultures of the

diatom Rhizosolenia setigera.



Surprisingly, the HBI distribution in the second culture 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 two novel Csg hydrocarbons from

CCMP1694

The mass spectra obtained for the two novel Cio alkenes were consistent with compounds
containing five (M 412; RI 2548yp.,) and six (M™ 410; RI 25795.)) degrees of unsaturation
or DBEs. As such, the mass spectra obtained for these two compounds were very similar to
those obtained for the Cjp pentaenes and hexanes (VI-IX) characterized by Belt er 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
Csp compound with 5 DBEs (compound A) exhibited a quite different mass spectrum with
ions at m/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 (PtO;.2H,O/hexane; 10h) of A and B produced a single and common Csq
hydrocarbon with 2 degrees of unsaturation (Figure 3.5), together with associated with small
amounts of a compound with one degree of unsaturation. Hydrogenation of the C;p HBIs
resulted in the formation of a single alkane (Cjg,0) 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 Cip HBI pentanes and hexaenes characterised previously. However, since

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

possessed the same parent skeleton.
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Extraction of the ion intensities for m/z 418 and 420 from the total ion current chromatogram
of the hydrogenation products revealed the presence of an additional C3p 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 Csp
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 Css hydrocarbon from RS 99

Examination of the mass spectrum obtained for the novel Cys hydrocarbon (compound C)
showed that it contained 4 DBEs (M™ 344; RI 2089yp.1). The mass spectrum of compound C
was also very similar to those obtained for the Cys HBI tetraenes characterised by Belt ef al.
(20002, b) and to the two novel Cjp 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 m/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 Cs unit containing one double bond
and m/z 66 corresponds to this Cs unit plus an additional double bond elsewhere in the
molecule). This suggested that C is a structural homologue of A and B and that all of these

compounds have a mono-cyclic core.
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3.3.4 Characterisation of Csp.4.1 (X) by ' H and '>C NMR spectroscopy

Examination of the 'H (Table 3.1) and *C (Table 3.2) NMR spectra of compound A (10 mg)
isolated from CCMP 1694 revealed the presence of a vinyl moiety (C15 - C16), a structural
feature common to virtually all known poly-unsaturated acyclic Cys and C3o HBIs, 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-C29), a single isopropyl moiety (C1-
C2-C17), a quaternary alkyl carbon (C10) and a number of different methyl groups.
Individual carbon multiplicities were established using DEPT spectroscopy, while the
connections of the various structural sub-units was achieved via a combination of COSY,
HMQC (YJc) and HMBC (**Je.) 2-D correlations. Using these combined NMR methods,

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

3.3.5 Characterisation of Csp.s.) (XI) by "H 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 XI (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 NMR data for the Csp.4. X.

Chemical shift Assignment (Coupling constant,
(ppm ) X intcgration )

5.68 15 ddd (J =17, 10, 7 Hz, 1H)

5.08 t1{J=7Hz 1H)

4.9 16, 22 m (3H)

4.6 28 m (2H)

24 26 m (2H)

2.26 21 t{J =10 Hz, IH)

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 2,3,4,9.11,12,13 m (13H)

0.96 20 d (J = 7 Hz, 3H)

0.85 1,17 d (J = 7 Hz, 6H)

0.79 19 s (3JH)
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Table 3.2 '*C NMR data for the Csp.4., X.

Chemical shift (ppm) Muttiplicity (DEPT) Assignment
148.13 C 27
145.06 CH 15
136.01 C 23
135.19 C 6
125.99 CH 22
124.13 CH 7
112,27 CH, 16
109.34 CH, 28
5222 CH 21
51.90 CH 26
46.60 C 10
42.56 CH, 11
40.33 CH, 24
40.06 CH, 5
38.80 CH, 3
38.13 CH, 13
37.87 CH,, CH 9,14
28.75 CH, 25
27.99 CH 2
26.70 CH,

25.88 CH,

22.75 CH, 1,17
22.62 CH, 12
21.06 CH, 19
20.25 CH, 20
19.98 CH, 29
16.66 CH; 30

16.04

CH, 18




Table 3.3 'H NMR data for the Cig:5. XI.

Chemical shift Assignment Multiplicity (Coupling constant, Integration)
(ppm)

5.68 15 ddd (J=17,10, 7 Hz, 1H)

5.08 3,7 m (2H)

4.9 16,22 m (3H)

4.6 28 m (2H)

2.4 26 m (1H)

2.26 21 t(J=10Hz IH)

1.9-2.1 4,5,8, 14,24 m (9H)

1.82,1.42 25 m (2H)

1.65-1.65 1,17, 18, 29, 30 5xs{15H)

1.1-1.5 9,11,12,13 m (8H)

0.96 20 d (J=7Hz, 3H)

0.79 19 s{(3H)




Table 3.4 >C NMR data for the Csg.5.; XI.

Chemical shift (ppm) Multiplicity (DEPT) Assignment
148.1 C 27
145.1 CH 15
136 C 23
134.8 C 6
131.1 C 2
126 CH 22
124.4, 124.5 CH 3,7
112.2 CH, 16
109.3 CH, 28
52.2 CH 21
51.9 CH 26
46.6 C 10
42.6 CH, 1
40.3 CH, 24
39.8 CH, 5
38.2 CH, 13
37.8 CH,, CH 9,14
28.8 CH, 25
26.9 CH, 4
26.8 CH, 8
25.8 CH, 1
22.6 CH, 12
21.1 CH, 19
20.2 CH, 20
20 CH, 29
17.8 CH; 17
16.7 CH, 30
16.1 CH, 18
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3.3.6 Hydrogenation of Csg.4.; (X) and analysis by "H and 3C NMR spectroscopy

Partial hydrogenation of X (2.0 mg; PtO;.2H,O/hexane) yielded a Cso hydrocarbon
possessing 2 DBEs (MS) in ca 95% purity (GC). 'H and *C NMR 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 XI
described previously, since it would be expected to be formed from both of these two

polyenes.

Table 3.5 '"H NMR data for the Csg.p.; X1I.

Chemical shift Assignment MUlllp'ICl‘.y (couplmg constant,
(ppm) integration)
4.92 22 (J=10, 1H)
2 21,24 M (3H)

Table 3.6 '3C NMR data for the Csg.1,y XII.

Chel'(l‘:;:)shlﬁ Mutiplicity (DEPT) Assignment
1353 C 23
127.5 CH 22
51.5 CH 21
50.3 CH 26
46.7 C 10
42.8 CH, 9
40.5 CH; 24
16.5 CH;, 30
1.5 CH; 16
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3.3.7 Characterisation of Cjs.3.,(X11)

Insufficient quantities of the related monocyclic Cys compound (C) could be obtained for
analysis by 'H or *C NMR spectroscopy. However, due to the mass spectral similarities

between this compound and those of X and X1, the structure of Xill is proposed (Figure 3.7).

XI

XH X1

Figure 3.7 Structures of novel monocyclic Csp hydrocarbons (X-XII) characterised in this
study and proposed structure of a C,s5 analogue (XIII) identified in cultures of the diatom

Rhizosolenia setigera.
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3.4 Discussion

3.4.1 Css and Csg cyclic isoprenoid alkenes: structural relationships with previously

characterised HBIs in diatoms

The results described herein have identified the sources (Rhizosolenia spp.) of Cys and Csg
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 Cys and C3g HBIs identified previously in Haslea spp. (Belt et
al., 1996; Johns et al., 1999; Wraige et al., 1997, 1999; Allard et al. , 2001), P. intermedium
(Belt et al., 2000a, b) and R. setigera (Belt er 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 Pleurosigma and Rhizosolenia species. As such, Cas
HBIs are probably derived from the coupling at C6 of a farnesyl-pyrophosphate unit (C;s)
with a geranyl-pyrophosphate unit (C,o), while C39 HBIs would derive from the analogous

coupling of two farnesyl-pyrophosphate units (Figure 3.8).
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Figure 3.8 Simplified representation corresponding 1o a hypothetical biosynthetic pathway of
Cas (A) and C30 (B) isoprenoid alkenes.

In contrast, the structures of these novel monocyclic alkenes, suggest that they derive from a
coupling at C10 of a geranylgeranyl-pyrophosphate (Cy) and a geranyl-pyrophosphate (Cp)

followed by a cyclisation (Figure 3.9).

Figure 3.9 Simplified representation of a hypothetical biosynthetic pathway of monocyclic

C;p 1soprenoid alkenes.
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3.4.2 Taxonomical implications

When Volkman and co-workers (1994) identified C3p HBIs in laboratory cultures of the
diatom R. setigera (strain CS-62), they found that the hydrocarbon fraction of this diatom
contained three C3p pentaenes and two Csp hexaenes. Two of the reported compounds
exhibited similar mass spectra and retention indices to C3p4.) and Cig:5.) characterised in this
study. However, Volkman e/ al. (1994) concluded that all of the hydrocarbons possessed the
same acyclic HBI skeleton, even though they reported the presence of two ‘monounsaturated
atkenes’ in the hydrogenation products derived from the mixture of C3¢ hydrocarbons. They
reasonably attributed the presence of these monoenes to a residual double bond highly
resistant 1o hydrogenation. However, based on their reported retention indices and mass
spectral characteristics, it is clear that these two compounds correspond to the monocyclic
Cso 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 XI 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 Cy5s HBIs in R. setigera, these Csg alkenes are not always synthesised
by this diatom (¢f. Chapter 2), and this may explain why they were not detected in earlier
investigations of the RS 99 strain (Belt ef 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 that
misidentification of individual strains has taken place, particularly as the taxonomy of the

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

The discovery of Cys and C3g HBI alkenes in cultures of the diatoms H. ostrearia, R. setigera
(Volkman et al., 1994) and Pleurosigma spp. (Belt et al. 2000a, 2001¢) has allowed the
structural characterisation of several HBIs previously reported in sediments and other
environmental matrices to be determined (Aliard, 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 Ci alkenes (RI 2509, 2563, 2558 and 2590spyq0) 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 Rl 2509gp;,00 as
the Cj3p pentaene VI and the compound with RI 2558¢p;10p as being the uncharacterised Csg
‘pentaene’ he observed in the hydrocarbon fraction from R. serigera CCMP 1694. This
second compound has been characterised herein as being the monocyclic Csg tetraene (X).
Barrick and Hedges (1981) also reported a suite of four Cs alkenes in sediments from Puget
Sound (USA) exhibiting identical retention indices (RI 2509, 2563, 2558 and 2590sp2100)-
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 C;3p HBI pentaenes (VI and VII respectively). He also showed that the
compounds with retention indices RI 2558 and 2590 corresponded to two Cip polyenes
observed in CCMP 1694. These have been characterised in the current study and identified
as a monocyclic Cyp tetraene (X) and a monocyclic Csp pentaene (XI). Both Csg4:) and Csps:1
can also be assigned to two Cjig alkenes reported by Osterroht er al. (1983). In addition,
Allard (2002) found Csp4. 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 Cj;o compounds is now well established. Given its
abundance, wide geographical distribution, it is likely that R setigera contributes
significantly towards the occurrence of these novel monocyclic alkenes as well as acyclic Cas

and Cjp HBIs in sediments and water column particles.

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

The mass spectral characteristics and retention index of the C,s compound partially
characterised herein indicates that it is identical to a Ca5 hydrocarbon identified in the North
West Atlantic (Farrington e/ al., 1977), Rhode Island Sound (Boehm and Quinn, 1978),
Puget 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 Czg alkenes X and XI, this novel Cys hydrocarbon appears to be of widespread

occurrence and that its likely source is R. setigera.

3.5 Conclusion

The structures of two monocyclic Cjp alkenes (X, XI) have been rigorously characterised by
NMR spectroscopy and mass spectrometry, and the source of a structurally related Cys
homologue has been reported for the first time. The diatoms R. setigera and R. cf. setigera
have been identified as sources for these alkenes. The ecological importance and widespread
distribution of Rhizosolenia species, probably accounts for the presence of these alkenes in

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

Isoprenoid biosynthesis in three diatom species

4.1 Introduction

Isoprenoids are numerous (more than 20 000 identified compounds) and ubiquitous
chemicals exhibiting a wide diversity of essential biological functions (Qurisson and
Nakatani, 1994; Sacchettini and Poulter, 1997). For example, phytol (one of the most
abundant organic molecules in nature) serves to anchor chlorophyll, a light-harvesting
pigment involved in photosynthesis, whereas carotenoids such as 8-carotene are involved in
hight-protecting activities in plants (Eisenreich et al., 1998). Some other terpenoids (e.g.
sterols) play an important role in reinforcing the membranes of all living organisms
(Ourisson and Nakatani, 1994; Pozzi et al., 1996). Taxol, derived from the Yew tree
(Holmes er al., 1995), exhibits interesting cytostatic activities, and is now widely used in the
chemotherapy of many malignant tumours. The great diversity in structure, function and
potential pharmaceutical activity of terpenoids has led to a large number of studies on their

biosyntheses.

Itis now well established that all the isoprenoids are biosynthesised from two Cs precursors,
isopentenyl diphosphate (IPP, 7 )and dimethylallyl diphosphate (DMAPP, 8). For many
years, the acetate/mevalonate pathway (Qureshi and Porter, 1981) was considered as the only
biosynthetic route leading to IPP and DMAPP (Figure 4.1, A). Briefly, acetoacetyl CoA (3)
obtained from a condensation of two acetyl CoA units (2) yields hydroxy-3-methylglutaryl
CoA (4) by addition of 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




(7) after elimination of phosphate and CO,. 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 10 isopentenyl diphosphate and dimethylallyl diphosphate.

A. Acetate-mevalonate pathway. B. Mevalonate independent pathway.
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Figure 4.2 Reversible conversion of isopentenyl pyrophosphate to dimethylallyl
pyrophosphate by an isomerase.

During several decades, it was universally accepled that IPP and DMAPP were exclusively
synthesised from mevalonate via this route. However, while several authors (reviewed by
Rohmer, 1999) reported efficient incorporation of 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 observations by proposing a lack of permeability of the
chloroplast membrane toward these precursors. Flesch and Rohmer (1988) reported labelling
pattemns inconsisient with the mevalonate pathway in hopanoids from bacteria grown with
[1-C] labelled acetate (Figure 4.3 B). They first interpreted these results according to the
mevalonate pathway, assuming a compartmentation of the acetate metabolism and a lack of
exchange between two distinct acetate pools. However, further experiments performed with
the eubacterium Escherichia coli, allowed Rohmer er «f. (1993) to describe a novel
mevalonate-independent  pathway (MEP) vyielding IPP from pyruvate (9) and
glyceraldehyde-3-phosphate (10) with 1-deoxy-D-xylulose 5-phosphate (11) and 2-C-

methyl-D-erythritol 4-phosphate (MEP, 12) identified as intermediates (Figure 4.1 B).
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Figure 4.3 Incorporation of [I-BC] acetate into isopentenyl pyrophosphate. A. Acetate-
mevalonate pathway. B. Acetate metabolism via the glyoxylate shunt and incorporation of
glyceraldehyde-3-phosphate and pyruvate into IPP via the mevalonate independent route.

Since this discovery, many authors have studied the distribution of these two pathways
within a large number of organisms by incorporation of *C or ’H labelled precursors
(reviewed by Eisenreich er al., 1998; Lichtenthaler, 1999) or using highly specific inhibitors
of the individual pathways (Bach and Lichtenthaler, 1982, 1983; Zeidler er al., 1998; Hagen
and Griinewald, 2000; Lichtenthaler e /., 2000). A third approach, alternative to precursor-
based or inhibitor-based studies has been developed by Jux er al. (2001). These authors
demonstrated that natural *C/*C isotope ratios could be used to determine whether the [PP
1s produced predominantly by the acetate/mevalonate or the methylerythritol phosphate
(MEP) pathway. Based on these three approaches, a classification of 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 bactena, green algae and some protists rely exclusively on the MEP
pathway (Eisenreich er al., 2001; Steinbacher et aif., 2002; Wilson, 2002). Some algae,
streptomycetes, mosses and liverworts, two marine diatoms and higher plants appear to use
both pathways in the biosynthesis of isoprenoids. The discovery that the MEP pathway

appears to be absent from humans, while several organmisms 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
chemotherapeutics (Vial, 2000; Wilson, 2002). Indeed, fosmidomycin, a specific inhibitor of
1-deoxy-D-xylulose 5-phosphate reductoisomerase involved in the non-mevalonate pathway
(Kuzuyama et al., 1998) has been shown to exhibit in-vitro and in-vivo activities against
multidrug resistant Plasmodium strains (Jomaa et al., 1999). Recent findings (Lichtenthaler
et al, 1997, Lichtenthaler, 1999; Cveji¢ and Rohmer, 2000; Steinbacher et al., 2002) suggest
that the mevalonate pathway seems to be implicated in cytosolic sterol biosynthesis whereas
the MEP pathway appears to be involved in the formation of plastidic or apicoplastidic
isoprenoids, although the compartmental separation of the two biosynthetic pathways does

not appear to be absolute (Nabeta er /., 1995; Lichtenthaler, 1999).

As a group, diatoms exhibit a great diversity (> 30 000 described species) and are considered
as one of the most important groups of 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 shown to contain a large number of isoprenoids (Volkman
er al., 1994; Barrett er al., 1995; Véron ef al., 1998) and as such, they could be considered to
be an important reservoir of potentially useful terpenoids. Indeed, in a recent study, Rowland
et al. (2001a) reported that Cjs highly branched isoprenoids (HBIs) synthesised by the
diatom Haslea ostrearia exhibited in-vitro activity against melanoma and lung cancer cells.
They also reported a dramatic effect of the growth temperature on the biosynthesis of HBIs.
A culture of this diatom was grown at 15°C, and was used 1o inoculate different flasks grown
at different temperatures (5, 15, 25°C). The unsaturation of 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 er al., 1989). However, these results suggest that the
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diatom is sensitive lo environmental conditions and that the modification of the mean
unsaturation index of 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 identificatiocn of their location and biological function

1s not known.

Therefore, it appeared important 10 examine the location and determine the biosynthesis of
isoprenoids (including HBIs) in a number of different diatoms, in order to better understand
their function. To examine isoprenoid compartmentation in diatoms, Rhizosolenia setigera
cells were fractionated according to established procedures and their individual terpenoid
composition investigated using GC-MS. To achieve the determination of isoprenoid
biosynthesis in diatoms, a combined approach was adopted. In a first set of experiments, the
diatoms Haslea ostrearia, Pleurosigma intermedium and Rhizosolenia setigera were grown
in the presence of specific inhibitors of both pathways (mevinolin and fosmidomycin for the
mevalonate and MEP pathways respectively). In a second set of experiments, the same three
species were grown in the presence of labelled precursors ('*CO,, *C-carbonate, [1-°C]
acetate, [2-"C) acetate, *H; acetate and D-[1-'*C] glucose) and the extent and nature of
incorporation investigated using mass spectrometry and NMR techniques. Finally, in a third
set of experiments, these three species were grown under normal laboratory conditions, and

the natural >C/"’C isolope ratio of individual compounds was investigated using isotope-

ratio mass spectrometric techniques.




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 Pleurosigma intermedium were isolaled from
microphytobenthic communities in oyster ponds from the Bay of 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 | round-bottomed flasks, depending on the experimental
requirements, whereas large-scale cultures were performed using 25 | glass barrels. Both
smal! and large-scale cultures were performed using F/2 Guillard enriched seawater and
grown under controlled conditions (see Chapter 5). During all of the experiments, cells were

harvested by filtration at the end of the exponential growing phase.

4.2.2 Cell fractionation

R. setigera cells [rom a 300 | culture were harvested by filtration through a 30 um gauze at
the end of the exponential growing phase, washed in 0.2 pm filtered sea-water and re-
suspended in isolation buffer (626 mM sorbitol, 6 mM Na-EDTA, 5 mM MgCl,, 10 mM
KCL 1| mM MnCl;, 50 mM HEPES-KOH pH 8.0, 1% BSA; Wittpoth ef al., 1998) in a
volume of | ml per 1 L culture. All the following 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. An aliquot of this crude extract was frozen to obtain the
non-saponifiable lipid content of the whole cells. Before purification, the crude extract was

re-filtered through a 30 um gauze to eliminate the large cell debris.
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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 from the R. setigera crude extract
were isolated by centrifugation (41000 g, 30 min, 4°C) on a linear PVP

(polyvinylpyrrolidone)-Percoll gradient (28% of Percoll and 0-10% gradient of PVP).

Free lipids were obtained by differential centrifugation (Figure 4.4c), according to the
methodology described by Sullivan (1978). After centrifugation (40000g, 60 min, 4°C) of
the crude extract, the supernatant was carefully collected and stored at —20°C prior to

analysis.

4.2.3 Inhibition experiments

Mevinolin/lovastatin (Figure 4.5 [2,3]) is a well known inhibitor of the 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, a key enzyme in the acetate/mevalonate pathway
(Bach and Lichienthaler, 1982), whereas fosmidomycin (Figure 4.5 [1]) has been
demonstrated toc be a specific inhibitor of 1-deoxy-D-xylulose 5-phosphate
reductoisomerase, an enzyme involved in the non-mevalonate pathway (Kuzuyama et al.,

1998; Zeidler er al.. 1998).

The three diatom species, Haslea osirearia, Rhizosolenia setigera and Pleurosigma
intermedium were each grown in the presence of increasing concentrations of fosmidomycin
or mevinolin in order to investigate their effect on the non-saponifiable lipid content of the
cells and their distributions. The three species were grown in 50 ml culturing tubes
containing 15 ml of F/2 Guillard’s medium under the standard controlled conditions
described in Chapter 5. The sodium salt of fosmidomycin was purchased from Molecular
Probes (The WNetherlands); mevinolin/lovastatin was purchased from 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 al., 1991) and was
converted to the active form (2] by dissolving 10 mg of the lactone [3] in 250 pl of 100%
ethanol, adding 375 pl of 0.1 M NaOH, heating at 50°C for 2 hr and adjusting to a volume of

5 ml with ultra-pure water. Aliquots of this stock solution were stored at —20°C.

Concentrations of the inhibitors were based on those used in previous investigations
(Schindler er al., 1984; Zeidler et al., 1998; Kuzuyama et /., 1998; Hagen and Griinewald,
2000). Cell counts and monitoring of the cultures, together with the extraction, purification

and analysis of the HBIs 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 of [PP, the common precursor of all isoprenoids. While acetate is a
direct precursor of the mevalonate pathway (Figure 4.1 A), CO; is a precursor of 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-'°C] glucose, both pathways can be clearly
differentiated by the labelling patterns in IPP (Eisenreich er al., 1998; Cveji¢ and Rohmer,

2000).

It was therefore decided to grow H. ostrearia, R. setigera and P. intermedium in the presence
of isotopically enriched {'*C) acetate, glucose and CO; or isotopically enriched (*H) acetate.
For the three diatom species, *CO; incorporation experiments were performed in a modified
2 | round bottomed flask (Figure 4.7) in order to avoid any contamination by atmospheric
CO,. CO; was released daily from Ba'’CO; (isotopic abundance 20%) by addition of 2 M
H,SO; with a syringe. Experiments using sodium [1-*C] acetate (20-50% isotopic
abundance), sodium [2-'3C] acelate (20-50% isotopic abundance), ’H; acetate (20% isotopic
abundance) and D-[1-'*C] glucose (20% isotopic abundance) were performed in 250 ml (R.
setigera, P. intermedium) or 2 | flasks (H. ostrearia). The substrates were 20-50%
isotopically enriched with '*C or *H in order to follow their incorporation within the different
isoprenoids (including HBIs) synthesized by these three diatoms. Sodium [l-'3C] acetate
(99% isotopic abundance), sodium [2-*C) acetate (99% 1sotopic abundance), sodium ’H,
acetate (99% isotopic abundance), D-[1-"C] glucose (99% isotopic abundance) and Ba'>CO;

(99% 1sotopic abundance) were obtained from Sigma-Aldrich (France).
g

These experiments, based on externally 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 of the cellular
intermediates and have an impact on the metabolic network. During previous studies
investigating the biosynthesis of isoprenoids in a green alga (Schwender er «l., 1996) or in
diatoms (Cve)ji¢ and Rohmer, 2000), some experiments were performed with relatively high

concentrations of *C labelled acetate (g I'H. Compared to the acetate concentrations found
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in natural environments, use of such high concentrations is probably unrealistic, and further,
high concentrations of 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 if any modifications to the HBI

distributions in the cells were induced at high acetate concentrations.

Cell counts, monitoring of the culture, extraction, purification and identification of the
isoprenoids was performed as described in Chapter 5. Incorporation (including

quantification) of stable isotopes was achieved using GC-MS methods.
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Figure 4.6 Labelling of isopentenyl pyrophosphate from [1-3C] glucose via the mevalonate

pathway () or via the MEP pathway (m).
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it was not feasible to obtain a large-scale culture (100-200 1) using 3CO, released from
Ba'3C03, large-scale experiments were performed using Be Na;COj;. At the end of 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). Phytol, desmosterol and HBI fractions were then obtained following the methodology
described in Chapter 5. Individual isomers from the HBI fraction obtained by open column
chromatography were separated by silver-ion (Ag") chromatography (Chromspher 5 lipid,

250 x 4.6 mm 1.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 of ’H and "C incorporation were
estimated using mass spectrometry. In their recent study on the biosynthesis of 2-methyl-3-
buten-2-ol (MBO) from pine needles, Zeidler and Lichtenthaler (2001) estimated the degree
of isotopic labelling in MBO after incubation of the needles with labelled precursors using a
simple ratio of mass spectral peak intensities. However, in contrast to 2-methyl-3-buten-2-ol,
the increased molecular masses together with the variable structures of the terpenoids
synthesised by the three diatoms studied here, means that such ratios would not allow for an
accurate measure of the degree of labelling 1o 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 of the molecular ions for various isotopomers, Iy is the intensity of
the molecular ion, Im+ is the intensity of the M+1 peak, [m+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 2H labelled substrates) in the molecule. For phytol and sterols, Iy was
taken at M-18 in order not to incorporate in the calculation the 3 carbon atoms from the

silylating agent. Comparison of "*C or *H isotopic enrichment factors (IEFs) from

38
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compounds obtained from cells cultured in the presence of isotopically labelled precursors
with those obtained from control cultures thus revealed the level of >C or 2H incorporation
within individual compounds. Note, while IEFs calculated for individual compounds could
be compared quantitatively, comparisons between different terpenoids are only semi-

quantitative owing to variations in atomic composition.

Isotopic Enrichment Factor =

(Eqn. 4.1)

100 (M*Ty)HM+1* e )+ . AHMEX* e x)

— - M
n

IV FYTRE SRR o FYTEY

4.2.7 Nawral *C/7C isotope ratios, GC-irm-MS

Analysis of the non-saponifiable lipid fractions obtained from cultures of R. setigera, P.
intermedium and H. ostrearia performed under normal growth conditions was achieved
using a NERC Varian 3400 gas chromatograph (GC), fitted with a 60 m
dimethylpolysiloxane ZB1 Phenomenex column (0.32 mm internal diameter). The eluting
compounds were combusted online at 850°C with a catalyst system (Cuw/Pt) and the resulting
CO; 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. All ratios are given as 8'3C values: §'°C [%0]= [(Rsample/ Rstandard )
-1]x 10° with R corresponding to the BC/12C ratio of 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 Monitoring of stable isotope incorporation by NMR spectroscopy

BC NMR spectra of individual compounds were recorded in CDCls 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 al., 1997, Belt et al,, 1996, 2000a,b, 2001a). Relative 13C abundances for
individual carbon atoms was calculated by comparison of B¢ peak intensity between B¢
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 hpids synthesised
from the diatom R. setigera can be found elsewhere in this thesis (Chapters 1, 2 and 3).
Briefly, analysis of the GC-MS towal ion current (TIC) chromatograms of the non-
saponifiable lipid fractions from R. serigera (RS 99) generally showed the presence of n-
Ca16 (), phytol (11), desmosterol (cholesta-5,24-diene-3B-ol, 1) and four acyclic C;g alkenes
isomers (IV-VII). During the post-auxosporulation phase, R. sefigera also synthesises up to
three acyclic Cys alkenes isomers (VIII-X) along with two monocyclic Csg alkenes (X1, 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. 1. n-Cy4, 1I: phytol, IlI: desmosterol, 1V-VII: C3p HBIs, VIII-X: Cy5 HBIs, XI:
Cs0:.1, XII: Co3501.
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4.3.2 Compartmeniation of isoprenoids in the diatom Rhizosolenia setigera

Following differential centrifugation and purification on Percoll-PVP gradients, pure
enriched fractions of chloroplasts, 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 n-Cj)4 (1), phytol (1), desmosterol
() and Cj3p HBIs (IV-VII) along with small amounts of a Cys triene (VIII). In the
chloroplast fraction, phytol along with small amounts of #-C;;.¢ were observed, while only
trace amounts of the other isoprenoids were detected. In contrast, in the free lipid fraction,
phytol and n-C;) 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.

setigera.
Crude extract Chloroplast Free lipid Mitochondria
n-Cape 6.1 4.1 0.0 29
Phytol 38.0 81.8 0.0 252
Cas 1.0 0.0 1.5 0.8
Casa 0.0 0.0 0.9 0.0
Casis 0.0 0.0 0.0 0.0
Cios Z 12.3 3.7 29.0 18.7
Cios E 11.5 3.1 25.2 17.1
Cioe Z 7.5 1.8 14.4 12.3
Cio6 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 to be essentially restricted to the chloroplast

fraction while the HBIs and desmosterol seem to be of cytoplasmic origin.

4.3.3 Isoprenoid biosynthesis in the diatom Rhizosolenia setigera

4.3.3.1 Inhibition experiments

Since mother cells synthesise predominantly C3p HBIs (with very small amounts of Cys
HBIs) and daughter cells synthesise both Cys and Cip HBIs in significant proportions
(Chapter 2), it was decided to perform inhibition experiments using both cell types, 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 (1pg ml™") than that used for the other species investigated (20
ng ml™), mevinolin strongly inhibited the growth 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 to the limit
of concentration used (100 pg I'") and the growth of mother cells was significantly retarded

only at high concentrations (75-100 pg I'") of the inhibitor.

For mother cells, and in the presence of both inhibitors, phytol and n-C;.¢ were not
sufficiently abundant to be quantified. C3p HBIs were significantly depleted from the cells
when they were grown in the presence of 0.5 ug mi' of mevinolin and were absent from
cells grown in the presence of 1 pg ml™ of this inhibitor (Figure 4.9). Interestingly, when the
cells were cultured without any inhibitor, no traces of any cyclic C3p compounds (¢f. Chapter
3) were observed, while in the presence of 0.5 ug ml" of mevinolin, the monocyclic tetraene

Cs04.1 was present in the cells as the major isomer along with [ower amounts of the related




pentaene isomer (Csgs). 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 C3o HBIs, was not detected in the cells grown in the presence of 1 pg
ml™' of this inhibitor. In contrast, fosmidomycin did not reduce the Csq 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 pug ml™ of fosmidomycin than in the control culture.

In the experiment performed with daughter cells, mevinolin exhibited the same dramatic
effect on the cell growth whereas fosmidomycin had no significant effect. No clear changes
were observed in the concentrations of n-Cy.¢ for either inhibitor, and phytol was not present
in sufficient amounts to be quantified satisfactorily. Consistent with the results observed for
mother cells, mevinolin dramatically reduced the Csp HBI concentration per cell {(97%
inhibition at 0.75 ug ml™). At a concentration of 1 pg ml”", C3 HBIs were not detected. The
Cys HBIs were also dramatically inhibited (94% of inhibition for a concentration of 0.75 ug
ml"). Al a concentration of Ipg ml", neither Cp5 HBIs nor desmosterol were detected
(Figure 4.9). However, in contrasi to the results observed for mother cells, the synthesis of
HBIs (C;s and Cjip) 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 observed to reduce with increasing concentrations of the

inhibitor.
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a)  Mother cells/Fosmidomycin

Control 50 75 100
b) Mother cells/Mevinolin
R EE T ,_ I I I
Control 0.5 |

Daughter cells/Fosmidomycin

Control 25 50

d) Daughter cclls/Mevinolin

Control 0.25 0.5 0.75 |

Inhibitor concentration
Total Cys Total Cso B 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 (pg 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 mI™') 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 (ug ml™).

Fosmidomycin

Control 25 50 75 100
Biomass 66400 49200 86133 14667 19467
n-Cye n/a nfa n/a n/a n/a
Phytol n/a n/a nfa n/a nfa
Cys3 E n/a n/a n/a nfa nfa
Cypy E n/a n/a n/a n/a n/a
Cuss E n/a n/a n/a n/a n/a
Cios Z 0.55 0.92 0.57 1.89 1.60
Cios E 0.57 0.82 0.52 1.46 1.16
Cio6 Z 0.37 0.62 0.35 1.52 1.42
Cie E 0.64 0.84 0.48 1.68 1.47
Desmosterol 0.30 0.70 0.32 0.80 0.54
Total Cys n/a n/a n/a nfa n/a
Total Csq 2.13 3.20 1.92 6.56 5.64

n/a Below limit of detection

Mevinolin
Control 0.5 [
Biomass 36133 41333 4800
1-Cas n/a n/a n/a
Phytol n/a n/a n/a
Ciss E n/a n/a n/a
Cass E n/a n/a n/a
Ciss E nfa n/a nfa
Cios Z 1.54 0.12 nfa
CJQ;S E 1.15 0.07 n/a
Cso6 Z 0.97 n/a n/a
Ci04 E 1.09 0.05 n/a
Cso.11 n/a 0.29 w/a
Desmosterol 0.28 0.09 nfa
Total Cys n/a nfa nfa
Total Cso 4.75 0.54 n/a

n/a Below limit 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 (ug ml™).

Fosmidomycin

Control 25 50 75 100
Biomass 11960 12040 12680 11800 11440
n-Cyg 0.24 0.27 0.31 049 0.24
Phytol n/a n/a n/a n/a n/a
Cypsa E 1.61 0.62 0.90 1.02 0.45
Cyss E 1.25 0.52 0.81 1.17 0.56
Cuss E 0.21 nfa 0.10 0.12 0.08
Cios 2 4.89 4.38 4.86 9.25 4.32
Cius E 5.32 3.87 3.93 5.80 3.06
Cio6 7 2.02 0.89 1.04 1.29 0.66
Cyos E 3.38 1.46 1.47 1.84 1.06
Desmosterol 6.22 2,76 3.36 5.32 3.24
Total Cys 3.07 1.14 1.82 2.31 1.10
Total C;4 15.61 10.60 11.29 18.17 9.11

n/a Below limit of detection

Mevinolin
Control 0.25 0.50 0.78 1
Biomass 2000 12600 11920 3480 2200
n-Caig n/a 0.11 0.10 0.46 n/a
Phytol n/a n/a n/a nfa n/a
Cia E 2.23 0.29 0.16 n/a n/a
CiuaE 4.78 0.20 0.16 0.26 n/a
Cus E 1.00 n/a n/a n/a n/a
Csos Z 13.07 1.29 0.72 0.58 n/a
Csos E 10.08 1.14 0.66 0.66 n/a
Cio6 Z 6.01 0.06 n/a n/a n/a
Cio6 E 7.39 0.34 0.29 n/a n/a
Desmosterol 7.19 3.37 3.41 1.31 n/a
Total C,s 8.01 0.49 0.32 0.26 n/a
Total Csg 36.54 2.83 1.67 1.24 n/a
n/a Below limit of detection
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In summary, the dramatic inhibition of both Cys and C;3p 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
indicales that the non-mevalonate pathway is probably not involved to a significant extent in
the biosynthesis of these compounds in mother cells of R. serigera. It is also plausible that
the synthesis of other lipids was inhibited by fosmidomycin, with consequential over-
production of C3o HBIs and desmosterol in order 1o replace them. For the daughter cells, cell
growth 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 HB! 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 unlabelled 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 I of added acetate in the culture medium. When the concentration of
acelate 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 I"' of
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acetate. Further, while no cyclic C3p compounds were detected in the cells cultured in the
absence of any added acetate, significant amounts of Csg4;) and Cjg.s5.y were detected when
the cells were grown in the presence of this substrate. In contrast to these observations, the
concentrations of phytol, desmosterol and n-Cj;.¢ were 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 varying concentrations of unlabelled acetate

el™h.

0 (Control) 0.5 1
Biomass 6000 7440 6720
n-Caug [.07 0.92 1.27
Phyiol 0.44 0.37 0.37
Cas3 E 5.42 11.01 8.11
Cyss E 12.49 16.85 1691
Cass E 2.32 2.29 2.26
Cios Z 2.55 5.52 3.29
Cios E 1.55 3.42 2.17
Ci06 Z 0.68 2.12 1.16
Cio6 E 1.37 2.76 2.21
Cio. n/a 2.87 1.12
Cso:s: n/a 0.32 0.14
Desmosterol 9.9] 8.96 7.87

Stable isotope incorporation — analysis by mass spectrometry

When R. sefigera was cultured (2 1) in the presence of *CO, (20% isotopic abundance) and
unlabelled sodium acetate (l1g 1) and the products analysed by mass spectrometry (see
section 4.2.6), it could be seen that °C was efficiently incorporated into phytol, al! of the Cys
and C3p 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 1-°C acetate (150 ml, 1 g I’
', 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 *Hj-acetate, incorporation of deuterium was observed in HBIs and desmosterol,
but not in phytol. These results indicated that acetate was utilised by R. serigera 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 of the HBIs and

desmosterol but not for phytol.

Finally, when the cells were cultured in the presence of D-2-">C leucine (150mi, 0.2g I
50% isotopic abundance) and D-1-"3C 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-saponifiable lipids from Rhizosolenia setigera

afier incubation with ">C and *H labelled precursors.

13
C labelled precursors

Control _ Acetate [1-"C] Acetate  °CO,  [1-"°C] Glucose  [2-'3C] Leucine

Phytol 1.0 1.4 1.2 6.1° 1.4 n/a
Cyss E i1 1.3 45° 5.1° .1 1.0
Cys4 E 1.2 1.1 48° 56° 1.0 1.0
Casis E 1.0 1.4 43° 55° 0.9 n/a
Cios Z 0.9 0.8 39° 49° 1.0 1.0
Cios E 0.9 1.0 39° 5.4° 0.8 0.9
Cioe Z 1.1 0.9 41° 4.7° 0.9 0.5
Cios E 0.9 0.9 39° 54° 1.0 0.4
Desmosterol 1.3 1.1 4.6° 5.5° 1.2 1.3

2
“H labelled precursors

Control  Acerate 2H, Acetale

Phytol 0.5 0.7 0.6

Cass E 0.6 0.7 39°
Casa E 0.7 0.6 43°
Cass E 0.6 0.8 44°
Cios Z 0.5 0.4 37°
Cios E 0.5 0.6 35°
Cso6 Z 0.7 0.5 38°
Cs06 E 0.5 0.5 42°
Desmosterol 0.8 0.7 38°

(* Significant incorporation; n/a Below limit of detection)
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Varying concentrations of isotopically labelled acetate and stable isotope

incorporation:

In order to carry out stable isotope inf:orporation 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 phytol. With the exception of phytol, an
increase of the percentage of ’C incorporated into the other isoprenoids was observed with
increasing C-acetate concentration. Consistent with previous observations (Table 4.5),
phytol was not labelled by C-acetate 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 I"' of acetate was added to the culture
medium, 2.3 when a concentration of 0.1 g I 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-acetate in the range 0.23-0.5 g I'" 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 setigera
after incubation with varying concentrations of '*C labelled acetate (50% isotopic

enrichment).

[1-°C] Acetate  [1-°C) Acetate  [1-"°C] Acetate

0.01g 1" 0.1g1" g1’
Phyto! . 1.1 1.2
Cus E 1.3 232 4.2
Cuua E 1.4 2.3 4.9
Ciss E 1.5 2.6 4.6
Cios Z 1.4 2.0 4.8
Cgo;g E n/a n/a n/a
Cios Z nfa n/a n/a
Cyus E n/a n/a n/a
Desmoslterol 1.5 2.3 5.1

n/a Below limit of detection

[nhibition experiment and stable isotope incorporation:

From the observations 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 1o the biosynthesis of HBIs and sterols in this diatom. To check this hypothesis
further, an experiment using both isotopically labelled acetate and fosmidomycin was
performed. Tables 4.7 and 4.8 show the hydrocarbon concentrations (pg cell’') and 1sotopic
enrichment factors for these hydrocarbons when R. setigera cells were incubated with [1-
13C] acetate at different isotopic percentages in the presence of increasing concentrations of

fosmidomycin.




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 C3o 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 Cys
HBIs, desmosterol and phytol were found to be significantly reduced with increasing
fosmidomycin concentrations. As a result, the HBI distributions were significantly modified
(reflected by the decreasing Cy5/Csp 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 states, it is difficult 10 make 100 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 isotopic incorporation, '*C from the acetate added to the culture medium was not
incorporated into phytol 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.




Table 4.7 Biomass (cell ml™") and non-saponifiable lipids concentration (pg cell') in

Rhizosolenia setigera cells after incubation with [1-'2C] acetate and fosmidomycin.

0% [1-C] Acetate
0 25 50 75 100

20% [1-"C] Acetate
0 25 50 75 100

100% [1-C] Acetate
0 25 50 75 100

Nb. cell ml"* 43.6 51.4 55.0 48.0 522

47.2 50.8 56.0 53.2 54.6

51.0 540 53.6 534 554

(x10%)
Phytol 04 03 05 05 05 06 04 05 05 nfa 05 05 nfa na nfa
Cys3 E 38 48 21 39 39 80 72 37 44 48 87 108 50 54 438
Casu E 33 42 24 36 32 59 55 34 33 30 72 91 46 4.7 32
Cass E 07 09 05 08 07 16 14 09 06 05 15 21 13 09 08
Cios Z 49 72 67 11.8 122 111 103 76 84 121 6.1 107 7.6 107 122
Csos E 64 68 62 107 110 123 99 67 80 105 7.8 106 6% 99 11.7
Cio6 Z 28 41 37 62 62 62 62 51 48 55 42 76 49 58 58
Cys E 45 51 50 84 80 90 82 62 62 70 63 87 57 77 1.7
Desmosterol 2.7 3.6 36 63 54 65 40 51 35 26 46 70 32 26 3.0
Total Cas 78 99 50 83 78 155 141 80 83 83 174 220 109 110 88
Total C3p  18.6 23.2 216 37.0 37.4 386 34.6 256 27.4 351 244 376 251 34.1 374
C,5/Cso 0.42 043 0.23 0.22 021 040 041 031 030 024 071 0.59 043 032 024

n/a Below limit of detection

Table 4.8 Isotopic enrichment factors for non-saponifiable lipids from Rhizosolenia setigera

cells after incubation with [1-'*C] acetate and fosmidomycin.

0% [1-°C] Acetate

20% [1-"C] Acetate

100% [1-"°C] Acetate

0 25 50 75 100 0 25 50 75 100 0O 25 50 75 100
Phytol 1.5 nfa n/a nfa nfa nfa 12 nfa nfa nfa 11 nfa nfa nfa wa
Cisa E 09 1.0 09 1.0 1.1 21 20 22 24 24 56 62 62 74 79
Cas E nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa n/la n/a n/a
Cyss E nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa nfa n/a n/a
Cios Z 08 1.0 1.1 13 10 17 23 20 24 25 46 46 51 62 70
Cys E 08 1.1 1.1 1.2 10 19 22 20 20 25 43 43 6.1 69 8.0
Ciue Z 07 11 09 1.1 1.2 19 17 19 22 22 49 44 67 65 1.1
Cuws E 10 1.3 L7 1.1 07 20 21 1.7 21 22 50 47 55 6.5 83
Desmosterol 1.1 .2 1.2 1.1 1.0 21 22 24 21 22 57 60 64 72 7]
n/a Below limit of detection
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4.3.3.3 Isotope labelling: large scale experiments

[n order to complement the experiments carried out with inhibitors and isotopically enriched
substrates {small-scale), large-scale cultures were grown in order 1o 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. CO; 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 Experiment 2 Experiment 3 Experiment 4 Experiment 5
Labelled . [1-7°C] (1-PC} 3 [2-C] 2
precursor None Acelate Acelate C0; Acetate H; Acetate
Isotapic Natural 20% 99% 20% 20% 20%
abudance
Acetate 250mg I 250mglt  250mgl!  250mgl'  250mgl' 250 mg I’
CO, 10 mg I 10 mg I'! 10 mg | 150 mg 1" 10 mg I'' 10 mg I’

Stable isotope incorporation — analysis by mass spectrometry

At the end of the exponential growing phase for each large-scale culture, the cells were
harvested 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-MS (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, ?H and '*C were
significantly incorporated into HBIs and desmosterol isolated from cells cultured in the

presence of 2H3-acelale and 'BC-acetate, respectively. In contrast, when the cells were
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cultured in the presence of >CO,, *C was incorporated into all of the non-saponifiable lipids

as expected.

Table 4.10 Isotope enrichment factors for non-saponifiable lipids from Rhizosolenia setigera

afier incubation with labelled ("*C or *H) precursors (large scale experiments).

Experiment | Experiment 2 Experiment 3 Experiment4 Experiment 5
[1-"C] Acetate[1-"C] Acetate BCO, [2-"C] Acetate  *H, Acetate

Phytol 1.4 1.7 7.6 n/a 09
Cys E 1.7 4.8 6.6 1.8 2.1
Cyiss E n/a n/a 7.0 n/a 2.3
Ciss E 1.7 4.4 6.7 2.1 2.0
Cis Z 1.7 4.6 6.6 1.8 1.9
Cyos E 1.7 4.5 6.6 2.3 2.3
CiwsZ 1.7 4.7 6.4 22 2.2
Cyo6 E n/a n/a 6.7 n/a n/a
Desmosterol 2.6 4.7 6.5 n/a 2.0

n/a Below limit of detection

Site-specific isotopic incorporation: analysis by NMR spectroscopy

Following GC-MS analysis of a small aliquot of the total organic extracts obtained from
large-scale cultures of R. serigera, HBIs, phytol, and desmosterol were isolated using open
column chromatographic techniques following the methodology described in Chapter 5.
Individual HBI 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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>

Retention Time (min)

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

setigera RS 99. Flow rate, I ml min-1, hexane-isopropanol (98.75:1.25, v/v).
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Figure 4.11 Partial TIC chromatograms of fractions A-G obtained from Ag-HPLC of an

zosolenia setigera RS 99.

hydrocarbon fraction from Rhi
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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  Experiment | Experiment 2 Experiment 3

Phytol 1.4 0.1 - 0.8
Cass E 1.1 0.4 0.4 0.1
Cyss E 0.1 - ¢l 0.1
Cios Z 1.1 1.3 0.7 0.8
Cass E 3.3 0.9 0.4 0.2
Cios 2 - 0.3 0.3 0.4
Cys E - 0.4 0.2 0.2
Ci.an 10.5 0.7 <0.1 -
Desmosterol 9.5 5.8 - 0.6

BC 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 Cys - C39 HBIs and the monocyclic compound Csgs.5, C-5 (Figures 4.12, 4.13,
4.15, numbering schemes) was used as an intemal reference since this carbon was not
expected to be labelled by the "*C from the [1-"*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 CO,. 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 to 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 *C NMR spectrum and mass spectrum obtained for phytol isolated
from R. setigera cells grown in the presence of [1-'°C] labelled acetate revealed that there
was no incorporation of ">C into this compound. In contrast, phytol was uniformly labelled
when the cells were incubated in the presence of '*CO, suggesting that this compound
arises directly from CO,, and is probably made exclusively by the mevalonate-independent

pathway.

Cis (Z, 1V)

The '*C NMR spectrum and mass spectrum of the Csg pentaene Cio.s (Z, [V) revealed that
similar to phytol, BC was uniformly incorporated into this compound when R. setigera cells
were incubated in the presence of *C labelled CO, (Tables 4.12 and 4.13). However, in
contrast to phytol, examination of the “C NMR spectrum obtained for this compound
isolated from cells grown in the presence of [1-'2C] labelled acetate revealed that '>C signals
corresponding to C-2,4,6.8.10,12,14,16,18,25,27.29 were enhanced in '*C relative to the
reference carbon (C-5). Averaged enhancement factors were 1.8 and 6.4 for Experiments |
and 2, respectively, corresponding to 20% and 100% isotope abundance of []-UC] acetate
(Table 4.12). These '*C enriched carbon atoms correspond to C-1 and C-3 of the (six) IPP
precursors that the C3p HBIs are made from (Table 4.13). Thus, from these observations, it is
now clearly demonstrated that acetate is directly incorporated into Csq.s (Z) according to the
mevalonate pathway. Figure 4.12 shows the expected / observed labelling pattern for Cjgs

(Z) obtained from cells cultured in the presence of [1-'>C] acetate.
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Table 4.13 Average BC enhancements of individual IPP carbon atoms within Csos (Z, 1V)

HBI isolated from R. setigera cells cultured in the presence of various “C labelled

substrates.
Carbon atom Control [1-"°C] acetate [!-"C) acetate Pco,
of IPP (20%) (100%) (20%)
C-1 1.1 1.9 6.9 0.9
C-2 0.9 09 0.8 09
C-3 0.7 1.7 5.9 0.8
C4 1.0 ¢.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 Csp.5 (Z, IV) HBI after
feeding R. setigera cells with [1-C] labelled acetate.

Cso:s (E, V)

The *C NMR spectrum of Csg.5 (E, V) from cells grown in the presence of []-BC] acetate
revealed that "*C signals corresponding to C-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 [1-'°C] acetate
Jespectively (Table 4.14). These observations are entirely consistent with those made for the
closely related Z isomer described previously, with enhanced positions corresponding to C-1
and C-3 of IPP (Table 4.15). Thus, from these observations, it is clearly demonstrated that
both E and Z isomers of the C3p pentaene are biosynthesised using acetate via the mevalonate

pathway in their biosyntheses.
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Table 4.15 Average 13C enhancements of individual PP carbon atoms within Csq;s (E, V)

HBI isolated from R. serigera cells cultured in the presence of [ -'3C] acetate.

Carbonatom  Control  [1-"°C] acetate [1-'>C] acetate
of IPP (20%) (100%)
C-1 1.0 2.5 9.2
C-2 0.8 1.1 1.2
C-3 0.7 2.2 7.5
C-4 1.0 1.0 1.0
C-5 09 08 0.9

Cs:3 (E, VI )

The *C NMR spectrum of the Cys triene (Cas3 (E, VII) 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% [1-C] acetate respectively; Table 4.16). As
expected, these carbon atoms correspond to C-1 and C-3 of the (five) IPP precursors from
which this compound is made (Table 4.17). Figure 4.13 shows the expected / observed
labelling pattern observed for this compound after feeding cells of R. setigera with [1-C)

acetate.

From these '*C NMR spectroscopic measurements, it can be summarised that both Cys and
Cyo HBIs in R. serigera are biosynthesised (at least in part) via the acetate/mevalonate

pathway.

Table 4.17 Average 3C enhancements of individual IPP carbon atoms within Cys.3 (E, VIII)

HBI isolated from R. setigera cells cultured in the presence of [1-">C] acetate.

Carbonatom  Control  [1-"C]acetate [1-"C] acetate
of IPP 20%of *C_ 100% of ’C
C-1 i.l 2.0 7.3
C-2 0.9 0.7 1.2
C-3 0.7 2.1 83
C-4 1.1 0.9 1.6
C-5 09 09 1.0
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Figure 4.13 Numbering scheme and observed labelling pattern in C,s:;; (E) after feeding R.

setigera cells with [1-1*C] labelled acetate.

Csp.9:1 (XI)

Fractionation of individual Ca5 and C;p HBIs also provided the opportunity to investigate the
biosynthesis of one of the monocyclic Cj3g hydrocarbons by NMR spectroscopy. However,
owing to the relatively low abundance of this isomer in the majority of cultures, sufficient
quantity for analysis by BC 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-1 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 observed found for the acyclic C3¢ pentaenes isolated from the same culture,
when the individual IPP units were examined in more detail, it was found that for some of
these (IPP-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-1 for these
three IPP units (IPP-2, 3 and 6) exhibited similar 13C enhancements 1o the C-1 and C-3 atoms
of the other [PP units (IPP-1, 4 and 5). This contrasts with the enhancements observed for the
two acyclic Csp.5 isomers which exhibited extremely uniform labelling for the C-1 and C-3

positions of [PP throughout (Tables 4.12 and 4.13).
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Table 4.19 Average ">C enhancements of individual IPP carbon atoms within the monocyclic

Cio hydrocarbon Czg4.1 (XI) isolated from R. serigera cells cultured in the presence of 20%

enriched [1-"C] aeetate.

Carbon atom Controt [1-"C] acetate
of IPP (20%)
C-1 1.0 2.1
C-2 1.0 1.1
C-3 0.5 1.7
C-4 0.9 1.1
C-5 0.8 1.1

IPP 6

IPP 1 IPP 5

\ IPP 4

Figure 4.14 Proposed arrangement of six IPP units within Csg.q;; (XI).

Figure 4.15 Numbering scheme and observed labelling pattern in Csp.4;, (X1) after feeding R.

setigera cells with {1-1°C] acetate. ® clear and significant incorporation of '*C, o reduced or

unclear incorporation of "*C.
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Desmosterol (111)

The C NMR spectrum obtained from desmosterol (1) isolated from R. setigera cells
cultured in the presence of 20% enriched [l-'3C] acetate, showed enhanced signals
corresponding to C-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 C30.4:1, not 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

(I11) isolated from R. setigera celis cultured in the presence of 20% enriched [1-13C] acetate.

Carbon atom Control [1-"*C] acetate
of IPP (20%)
C-1 1.0 1.5
C-2 0.7 1.0
C-3 0.7 1.6
C-4 0.8 1.0
C-5 0.8 038

Figure 4.16 Numbering scheme and observed labelling pattern in desmosterol () after
feeding R. setigera cells with [1-">C] labelled acetate. ® clear and significant incorporation of

B¢, o reduced or unclear incorporation of *C.




Table 4.12 >C NMR data for Cs0:5 (Z, 1V) obtained from R. setigera grown in the presence

of various isotopically labelled substrates.

Carbon Chemical shift Carbon atom Control [1-°C] acetate  [1-"*C] acetate Bco,
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
18 131.3 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.i 0.8 0.8 0.9
9 124.1 2 1.0 1.0 I.1 1.0
25 122.9 | 1.2 1.8 5.7 0.8
29 112.2 | 1.1 1.8 6.9 1.0
15 39.8 4 1.0 0.7 0.8 0.8
3 394 2 1.2 0.8 0.9 0.9
27 38.3 J 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 l 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
1,20 227 4.5 0.8 0.8 1.1 1.0
21,30 19.6 55 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 ihe mevalonate pathway, only C-4 should be labelled.
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Table 4.14 '*C NMR data for Cg;5 (E, V) obtained from R. setigera grown in the presence of

[1-*C] acetate.

Carbon Chemical shift Carbon atom Control [1-"C) acetate  [t-"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 23 6.9
18 1314 3 0.3 2.0 7.7
13 124.5 2 0.8 1.0 1.4
17 124 4 2 1.0 1.1 1.1
9 1234 2 0.8 1.1 1.2
25 122.8 1 1.0 2.5 8.4
29 1123 1 1.2 2.3 7.8
11 39.9 4 1.1 1.2 1.1
15 398 4 1.2 0.8 0.8
3 39.3 2 1.1 1.0 1.0
27 385 3 1.0 2.2 7.9
5 354 4 1.0 1.0 1.0
26 34.5 4 1.1 1.2 n/a
6 344 R) 1.0 2.6 8.1
8 293 1 0.7 2.5 9.5
2 28 3 0.9 2.2 7.3
12 268 t 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 6.1
1,20 22.7 4,5 1.1 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 08
23 16 5 0.6 0.8 0.7
22 159 5 0.7 0.8 0.7

* According to the labelling pattern from the mevalonate pathway, only C-4 should be labelled.
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Table 4.16 ">C NMR data for Cas:3 (E, VIII) obtained from R. setigera grown in the presence

of [1-°C] acetate.

Carbon  Chemical shift Carbon atom  Control [1-°C] acetate [1-3C] 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 1.1 n/a
10 136 3 0.2 2.3 7.0
9 123.2 2 1.1 0.7 1.7
20 122.8 1 1.2 2.0 6.2
24 112.2 1 1.3 1.8 7.4
H 40.1 4 1.2 0.6 1.0
3 394 2 1.2 0.9 1.0
13 38.8 2 1.2 05 0.8
22 38.3 3 09 1.7 8.5
5 35.4 4 1.0 1.0 1.0
21 345 4 1.2 1.0 0.8
6 344 3 1.2 2.3 7.9
8 29.3 l 1.0 1.7 6.5
2,14 28 33 0.7 2.0 9.0
12 259 1 1.0 1.9 7.5
4 25.8 1 1.2 2.4 9.0
1,15,16,19 227 4,455 1.1 0.3 1.0
17,25 19.6 5,3 0.8 i.0 1.1
18 15.8 3 0.7 0.8 0.6

16 17 18 I|9

4 8 12 l

2 & /IO 14

! 5 n i3 15
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Table 4.18 *C NMR data for Cs0.4. (XI) obtained from R. setigera grown in the presence of

[1-"*C) acetate.

Carbon Chemical shift Carbon atom Control [1-C) acetate
number (ppm) of IPP 20%
27 148.1 3 04 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 1.1
10 46.6 3 0.6 1.3
11 42.6 2 1.0 1.3
24 40.3 4 i1 1.2
5 40.1 4 1.0 1.0
3 38.8 2 1.2 1.0
13 38.1 4 1.0 1.1
9,14 379 43 0.6 1.5°
25 28.8 1 1.0 1.8
2 28.0 3 0.7 1.9
8 26.7 1 1.2 1.7
4 259 1 09 2.2
1,17 228 4,5 0.8 1.3
12 226 1 0.9 2.5
19 211 5 0.9 1.4
20 20.3 5 1.0 1.2
29 20.0 5 0.9 0.9
30 6.7 5 0.8 0.9
18 16.0 5 0.6 0.9

* According to the labelling pattern from the mevalonate pathway, only C-14 should be labelled.

29
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Table 420 *C NMR data for desmosterol (II) obtained from R. setigera grown in the

presence of [1 -'3C] acelate.

Carbon Chemical shifi Carbon atom Control [1-1C] acetate
number {ppm) of IPP 20% of °C

5 140.8 2 0.5 1.5
25 131.1 3 0.3 29
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
4 423 3 i1 1.6
12 39.8 1 0.9 2.4
1 373 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
16 283 1 1.1 i.d
27 259 4 0.9 1.1
23 24.8 1 1.0 1.7
13 244 4 0.9 0.9
8] 21.2 1 1.2 1.3
i9 19.5 5 1.0 0.8
21 8.7 5 1.1 0.8
26 17.8 5 0.6 1.1
18 11.9 ? 1.0 0.8

* According to the labelling patiern from the mevalonate 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
3C from *CO, (supplied as Na,"*C0;) 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 C;s and C3p HBIs isolated from R. setigera cells cultured
in the presence of [1-'3C] 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. desmosterol), together with the dominant monocyclic
hydrocarbon (Csg.4.). and therefore, the mevalonate 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 pg mi™") with subsequent lipid
analysis by GC-irm-MS. The 8"°C value of each non-saponifiable lipid was measured, and
to allow for within-run instrument drifi, differences 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 mean within-run variations from the certified values were:
((n=4) n-Cy4, 0.7 £ 0.4 %o; n-Cy7, 0.1 £ 0.1 %0). Unfortunately, phytol was not present in
sufficient amounts 1o allow the §'>C 10 be satisfactorily quantified. However, desmosterol

and four C;o HBIs isomers were present in sufficient amounts to allow for their §'3C values



to be determined. The §'°C values obtained for the two C3o0 pentaenes and desmosterol
were very similar (—27.2 %o and -27.4 %o respectively), while a 3 %o difference was
exhibited by the C3g hexaenes (-24.3 %o). Interestingly, all of these compounds exhibited
more negative §'°C values when they were isolated from cells cultured in the presence of

fosmidomycin (Table 4.22).

Table 4.22 $"*C values of the non-saponifiable lipids obtained from cultures of R. setigera

grown in natural conditions and in the presence of fosmidomycin (75 pg ml™).

A B ;

I 13
3"°C Control Fosmidomycin §7°C5-87Ca
Phytol nfa /a n/a

Cao:s(2) -26.6 -27.5 -0.9
Co:5 (E) -27.8 -30.2 -2.5
Ciu6 (%) -24.1 -26.0 -1.9
Cso6(E) 24.5 -26.6 2.1
Desmosterol* 274 -27.9 -0.5

* includes 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 8'3C value of each non-
saponifiable lipid was measured as before. The mean within-run variations from the
certified values were : ((n=12) n-Cy4, 0.7 % 0.2 %o; n-Cz3, 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 8'°C values

to be quantified satisfactorily. In cycles 5 and 7 the §'°C value of phytol was found to be -



22.6 %o. In cycles 1 and 3, four C3p HBIs and desmosterol were detected (cf. Chapter 2). In
cycle 1, the 8"°C values of these compounds were found to be -32.5 %o and -32.4 %o for the
Cso HBIs (average of the values obtained for the four isomers) and desmosterol,
respectively. From cycles 2 to 11, the similarity in the §'°C values was maintained, but
surprisingly, showed a gradual increase (becoming more positive) with increasing cycle
number (Figure 4.17). From cycle 5, the Cy5 HBIs were also present in sufficient quantities
for their 8'°C values 10 be quantified satisfactorily. These 8'°C values were again very
similar to those exhibited by the C;o 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) 1sotopic 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 §'"*C 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.

8'3C Cycle | Cycle 3 Cycle 5 Cycle 7 Cycle 9 Cycle 11
Phytol* n/a n/a -22.6 -22.6 n/a n/a
Casi nfa nfa -27.0 -25.1 -23.7 -23.0
Casa n/a n/a -27.6 -26.5 -24.4 -23.5
Cio,5(Z) -32.7 -294 -27.8 -26.2 -24.1 -23.7
Cs0:5 (E) -32.8 -29.6 -27.9 -26.1 -23.8 -23.6
Cio.6(Z) -32.6 -30.9 -27.6 -26.1 -23.3 -22.7
Cios (E) -31.9 -30.2 -28.0 -26.2 -24.6 -23.1
Desmosterol* -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 the §'3C 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 MV A pathways are in operation for the biosynthesis of terpenoids in the
diatom Rhizosolenia setigera. In the case of phytol, both small and large-scale labelling
experiments revealed that this compound was not labelled when either *H or *C-labelled
acelate were applied to the cells. In contrast, substantial and uniform labelling was observed
when the cells were cultured in the presence of *CO,. Similar observations were made by
Cveji¢c and Rohmer (2000) for the diatom Phaeodactylum tricornutum who concluded that
phytol was biosynthesised by the MEP route. Heintze er al. (1990) showed that acetate
appeared not to be a suitable precursor for studying the biosynthesis of plastidic isoprenoids.
In a later study, Lichtenthaler e af. (1997) conclusively demonstrated that in plants, plastidic

isoprenoids were synthesized via the MEP route and not via the MVA pathway, thus



providing an explanation for the absence of labelling from acetate into these isoprenoids. The
fabelling 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 plastids. Glucose would have been a suitable precursor for more
rigorous labelling studies since the MV A and MEP pathways can be clearly differentiated by
the observed labelling pattemn in isoprenic units after incorporation of {1-°C] glucose (Figure
4.6, Rohmer er al, 1993; Eisenreich er al., 1998). However, in agreement with the
observations made by Cveji¢ and Rohmer (2000) with P. wricornutum, glucose was not
utilized for the biosynthesis of isoprenoids in R. setigera. Recenily 1-deoxy-D-xylulose 5-
phosphate (DOXP) and 2-C-methyl-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 et al., 1998), while the use of isotopically enriched DOXP and MEP
have further demonstrated the involvement of the MEP route for terpenoid synthesis (Putra
et al., 1998; Charon er 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 phytol 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-'3C] acetate was directly

incorporated within this sterol resulting in a site-specific labelling pattern observed by e
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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 mevalonate pathway (Reviewed by Eisenreich er al., 1998; Lichtenthaler,
1999). Cy7 1o Cyg sterols are common in diatoms, and Cveji¢ and Rohmer (2000) showed that
intact acetate was incorporated into C,7 and Cayy sterols from P. tricornutum and Nitzschia
ovalis, suggesting that sterols in diatoms are also synihesised via the MV A pathway. In the
experiments carried out by Cveji¢ and Rohmer (2000), employment of [1-'3C] acetate (20%
isotopic abundance), resulted in an average incorporation of BCof 6 £ 1% (P. tricornutum)
and 12 £ 2% (N ovalis) of 13C abundance into C-2,4,6,8,10,11,14,16,20,23,25 of
epibrassicasterol, a C,g sterol. The observations described here for desmosterol from R.
setigera are similar (identical labelling pattemn) except that the average "’C abundance is
significantly lower (2.1%) than that observed by Cveji¢ and Rohmer (2000). This is probably
due to the lower acetate concentration used in the current study (0.25 g I'') compared to that
used by Cveji¢ and Rohmer (1.0 g I'). Inhibition and labelling studies are also consistent
with the formation of C;s5 and C3p HBIs via the MVA route. Similar to desmosterol, very low
concentrations of mevinolin were required to reduce the cell concentrations of these
compounds, and from labelling experiments, [1-'°C] acetate was specifically (and evenly)
incorporated within these molecules according to the expected labelling pattern resulting

from the mevalonate pathway operation.

Observations from the fractionation of R. setigera cells revealed that phytol was located in
the chloroplasts 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 Lichtenthaler, 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 tetraterpenes.

The observations described here are entirely consistent with these previous findings from
higher plants. As such, while phytol, found in the chloroplast, is made exclusively by the
MEP pathway, C3p HBIs along with desmosterol and the monocyclic triterpene Cagq. are
found in the free lipid fraction (cytoplasm) and are made from the mevalonate pathway.
Sesterterpenes (including C,s 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 MVA pathway in the
biosynthesis of Cys and Cyg HBIs, C30.4:1 and desmosterol in R. sefigera, 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 mevinolin and
fosmidomycin reduced the cell concentrations of HBIs and desmosterol, although the
inhibition with fosmidomycin was not always observed. When related experiments were
carried out using both fosmidomycin and [1-'3C] acetate, an increase in the incorporation of
BC 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 MV A pathways (o 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 §"°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 observed as well as between the growth cycles. The 8"°C values
of phytol (when present in sufficient amounts for the §"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 8'3C values obtained for the HBIs and desmosterol increased and tended towards

that of phytol which remained constant.

In a previous study, Jux er a/. (2001) demonstrated that it is possible to discriminate between
the MEP and MVA pathways using 8'°C ratios obtained from GC-irm-MS techniques.
Indeed, the thiamine-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 '’C (Melzer and Schmidt, 1987).
In the MEP pathway, the condensation of pyruvate with glyceraldehyde-3-phosphate to yield
I-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 mevalonate 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, 3"°C values for terpenes 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, phytol is synthesised according to the MEP pathway, while the mevalonate

pathway contributes to the synthesis of both HBIs and desmosterol. The significant




differences in the 3'’C values obtained for phytol (-22.6 %e) and both HBIs (-32.5 %o) and
desmosterol (-32.4 %) during the early stages of the life cycie 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
IT being within experimental error of that of phytol, indicates an increasing participation of
the centribution of the MEP pathway toward the synthesis of these isoprenoids. Presumably,
this cither 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 chloroplastidic IPP to the cytoplasmic organelle

(Chappell, 1993).




4.3.5 Non-saponifiable lipids from the diatom Haslea ostrearia

A description of the structures and distributions of the isoprenoids synthesised from the
diatom Haslea ostrearia can be found elsewhere in this thesis (Chapter 1). Briefly, analysis
of the GC-MS total ion current (TIC) chromatograms of the non-saponifiable lipid fraction
from H. ostrearia usually revealed the presence of n-Cay (1), phytol (11), sitosterol (stigmast-
5-ene-3B-ol, XIII) and a number of acyclic Cps alkenes (XIV-XXIII). 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 C>5 HBIs from H. ostrearia, all of
the biosynthetic experiments were performed with the same strain. In 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 Cys HBIs as the sum of the contributions
from each of the regioisomers for a given degree of unsaturation (i.e. XIV and XV for Cys.3;

XVIand XVII for Cys.3; XVIII 1o XXI for Cys.4; XXII and XXIII for Css.5).

Internal standard
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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. 1: n-Cay.6, 1I: phytol, XIII: sitosterol, XIV-XV: Cys2, XVI-XVII: Cys53, XVIII-XXI:
Cas.4, XXII-XXIII: Cysis.



4.3.6 Hydrocarbon biosynthesis in the diatom Haslea ostrearia

4.3.6.1 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 pug 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 »-
Ca16 (per cell) was found to be essentially invariant and no significant reduction in the Css
HBI and sterol content (per cell) was observed. Moreover, at the highest concentration of
mevinolin used (20 pg 1™"), the sterol and Cys5 HBI cell concentrations were higher than in the

control culture (Table 4.24, Figure 4.20).

Since mevinolin inhibits the acetate/mevalonate pathway, it almost certainly inhibits the
synthesis of essential fatty acids that are involved in membrane structures. Further, if 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
ueg l"). However, a dramatic reduction of the cell concentrations of the non-saponifiable
lipids was observed. At the highest concentrations used (75 and 100 pg ml™"), fosmidomycin
significantly reduced the biosynthesis of both n-Cj),6 and phytol (by 32-41% and 73-80%,
respectively). The major sterol in H. ostrearia (sitosterol) together with the Cys 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 observed (Table 4.25).
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Figure 4.20 Hydrocarbon distribution in A ostrearia cells at the end of the exponential
growing phase in the presence of varying concentrations of pathway-specific inhibitor (pg

ml™). (a) fosmidomycin {b) mevinolin (c) fosmidomycin, 1 g 1" of acetate.




Table 4.24 Biomass data (cell ml'") and non-saponifiable lipid concentrations (pg cell') for
Haslea ostrearia cultured in the presence of increasing concentrations of mevinolin or

fosmidomycin (ug ml™).

Mevinolin
Control 0.5 1 5 10 20
Biomass 124533 122800 106800 100200 74000 34600
n-Cag 0.13 0.14 0.11 0.16 0.16 0.13
Phytol 0.03 0.04 n/a n/a n/a n/a
Cis: 0.57 0.57 0.47 0.66 0.58 0.54
Casz 0.43 0.39 0.38 0.51 0.62 1.69
Cas.a 0.16 0.13 0.11 0.11 0.09 0.29
Cisis 0.02 0.02 0.02 0.03 0.03 0.03
Sitosterol 0.10 0.11 0.09 0.11 0.14 0.37
Total Cys 1.18 1.10 0.98 1.30 1.33 2.55

n/a Below limit of detection

Fosmidomycin

Control 25 50 75 100
Biomass 58133 60000 63600 89467 70000
n-Caie T 037 0.40 0.47 0.25 0.22
Phytol 0.15 0.14 0.19 0.04 0.03
Casa 1.76 2.12 2.25 0.86 0.80
Cas 2.13 213 1.91 0.99 0.76
Casea 1.10 1.06 0.74 0.35 0.26
Cas:s 0.14 0.16 0.11 0.03 n/a
Sitosterol 0.75 0.81 0.78 0.25 0.20
Total Cys 5.14 5.47 5.01 2.23 1.82

n/a Below limit of detection




Table 4.25 Non-saponifiable lipid distributions expressed as percentages of the total
hydrocarbon content in Haslea ostrearia in the presence of increasing concentrations of

fosmidomycin (ug mI'").

Fosmidomycin

Control 25 50 75 100
n-Cyps 3.2 3.3 4.1 5.0 5.4
Phyto! 1.3 1.1 1.7 0.8 0.7
Casa 153 17.2 19.6 17.2 19.6
Cas:s 18.5 17.3 16.7 19.8 18.6
Cass 9.5 8.6 6.5 7.0 6.4
Cas:s 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 C,; HBIs, sitosterol, phytol and »-
Ca1.6 are synthesised or preferentially synthesised via the non-mevalonate pathway. However,
as these experiments were performed without any added carbon source, it 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 MV A route to synthesis some or all of these lipids when the MEP route was
inhibited, a further experiment was performed using fosmidomycin in the presence of added

acetate (1g 1”'; Table 4.26).

Table 4.26 Biomass data (cell ml™) and non-saponifiable lipid concentrations {pg cell") for
Haslea ostrearia cultured in the presence of increasing concentrations of fosmidomycin (ug

ml™) and acetate (1g I™").

Fosmidomycin

Control 25 50 75 100
Biomass 91467 119467 99733 116000 119733
1n-Cayg 0.38 0.28 0.25 0.28 0.21
Phyiol 0.34 0.13 0.08 0.10 0.09
Cisa 0.62 0.52 0.34 045 0.15
Cisa 2.30 1.85 1.40 1.46 1.04
Casa 2.35 1.22 1.20 0.95 0.83
Cas:s 0.26 0.15 0.15 0.10 0.10
Sitosterol 0.70 0.52 0.37 0.40 0.27
Total Cys 5.53 3.75 3.10 2.96 2.13




On this occasion, inhibition of sitosterol, Cas HBIs, phytol and n-Cy,.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 unlabelled acetate:

When the diatom Haslea osirearia 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 observed (Table 4.27). In the presence of added acetate, the cell concentrations
of n-Cjy.6, phytol and the C,5 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 acelate/mevaionate
pathway. Feeding this diatom with acetate probabl y enhances the heterotrophic growth of the
cells, and consequently depletes the CO, assimilation via photosynthesis. The net enhanced
production of other melabolites via the acetate/mevalonate pathway (e.g. fatty acids)
probably then becomes favoured compared 1o the formation of phytol or the C;5 HBIs. In
addition, no major changes in the HBI distributions were detected when the cells were

cultured in the presence of acetate.




Table 4.27 Biomass data (cell ml"') and hydrocarbon concentration (pg cell’) in Haslea

ostrearia cells afier incubation with varying concentrations of unlabelled acetate (g 1").

Control 0.5 1
Biomass 96000 92267 97867
n-Caie 0.45 0.20 0.19
Phytol 0.13 0.09 0.08
Cisaz 0.56 0.11 0.15
Cass3 2.08 0.69 0.79
Cas.a 1.03 0.44 0.50
Cas:s 0.08 0.04 0.04

Stable isotope incorporation-analysis by mass spectrometry

When H. ostrearia was cultured in the presence of '*CO, and unlabelled sodium acetate (lg
I, HC was efficiently incorporated within phytol, all of the Cy5 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 [1-'*C] or {2-'3C] acetate, and
a relatively small (2.2 and 2.3% for [1-'°C] and [2-'3C] acelate, respectively) incorporation
of 1*C from labelled acetate was detected for the C,s HBIs and sterols. In addition, when the
cells were grown in the presence of [ZHJ] acetate, no incorporation of deuterium was
observed in any of the compounds examined (Table 4.28). Since [*H3] acetate was not
utilised directly by the cells, the small incorporation of '*C from the labelled acetates
detected in both Cys and sitosterol was probably due to the catabolism of the acetate into

13CO; rior t¢ incorporation.
p rp

Finally, when the cells were cultured in the presence of D-[2-'3C] leucine, no incorporation
of PC was detected in any of the Cys HBIs or in the sitosterol, although the isotopic
enrichment factor calculate for phytol was found to be relatively high (2.0%) compared to

those calculate for phytol in the presence of other isotopically labelled precursors. In the



presence of D-[l-'3C] glucose (0.2 g I”', 50% isotopic abundance), cells of H. ostrearia did

not grow at all.

Table 4.28 Isotopic enrichment factors for lipids from Haslea ostrearia after incubation with

labelled precursors.

BC labelled precursors

Control __ Acetate_[1-"C] Acetate [2-"°C] Acetate *CO, [2-"*C] Leucine

Phytol 1.4 0.9 0.9 1.2 65° 2.0
Cisa 0.8 I.1 2.4° 2.1 ° 68° n/a
Cass 0.9 0.8 22° 22° 73° 12
Casus 1.1 1.3 22° 25° 69° 1.2
sitosterol 1.1 1.0 2.3° 23° 59° 1.2

n/a Below limit of detection

Deuterium Labelled precursors

Control  Acetate 2H, Acetate’ '

Phytol 0.7 0.5 09
Cisa 04 0.6 0.9
Cass 0.5 0.4 1.0
Cis.e 0.6 0.7 1.1
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 *H; acetate
experiment)

In summary, isotopic labelling patterns are consistent with the observations from inhibition
experiments which indicate that all the terpenoids synthesised by the diatom Haslea

ostrearia are made exclusively from the non-mevalonate pathway.



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

In order to investigate the biosyntheses of the non-saponifiable lipids in Haslea ostrearia
without the potential interferences from isotopically labelled substrates, Haslea ostrearia
cells were cultured under normal conditions and in the presence of mevinolin (10 ug ml™h.
At the end of the exponential growing phase, cells were harvested by filtration and their
non-saponifiable lipids fraction analysed by GC-irm-MS. The §'°C 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 n-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) n-Cjo, 0.4 % 0.2 %o; n-Caa, 0.7 £ 0.7 %0; 72-Ca7, 0.3 £ 0.3 %o).
Unfortunately, phytol was not present in sufficient amounts to allow the 8"C to be
satisfactorily quantified. However, the major sterol, sitosterol and two of the C,s HBI
isomers were present in sufficient amounts to allow their '°C values to be determined. The
8"°C value obtained for sitosterol (-22.0 %) 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 §'°C values were obtained for the dienes (-16.2 %o) and trienes (-
19.4 %o). Surprisingly, while the 3'*C value obtained for sitosterol obtained from cultures
containing mevinolin was very similar to the control, the corresponding 8'*C values for the

Czs HBIs were slightly more negative (Table 4.29).



Table 4.29 8" C values of the non-saponifiable lipids obtained from cultures of Haslea
ostrearia grown under natural conditions and in the presence of mevinolin (10 pg ml").

Average values from two samples are given.

s Control Mevinelin
Phytol* n/a n/a
Casz -16.2 -17.3
Cass -194 -21.0
Sitosterol* -22.0 -22.1

* includes correction factors for phytol and sitosterol from TMS (+1.06 for phytol and +0.63

for sitosterol), n/a Below limit of detection. Average values from two samples are given.

4.3.6.4 Influence of light intensity 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 (Lichlenthaler, 1999). In order to further check
the hypothesis that Cy5 HBIs are made exclusively by the MEP pathway in the diatom
Huslea ostrearia, cells were cultured in triplicate under different light intensities (10, 50,
100 and 200 pmol photon m? s™). With the exception of the illumination conditions, all of
the other experimental paramelters were identical (F72 enriched sea-water, 14°C, 14/10
lighv/dark cycie). Cells were harvested by filtration at the end of the exponential growing
phase and their HBI content analysed by GC-M$ following the methodology described in
Chapter 3.

Corroborating the observations of Rowland er al. (2001a) for H. ostrearia cultured at

15°C, only a single Cas 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
intensity (Table 4.30).

Table 4.30 Mean Cjs concentrations (pg cell’) obtained from cultures of Haslea ostrearia

grown under different light intensities (umol photon m™ s).

Light intensisty 10 50 100 200
Cas 1.56 1.4] 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 culturing and HBI cell
concentration represents partial 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 mevalonate 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 detected in HBIs and sitosterol, while no deuterium was incorporated in these terpenoids
when the cells were cultured in the presence of [2H3] 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 '*COQ; after degradation of the labelled acetates. In
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addition, when the cells were cultured in the presence of CO,, '’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 §“C values, including sitosterol, a triterpenoid usually
made by the mevalonate pathway (Eisenreich, 1998; Lichtenthaler, 1999). The §'3C were all
very similar to those obtained for phytol (made by the MEP pathway) in cells of the diatom
R. setigera culwred under identical conditions. Further evidence for the non-involvement of
the mevalonate pathway to the biosynthesis of isoprenoid in this species was obtained when
no significant differences were detected in the §">C values of the same compounds extracted

from cells cultured in the presence of mevinolin.

Thus, in H. ostrearia, and in contrast 1o 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 er al. (1 996) in the green alga Scenedesmus obliquus.
However, when they studied the biosynthesis of phytol, plastoquinone, carotenoids (-
carotene, lutein) and sterols (chondrillasterol, 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 £ coli, when they cultured the cells in the presence of [1-'*C] labelled acetate, ’C was
only found in C-4 of IPP units from phytol and chondrillasterol. They showed that [I-'3C]
acelate was transformed into [1-'°C) pyruvate and [1-"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-xylulose 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 preliminary investigations.

4.3.8 Non-saponifiable lipids from the diatom Plewrosi ma intermedium
12 I 4

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) chromatograms of the non-saponifiable lipid
fraction from P. intermedium generally revealed the presence of n-Cy (1), phytol (II),
squalene (XXIV) and at least eight Cy7-Cyg sterols. For most experiments, four sterots where
found in sufficient amounts to be satisfactorily quantified, although only two of these,
cholesterol (cholest-5-cne-3f-0l, XXV) and 24-methylenecholesterol (ergosta-5,24-diene-
3p-ol, XXVI) were unambiguously identified. In addition, up to six acyclic Ca5 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 al! the non-saponifiable lipids identified in

this biosynthetic study.
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Figure 4.21 Non-saponifiable lipids identified in various cultures of the diatom Pleurosigma
intermedium. 1. n-Cy4, IlI: phytol, XXIV: squalene, XXV: cholesterol, XXVI: 24-
Methylenecholesierol, VIII: Cas3 (E), IX: Cas.a (E), X: Cas:5 (E), XXVII: Cas:3 (Z), XXVIII:
Cisa (Z), XXIX: Cas:5 (2).
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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 ug ml™"), mevinolin significantly reduced the growth rates and the final cell
biomass (35-64% growth inhibition), only 14 and 49% of growth inhibition was observed
when the cells were cultured in the presence of 75 and 100 pug mi' of fosmidomycin.
However, mevinolin did not significantly inhibit the biosynthesis of n-C;;.6, phytol, squalene,
sterols or the Cy5 HBIs. In fact, the concentrations of n-Cz).6, squalene and sterols showed an
increase with increasing mevinolin concentrations, while phytol and Cys HBI concentrations

were found to be essentially invariant.

In contrast to the observations made for H. ostrearia, the phytol concentration remained
relatively constant when the cells were cultured in the presence of increasing concentrations
of fosmidomycin, even if the n-Cy;. 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 Cp5 HBI cell concentration increased when relatively low
concentrations of fosmidomycin were applied 10 the cells (25 and 50 pg mi™). When higher
concentrations were tested, a slight decrease in their concentrations was then observed.
However, for the Cy5 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), tetraenes (IX, XXVIII) represented 32% of the total HBIs and only traces of trienes

(VII, XX VII) were detected (3%). When the concentrations of fosmidomycin applied to the
p
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cells was increased (up to 75 ug ml™), the contribution from the pentaenes decreased (from
65 10 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 further (from 8 to 9%).

10 - . Cas:s . Cas D Casa

| i i i
0 - T ' T e —_—
25 50 75 100

Control

HBI concentration

Fosmidomycin concentration

Figure 4.22 Cy5 HBI concentrations (pg cell™') in Pleurosigma intermedium cells cultured in

the presence of increasing concentrations of fosmidomycin (ug 1'".

The apparent failure of either mevinolin or fosmidomycin to cause an inhibition of HBI
biosynthesis suggests that either P. intermedium is able 1o switch between pathways to
compensate for the presence of an inhibitor, or that mevinolin and/or fosmidomycin inhibit
the biosynthesis of other essential compounds required for cell growth 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 1o 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 detected in cells in the presence of the highest concentration of both inhibitors (75
and 15 ug 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 fosmidomyecin.

Table 4.31 Biomass data (cell m]”) and non-saponifiable lipid concentrations (pg cell) of

Pleurosigma intermedium grown in the presence of mevinolin or fosmidomycin (ug ml™").

Mevinolin
Control 0.5 1 5 10 20
Biomass 20440 20520 20080 20160 13200 7400
n-Cypg 0.27 042 0.31 0.36 0.31 0.60
Phytol 0.42 1.08 0.71 0.74 0.75 0.32
Ciys3(2) nfa 0.25 0.14 0.21 0.14 0.57
Casa (Z) 0.85 1.66 1.32 1.64 1.15 1.57
Cis3 (E) 0.17 0.32 0.21 0.32 0.29 0.38
Cis:5(2) 0.51 0.81 0.52 0.66 1.07 0.76
Cis.4(E) 1.04 1.48 1.17 1.55 i.68 .18
Cass (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
unidentified C; 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 C,g sterol 0.44 0.66 0.54 0.55 0.35 0.74
24-Methylenecholesterol .28 0.34 0.27 0.37 0.17 0.23
Total C,s 3.26 5.36 3.84 5.14 5.65 5.09

Fosmidomycin

Control 25 50 75 100
Biomass 30044 27378 21689 25778 15289
1-Cy .6 1.09 1.16 1.34 1.11 0.77
Phytol 1.27 1.91 1.29 1.28 1.46
Cis3 (2) 0.11 0.23 0.20 0.21 0.35
Cas.a(Z) 1.05 237 2.61 2.25 1.99
Cis3 (E) 0.07 0.37 0.25 0.27 0.23
Casi5(Z) 2.07 1.42 1.17 049 0.50
Cas.4 (E) 1.12 3.04 3.39 2.50 238
Cas:s(E) 2.34 1.64 1.50 0.55 0.72
Squalene 1.77 249 2.80 1.61 2.55
unidentified C,; sterol 294 3.87 4.57 4.14 4.45
Cholesterol 1.71 2.14 241 2.06 2.43
unidentified C,; sterol 0.59 0.98 0.82 0.62 0.58
24-Methylenecholesterol 0.34 0.53 0.41 0.37 0.36
Total C,s 6.75 9.07 9.13 6.27 6.17
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Table 4.32 Biomass data (cell mI'") and non-saponifiable lipid concentrations (pg cell) of

Pleurosigma intermedium grown in the presence of both mevinolin and fosmidomycin (ug

ml™).
Fosmidomycin / Mevinolin

Control 0/75 7.5/25 15/75 15/0
Biomass 3200 34900 24400 6800 1320
”‘C2|;5 n/a 0.82 0.22 0.58 n/a
Phytol n/a 1.97 1.13 1.01 n/a
Cys3 (Z2) n/a. n/a n/a n/a n/a
Cas4(Z) n/a 5.05 3.31 4.25 1.89
Cis3 (E) n/a 0.64 0.42 0.44 n/a
Cis5(Z) 211 0.72 0.85 4.44 2.53
Cys.a (E) 0.96 5.81 3.50 4.67 2.66
Cas:5 (E) 3.72 1.00 0.88 4.63 492
Squalene 9.68 4.93 1.27 3.38 15.22
unidentified C,; sterol 1.75 12.52 9.58 20.21 2061
Cholesterol 11.50 6.10 5.80 13.68 28.63
unidentified C,g sterol n/a 3.31 1.40 2.45 n/a
24-Methylenecholesterol n/a 1.43 0.82 1.61 n/a
Total Cys 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 osirearia, no clear
conclusions concerning the biosynthetic 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: smail scale experiments

Experiments using unlabelled acctate:

When the diatom Pleurosigma intermedium was cuitured 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 I’
' 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 shightly
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 varying concentrations of unlabelled acetate (g™,

Control 0.5 1
Biomass 8080 9400 9920
n-Ca g 1.26 3.70 3.25
Phytol 2.25 6.10 4.62
Cas.1(Z) 2.81 9.55 7.58
Cis:5(Z) 4.36 11.21 571
Cas.a (E) 2.46 6.20 4.42
Cas:s (E) 2.89 5.60 298
Squalene 6.64 438 2.22

Stable isotope incorporation — analysis by mass spectrometry

When P. imtermedium was culured in the presence of D-[1-'*C] glucose or D-[2-'3C]
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 CO;z (20% enrichment) and
unlabelled sodium acetate (1g 1), '*C was efficiently incorporated within phytol, all of the
Czs5 HBI isomers, squalene and the sterols (average isotopic enrichment factor: 4.8% =+ 0.8%;
Table 4.34). In contrast, a relatively small incorporation of C from [l-”C] acetate was
detected for phytol and the C,5 HBIs (average isotopic enrichment factor: 2.4% * 0.2%),
while C was efficiently incorporated within squalene and sterois (average isotopic

enrichment factor: 4.2% + 0.7%). When the cells were grown in the presence of [2H3]
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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-'3C] acetale detected in these
compounds, was probably due to partial degradation of this precursor (into ”COz) 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 enrichment factors for the non-saponifiable lipids from Pleurosigma

intermedium after incubation with labelled precursors

C labelled precursors

Control _ Acetate [1-°C] Acetate Pco, [1-"C) Glucose [2-"*C] Leucine
Phytol 1.3 1.2 2.0° 40° 1.0 1
CyaZ 1.3 1.3 24° 45° 1.5 0.8
Cusis Z 1.2 i1 23° 59° 1.3 1.2
Cyss E 1.2 1.2 26° 4.4° 1.1 0.9
Cyss E 1.3 1.1 25° 52° 1.3 1.0
Squalene 1.1 1.2 52° 6.2° 0.8 1.2
unidentified C,; sterol 1.1 1.1 3.7° a40° 1.1 1.2
cholesterol 1.1 1.1 4.1° 46° 1.2 1.2
24-Methylcholesterol 1.3 1.5 38° 44 ° 1.4 1.5

Deuterium labelled precursors

Control Acelate ZH; Acetate

Phytol 6.6 0.7 0.7
Cisa Z 0.7 0.8 0.7
Cyss Z 0.7 0.7 0.7
Cys E 0.7 0.7 0.6
Cyss E 0.8 0.7 0.7
Squalene 0.7 0.7 1.8°
unidentified C,; sterol 0.7 0.7 23°
cholestero] 0.7 0.7 24°
24-Methylcholesterol 0.7 0.8 22°

* 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 pg mI'" or fosmidomycin (75 pg ml™"), followed by analysis of these lipids by GC-
irm-MS. The §'"*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 eluting n-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) n-Cy4, 0.7 =
0.7 %o; n-Ca7, 0.8 + 0.8 %0). Phytol was not present in sufficient quantities from cells
cultured under natural conditions 10 allow for the §'>C values to be measured satisfactorily,
However, in the inhibition experiments, squalene, two C,; sterols and four C,s HBI
isomers were present in sufficient amounts to allow their §'"*C values to be determined. The
8"°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 desmosterol from R. setigera cultured at the same time and under identical
conditions (-27.4 %) but more negative than that obtained for sitosterol from H. ostrearia
(-22.0 %o). In addition, large differences were observed in the §'3C values obtained for the
Cas HBIs. A 4.6 %o difference was observed between two tetraene geometric isomers -18.5
%o and -23.1 %o for 1X and XXVIII respectively) while a 5.9 %o difference was observed
between two pentaene diastereoisomers (-26.2 %o and -20.3 %. 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 §'°C
values than those obtained from the control (Table 4.35). In the presence of fosmidomycin,

these values increased even further.




Table 4.35 8"C values of the non-saponifiable lipids obtained from cultures of P.
intermedium grown in natural conditions and in the presence of mevinolin (10 pug ml™") or

fosmidomycin (75 pg ml™).

8"c Control Mevinolin Fosmidomycin
Phytol* n/a -23.6 -21.5
Cis.4(Z) -23.1 -19.7 -17.5
Cis:3(E) n/a -19.6 -20.5
Casis(Z) -20.3 -19.3 -17.2
Cas.4 (E) -18.5 -18.2 -17.9
Casis (E) -26.2 -20.8 216
Squalene -23.1 -19.7 -19.8
unidentified C,5 sterol* -23.5 -21.5 -18.7
Cholesteroi* -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 mevalonate 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 concerning 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-Cy)s, squalene and sterol concentrations were not significantly
effected by the presence of fosmidomycin, although the distribution of the individual C,s
HBI isomers was altered. The reasons for this are, as yel, unclear.

From isotopic labelling experiments, only a small incorporation of '*C from [1-"*C] acetate
was detected in HBIs and phytol, while a significant '*C incorporation was detected for

squalene and sterols. However, deuterium was incorporated inio squalene and sterols, but not




into phytol and the HBIs, when the cells were cultured in the presence of [2H3] acetate
indicating that acetate is directly incorporated into triterpenoids, but not into phytol (a
diterpenoid) or the Cy5 HBIs (sterterpenoids). >C incorporation into the latter compounds
probably occurs via >CO, after degradation of [1-"°C] acetate. When P. intermedium was
cultured in the presence of '3C02, 3C was efficiently incorporated into all the i1soprenoids
present in this diatom. Surprisingly, when examined individually by GC-irm-MS, no clear
differences between the 8"*C values obtained for the triterpenes and the Cys HBIs were
observed. 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 §"*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 seligera,
Haslea ostrearia and Pleurosigma 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 MVA pathways. The
distribution of the two pathways is dependent on the individual species, the lipid type, and
in the cases of C; and C3;y HBI alkenes, the isomeric form. In R. setigera and P.
intermedium, sterols are made according to the mevalonate pathway, while in Haslea

ostrearia, the MEP route is the main contributor to their biosynthesis. In all three diatoms,




phytol is made exclusively via the MEP pathway. These observations are entirely
consistent with previous findings from diatoms, green algae and higher plants (Eisenreich
el al., 1998; Lichtenthaler, 1999; Cvejic and Rohmer, 2000). Indeed, similar to what was
observed for P. intermedium and R. setigera, Cveji¢ and Rohmer (2000) demonstrated that
in two diatom species (Phaeodactylum tricornutum and Nitzschia alba), sterols were
synthesised according to the mevalonate pathway, while phytol was made exclusively via
the MEP route. In contrast, the observations made for H. ostrearia, 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 C,5 and Cy HBIs in R. setigera. Additionally, evidence for a contribution
from the non-mevalonate pathway to these compounds also exists, and that the level of this
contribution appears to be related (o the physiological status of the cells.

In the case of P. intermedium, there is no evidence for the formation of Cas HBIs via the
mevalonate route, despite these compounds having the same isomeric structures as those
found in R. setigera. The same is true for the Cas HBIs biosynthesised by H. ostrearia,
which are regioisomers of those found in R. setigera and P. intermedium. For P.
infermedium (isotopic incorporation) and H. oswrearia (isotopic incorporation and
inhibition studies), these (preliminary) experiments indicate that their Cys HBIs 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 HBIs in the cells. As a result, it is now unambiguously
demonstrated that HBIs 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.

Cytoplasm). 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 cytosol while the MEP is localised in the chloroplast,
the inter-species differences observed for the biosynthesis of Cy5 and Csp HBIs in diatoms,
may also reflect differences in their compartmentation. Therefore, further fractionation
experiments preformed on R. setigera 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 setigera,

Haslea ostrearia and Pleurosigma intermedium.

Highly branched isoprenoids

Phyto! Sterols
Species Haslenes Rhizenes
Rhizosolenia setigera MEP MVA + MEP MVA + MEP MVA
Haslea ostrearia MEP MEP - MEP
Pleurosigma intermedium MEP MEP - MVA
Location {(R. setigera) Chloroplasts Cytoplasm Cytoplasm Cytoplasm




CHAPTER FIVE

Experimental Details

5.1 General Procedures

Glassware was cleaned in Decon-90, rinsed in distilled/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 culure-tested whereas all solvents were HPLC-grade

(Rathburn) and found to be of adequate purity.

Whatman GFF glass fibre filters were used to harvest small scale cultures and when required

preliminarily oven dried (450°C, 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 (Soxhlet; dichloromethane; 24 h),
activated by heating (180°C; 24 h) and deactivated immediately before use by shaking (40

min) with the appropriate quantity of Millipore 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 methodology

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 | cm of mud or sediment surface.
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Planktonic diatoms were collected using a 75 pm plankton net. Samples were preserved in

the dark in a cool box prior to analysis in the laboratory.

5.3 Species identification, 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 spectes 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 et

al., 1995).

3.4 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 F/2 and CHU-10 media. Cells were grown under controlled conditions
(14°C, 100 pmol 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 Erlenmeyer flask containing 150 ml of F/2 or
CHU-10 medium.

When bulk cultures were required, cells from a 250 m] Erlenmeyer flask were transferred to
a 4 | flask containing 2 1 of medium and subsequently to a 25 | barrel containing 22 | of

medium. This barrel was then used as an innoculum for 300 or 450 I tanks (Figure 5.2). Bulk
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cultures were grown under natural (greenhouse) or controlled conditions (culture room)

depending on the experimental requirements:

® Greenhouse : 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 med:a.

Element . CHU-].O o , K2 . A
Final concentration (mg17) Final concentration (mg ')
Filtered freshwater Filtered sea-water
NOy Ca(NO;3;).4H,0; 57.56 NaNQ;; 75.00
PO* K,;HPO,; 10.00 NaH,PO,.H,0; 5.00
Sio;* Na;Si0;.9H,0; 58.00 Na;Si03.9H,0; 30.00
CcOo;* Na,COs; 20.00 ]
Mg™ MgS0,.7H,0; 25.00 ]
Fe'* FeCls.6H,O/MNa,EDTA; FeCl;.6H;0MNa;EDTA;
3.15/4.36 3.15/4.36
Cu® - CuS0,.5H,0; 9.80 x10E
Zn** . ZnS0,.7H,0; 22.00 x10E”
Co* - CoCl,.6H,0; 10.00 x10E
Mn** . MnCl,.4H,0; 180.00 x10E”
Thiamine HCI 200.00 x10E™ 200.00 x10E
Cyanocobalamin 1.00 x10E” 1.00 x10E™
Biotin 1.00x10E” 1.00x10E™

5.5 Cell harvesting

A growth 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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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. HBI 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 patberg) 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 Na;SO,. Prior to analyses by GC-MS, the hexane was removed from samples
under a stream of nitrogen and the NSL fractions were silylated (BSTFA:TMCS 99:1; 50 pl)
at 70°C for 30 min. When required for the quantification of HBI cell content, an internal
standard (7-hexylnonadecane; 1.1 ug filter') was added prior to the extraction of the filters

with hexane.
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5.7 Isoprenoid 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/methanol
(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 isoprenoids

Isolation and purification of phytol, sterols and HBIs from the TOEs was achieved using a
combination of open column chromatography (5% deactivated SiO,/ 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 Si0,:TOE (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/water (80/20) at 80°C for 30 min to remove triglyceride esters of fatty 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 phytol and sterols).
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Table 5.2 Isoprenoid composition of the fractions obtained by open column chromatography
(5% deactivated SiO»)

Fraction Components
Hexane n-Cay.6, HBIs, Squalene
DCM Phytol, Sterols
Acetone Phytol, Sterols

Methanol Phytol

Phytol 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 phytol and sterols.

Table 5.3 Elution volumes (in column volume equivalents) required for the isolation of

phytol and sterols by open column chromatography (5% deactivated SiO3).

Eluent Eluent volume Components

DCM 1-3 -

DCM 3-3 Phytol

DCM 5-9 Phytol, Sterols
Acetone 1-3 Sterols
Acetone 3-6 -

Individual lipids from the hydrocarbon fraction obtained by open column chromatography
were separated by silver-ion chromatography (Chromspher 5 lipid, 250X4.6 mm 1.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 C,s and Cjo HBI isomers, a preliminary

fractionation using open column chromatography (5% deactivated SiO;) was necessary prior



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

setigera could contain both Cy5 and C;3p HBIs )

5.9 Microscale hydrogenation

Hydrogen gas was bubbled through a solution of the HBI exiract dissolved in hexane (5 ml)
in the presence of the hydrogenation catalyst (PtO;.2H,0; 0.1 g). Aliquots were removed at
regular intervals 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.

5.10Gas chromatography-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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S.11 Nuclear magnetic resonance spectroscopy

NMR analysis of purified HBIs {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 CDCl; using residual CHCl3 (7.24 ppm) and '*CDCl; (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 (o 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 Cys and C3p HBI alkenes
have been determined, 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 very limited number have been found to be
producers of Cas or C39 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 (Qurisson
and Nakatani, 1994; Rowland er «l., 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 Cys HBIs in the diatom
Haslea ostrearia, other studies had shown that the factors controlling the distributions of the
related Cys and Cig HBI alkenes in the diatom Rhizosolenia setigera remained unclear.
Therefore, a study on the biological controls on isoprenoid (including HBIs) production in
diatomns was proposed in order to understand better their biological function. To this end, the

specific objectives of this study were:



(1) To investigate the distribution of HBI alkenes biosynthesised by R. setigera as a

function of its physiological status.

(i1) To determine the biosynthetic pathways responsible for isoprenoid formation in a

number of different diatoms.

(1) To examine the distribution of isoprenoids within various organelles of diatoms.

(iv) To continue the characterisation of Cys and C;3¢ HBIs (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. Obiain single species of diatoms from assemblages and identify them using light and

electron microscopic techniques.

Culure individual species of diatoms under a range of controlled experimental

(98 )

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 Cys and C;o 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 HBI-producing species are highlighted in bold.

Species name

Ecology

HBI structures

Haslea ostrearia
Haslea crucigera
Haslea salstonica
Haslea pseudostrearia
Haslea nipkowii
Haslea wawrikae
Pleurosigma intermedium
Pleurosigma angulatum
Plenrosigma planktonicum
Pleurosigma sp.
Gyrosigma limosum
Gyrosigma fasciola
Gyrosigma sp.
Gyrosigma sp.

Navicula ramosissima
Navicula phyllepta
Navicula sp.

Navicula sclesvicensiy
Navicula gracilis
Navieula lanceolata
Amphora hyalina
Amphora sp.

Stauroneis glacialis
Stauroneis consiricia
Nitzschia alexandrina
Nitzschia closterium
Entomoneis paludosa
Entomoneis alaia
Grammatophora marina
Synedra iabulata
Tabellaria fenestrata
Cymbella sp.
Asterionella formosa
Rhizosolenia setipera
Rhizosolenia pungens
Rhizosolenia robusta
Guinardia delicatula
Guinardia solstherfothii
Proboscia indica
Dytilum brightwellii
Odontella sinensis
Eucampia zodiacus
Chaetoceros spp.
Skeletonema costatum
Coscinodiscus sp.
Thalassiosira sp.

Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Plankionic
Marine / Benthic
Marine / Benthic
Marine / Planktonic
Marine / Planktonic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Freshwater / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Freshwater / Benthic
Freshwater / Benthic
Freshwater / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Benthic
Marine / Planktonic
Freshwater / Benthic
Freshwaier / Benthic
Freshwater / Benthic

Freshwater / Planktonic

Marine / Plankionic
Marine / Plankionic
Marine / Planktonic
Marine / Planktonic
Marine / Planktonic
Marine / Planktonic
Marine / Planktonic
Marine / Planktonic
Marine / Plankionic
Marine / Plankionic
Marine / Planktonic
Marine / Planktonic
Marine / Planktonic

I-