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Summary 

Algaenans are non-hydrolysable insoluble aliphatic biopolymeric materials present in the cell 
walls of some green microalgae. In these cell walls it serves a protecting role against 
microbial attack and/or desiccation. In the cell wall, algaenan is probably present as an 
intricate part of a greater chemical structure most likely involving compounds like proteins 
and polysaccharides. Earlier studies have shown that, because of its resistant nature, algaenan 
is selectively preserved in sediments and suggested to constitute a significant part of the 
insoluble non-hydrolysable macromolecular part of sedimentary organic matter, termed 
kerogen. Here it can serve as a source material for the formation of oil and gas upon further 
catagenesis. 

The first part of this thesis mainly focuses on the distribution of algaenan-containing 
algae within the division Chlorophyta and the chemical composition of these algaenans. Most 
of the algae investigated in the first part of the thesis are reported from sediments and were 
likely candidates to fmd the resistant biopolymer algaenan. The second part of the thesis 
mainly focuses on the analysis of algal microfossils in order to determine if the specific 
chemistry of the algaenans as deduced from the extant species investigated in part I is 
preserved as such. Furthermore, upon comparison of these results with algaenans isolated 
from cultured algae it was possible to investigate if chemical changes have occurred during 
diagenesis. The final two Chapters involved the analysis of some very peculiar microfossils in 
order to determine if these consist of preserved algaenans. In this PhD study the techniques 
that have become available over the years to analyse these recalcitrant biopolymers were 
applied. Although each technique by itself only provided a small piece of the macromolecular 
puzzle, in combination the data provided new information about these resistant biopolymers, 
which are able to survive burial in sediments for millions of years. 

In Chapter 2, the lipids of the green freshwater microalgae Tetraedron minimum, 
Scenedesmus communis and Pediastrum boryanum were analysed using GC/MS. In the lipid 
fraction released upon saponification of the isolated and acid treated cell walls C30, C32 and 
C34 mono- and C30 and C32 di-unsaturated (t}-hydroxy fatty acids were observed. The chemical 
structure of these (t}-hydroxy fatty acids was determined by mass spectrometry in combination 
with DMDS derivatisation to determine double bond positions. All unsaturated (t}-hydroxy 
fatty acids were shown to have a double bond located at the w9-position whilst the C30 and 
C32 di-unsaturated (t}-hydroxy fatty acids have a second double bond at the wl9 and wI8 
position, respectively. 

Chapter 3 reports of investigations of the resistant biopolymer in the cell walls of the 
freshwater green microalgae T. minimum, S. communis and P. boryanum. The cell walls were 
shown to contain an algaenan constructed from the long-chain (t}-hydroxy fatty acids 
identified in Chapter 2 by the use of solid-state 13C-NMR, FTIR and thermal and chemical 
degradations. These monomers were shown to be intermolecularly ester linked to form linear 
chains in which the unsaturations act as the starting position of ether cross-linking. S. 
communis biosynthesises a more densely cross-linked algaenan than T. minimum and P. 
boryanum. The monomers of T. minimum have, on average, larger chain lengths than those of 
P. boryanum and S. communis. The recalcitrant nature of these algaenans is due to the 
inertness of the ether cross-links, which make them highly resistant to degradation and hence 
prone to selective preservation. 

The freshwater green microalgae from the order Chlorococcales, Oocystus solitaria, 
Pediastrum braunii, Pediastrum kawraiskyi, Sorastrum spinulosum and Coelastrum 
reticulatum were investigated for the presence of algaenan leading to determination of its 
eventual chemical composition in Chapter 4. Py-GC/MS, RU04 chemical degradation and 
analysis of the free and bound lipid fractions showed that all of the algae investigated, except 
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0. solitaria, contain this biopolymer. Like the algae in Chapter 3 all the algaenans that were 
investigated in this study are derived from various long-chain ffi-hydroxy fatty acids linked 
via ester- and ether-linkages. The results indicated that P. kawraiskyi, P. braunii and S. 
spinulosum (all from the family Hydrodictyaceae) algaenans are predominantly composed of 
C30 and C32 ffi-hydroxy fatty acids whereas the algaenan of C. reticulatum (Coelastraceae) is 
mainly composed of C30 ffi-hydroxy fatty acids. The results presented in Chapters 3 and 4 
illustrate that the chemical composition of algaenans isolated from algae of the order 
Chlorococcales is family related and thus an important chemotaxonomic feature. 

Many algal species produce specialised cells to protect themselves against during 
periods of unfavourable growth conditions. Since such dormant cells would benefit from a 
cell wall that forms a resistant barrier against microbial attack and desiccation and because the 
cell walls of algal cysts are often observed amongst sedimentary organic matter, such cell 
walls were investigated for the presence of algaenan. The unicellular green alga 
Chlamydomonas is known to produce zygospores with a cell wall that is resistant to microbial 
and chemical attack. With the complementary techniques FTIR, solid state 13C_NMR, Py
GC/MS and RU04 chemical degradation, the chemical composition of resistant biopolymer in 
the isolated cell walls of C. monoica zygospores was determined. Chapter 5 reports these 
investigations, which showed that this zygospore algaenan is composed of C22-C30 linear 
alcohols and carboxylic acids, intermolecularly linked via ester and ether-linkages. 

The resting spores of Spirogyra sp., Haematococcus pluvalis and Dunaliella sp. were 
investigated for the presence of algaenan. The investigations reported in Chapter 6 show that 
all these algal resting states contain this non-hydrolysable insoluble aliphatic biopolymer by 
analysis with py-GC/MS. Although it was not possible to analyse the compounds released 
from the isolated cell walls upon the final saponification step of the work-up of the resistant 
material in the case of Dunaliella, the fractions of the other algal spores reveal a unique 
chemical composition. Both Spirogyra sp., H. pluvalis base hydrolysis fractions display a 
variety of linear long-chain alcohols and carboxylic acids with multiple functionalities such as 
hydroxyl and carboxyl groups. Although some of the compounds released from the Spirogyra 
zygospores may originate from a natural contaminant, they could be rudimentary remnants of 
a previous terrestrial existence in the evolution of this alga as suggested before on the basis of 
its sexual reproduction. Both tetracosane-l, 14-diol and 9,22-dihydroxy dicosanoic acid in the 
base hydrolysis fraction of the aplanospore cell walls isolated from an axenic culture of H. 
pluvalis were also observed in the zygospore cell wall of C. monoica (Chapter 5). This study 
illustrates that, since many other algae make a resting state, this type of algaenan maybe an 
unrecognised source of non-hydrolysable insoluble aliphatic matter in sediments. 
Furthermore, the lipids associated with these algal spores may be an important source of 
compounds like mid-chain diols and hydroxy fatty acids, the origin of which, though present 
in many sediments, is still unclear. 

In Chapter 7 the chemical structure of algaenans isolated from the freshwater algae T. 
minimum, P. boryanum and Botryococcus braunii were compared with their fossil 
counterparts by means of RU04 oxidation. The results showed that the algaenans investigated 
were preserved in sediments with only minor structural alterations and could still be 
recognised chemically on the basis of the specific RU04 oxidation products, even after 50 Ma 
of burial in the sediment. The RU04 degradation product mixtures of the fossil algaenans 
exhibit a broader distribution of oxidation products than freshly isolated algaenans indicating 
that the fossil biopolymers contain a greater proportion of ether cross-links. This difference is 
probably the effect of diagenetic alteration. although the effect of differences in algal strains 
or culture conditions between the fossil and extant materials cannot be excluded. 

Investigations of the use of RU04 chemical degradation to determine the stable carbon 
isotopic ratios of algaenans in sedimentary is discussed in Chapter 8. The ol3C value of fossil 
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and extant algaenans were determined by measuring algaenan-specific RU04 degradation 
products by means of isotope ratio monitoring-mass spectrometry. The (i13C value for extant 
p. boryanum algaenan obtained through this method is similar to the (i13Cbulk value. The stable 
carbon isotope composition of a c. 10 ka old Pediastrum boryanum algaenan in a Colombian 
lake sediment is -17.4%0, which is enriched in 13C by 1%0 relative to the bulk organic matter. 
In contrast, the extant (i13C value of T. minimum algaenan, determined from the RU04 
degradation products, is about 4%0 lower than the (i13Cbulk value probably as a consequence of 
changing growth conditions during culturing. T. minimum algaenan in the Eocene Messel 
Shale has a value -34.3%0, which is considerably lower than the (i13C value of bulk organic 
matter of -28.3%0. This is the first time that a (i13C value can be appointed to such a species
specific insoluble and non-hydrolysable aliphatic biopolymer in sediments. 

Chapter 9 reports of the chemical analysis of the insoluble non-hydrolysable aliphatic 
material found in Eocene dinoflagellate microfossils from the Pakistan Jatta Gypsum 
Formation. The dinoflagellate fossils are morphologically unique in the sense that they 
represent the casts of the living cells as shown by detailed electron microscopical 
examination. Chemical investigations of these "dinocasts" revealed that they are completely 
composed of oxygen cross-linked fatty acid building blocks. These investigations provide 
direct evidence for oxidative polymerisation of lipids as a pathway for carbon preservation. 
The results presented in this Chapter challenges the commonly accepted ideas about 
microfossil preservation and provided the first evidence for an, until now, unrecognised route 
towards the accumulation of sedimentary organic matter. 

In Chapter 10 the investigations of two Estonian Kukersites (Ordovician) and two 
samples from the Guttenberg Member (Ordovician) of the Decorah formation (North 
America) containing botryoidal aggregates of Gloeocapsomorpha prisca were reported. RU04 
chemical degradation, FTIR, and flash pyrolysis-GelMS provided information about the 
chemical structure of the polymeric material that comprises these microfossils. The products 
formed upon oxidation by RU04 were analysed by GC/MS and revealed the presence of a 
wide range of carboxyl and/or carbonyl moiety containing compounds with carbon skeletons 
ranging from Cs to C20. These compounds reveal that the Estonian Kukersites are composed 
of a polymer with mainly C2l and en n-alkenyl resorcinol building blocks. The higher 
thermal maturity is most likely responsible for the different chemistry and morphology of the 
G. prisca microfossils in the Guttenberg samples. Since compounds like n-alkenyl resorcinols 
are known to polymerise under oxygenated conditions even in an aqueous environment, it is 
not per se necessary that these microfossils are composed of a selectively preserved 
biopolymeric cell wall. It is also possible that G. prisca microfossils are composed of a cell 
wall or sheath component that polymerised during senescence or diagenesis of the organism. 

In summary: the results presented in this thesis illustrate that algaenan-containing 
microalgae are more common in Nature than previously thought, especially in lacustrine 
environments. Furthermore, the results reported in this thesis show that algaenans are of 
chemotaxonomic significance since the chemical composition of algaenans from the order 
Chlorococcales displays a family specific relationship. Most of the investigated algaenan
containing algal vegetative states from this order of green microalgae (The exception B. 
braunii) use unsaturated long-chain ffi-hydroxy fatty acids to construct their algaenan. The 
algal resting states investigated here contain algaenan, but the algae use a wider variety of 
building blocks including various linear alcohols and carboxylic acids. Investigations on 
different algal microfossils illustrate that algaenans are preserved in sediments chemically 
intact and can survive these conditions for millions of years. Finally, it was shown that not all 
microfossils composed of non-hydrolysable insoluble aliphatic polymers are composed of 
algaenan and that probably oxidative polymerisation could give rise to the morphological 
preservation of some microorganisms. 
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Samenvatting 

Algenanen zijn niet hydrolyseerbare, onoplosbare, alifatisehe biopolymeren die aanwezig zijn 
in de eelwanden van bepaalde algen, waar zij waarsehijnlijk dienen ter besehenning van de 
eel tegen miero-organismen en/of uitdroging. Algenaan is aanwezig in de eelwand als een 
onderdeel van een grotere ehemisehe struetuur, waarsehijnlijk bestaande uit eomponenten als 
polysaeehariden en eiwitten. Eerdere studies hebben aangetoond dat algenaan seleetief kan 
worden gepreserveerd en soms een groot gedeelte van het onoplosbare organisehe materiaal 
in sedimenten (kerogeen) kan omvatten. Ais onderdeel van het kerogeen is het een goede bron 
voor de vorming van olie en gas onder invloed van de krakingsproeessen, die plaats vinden 
ten gevolge van verhoogde druk en temperatuur in sedimenten (katagenese). 

Het eerste gedeelte van dit proefsehrift rieht zieh op het voorkomen van algenaan in 
algen van de divisie Chlorophyta en de chemische struetuur van deze algenanen. Het tweede 
gedeelte van dit proefsehrift behandelt fossiele algenanen en bespreekt de overeenkomsten en 
versehillen met algenanen van gekweekte algen. Deze vergelijking kan infonnatie geven over 
de chemische proeessen, die plaats hebben gevonden met deze materialen gedurende de tijd 
dat zij in sedimenten begraven waren en helpen uiteindelijk meer inzieht te krijgen in de 
leefcondities van speeifieke algen in het verre verleden. Daamaast kan een beter begrip van 
deze alifatisehe biopolymeren helpen in het beantwoorden van de vraag of algenanen 
inderdaad een belangrijke bron zijn voor de vonning van rowe olie. De laatste twee 
hoofdstukken van dit proefsehrift behandelen de chemisehe analyse van twee typen 
morfologisch zeer unieke microfossielen om te bepalen of deze ook zijn opgebouwd uit 
algenaan. 

Gedurende dit promotieonderzoek zijn methoden en technieken toegepast die in de loop 
der jaren beschikbaar zijn gekomen om resistente polymeren te analyseren. Ondanks dat de 
technieken op zichzelf alleen maar inzieht geven in een klein gedeelte van de 
macromoleculaire puzzel, levert een eombinatie van de versehillende teehnieken genoeg 
informatie om deze puzzel grotendeels op te lossen. 

In Hoofstuk 2, wordt de lipiden samenstelling van de groene zoetwatennicroalgen 
Tetraedron minimum, Scenedesmus communis en Pediastrum boryanum gerapporteerd. De 
lipiden fraeties, die werden verkregen na verzeping van de geisoleerde, geextraheerde en met 
zuur behandelde eelwanden, werden met GC/MS geanalyseerd en bleken vnl. C30, C32 en C34 

enkel- en dubbel onverzadigde ro-hydroxy vetzuren te bevatten. De positie van de 
onverzadiging werd bepaald door middel van ehemische derivatisering met behulp van 
DMDS en GC/MS analyse. Alle enkelvoudig onververzadigde ro-hydroxy vetzuren bevatten 
een dubbele binding op de ro9-positie, terwijl de tweevoudige C30 en Cn, respectievelijk, een 
additionele (019 en (018 dubbele binding hebben. 

Hoofstuk 3 besehrijft het onderzoek van de resistente biopolymeren (algenanen) in de 
eelwanden van de groene zoetwatennieroalgen T. minimum, S. communis en P. boryanum. 
Door middel van vaste stof 13C-NMR, FTIR, thennisehe- en ehemisehe degradatie werd 
aangetoond dat een gedeelte van deze celwanden een algenaan bevat dat is opgebouwd uit de 
onverzadigde ro-hydroxy vetzuren, die zijn geidentifieeerd in Hoofdstuk 2. Deze monomeren 
zijn intennoleeulair aan elkaar verbonden door esterbindingen op de (X- en ro-positie van de 
monomeren en etherbindingen op de posities van de dubbele bindingen, die zijn beschreven in 
Hoofdstuk 2. 

xi 



Hoofdstuk 4 rappOlieert het onderzoek naar de aanwezigheid en chemische structuur 
van algenaan in de groene zoetwatermicroalgen van de orde Chlorococcales, Oocystus 
solitaria, Pediastrum braunii, Pediastrum kawraiskyi, Sorastrum spinulosum and Coelastrum 
reticulatum. Met behulp van py-GCIMS, RU04 degradatie en analyse van de vrije en 
gebonden lipiden werd aangetoond dat aIle onderzochte algen, behalve O. solitaria, algenaan 
bevatten. De resultaten tonen aan dat de algenanen van P. kawraiskyi, P. braunii en S. 
spinulosum (Hydrodyctyaceae) voomamelijk zijn opgebouwd uit onverzadigde C30 en C32 ffi
hydroxy vetzuren. Het algenaan van C. reticulatum bestaat voomamelijk uit C30 ffi-hydroxy 
vetzuren. De resultaten die beschreven zijn in Hoofdstuk 3 en 4 tonen aan dat de chemische 
samenstelling van algenaan waarschijnlijk familiegebonden is en daarom een belangrijk 
chemotaxonomisch kenmerk vormen. 

Veel algensoorten produeeren gespeeialiseerde inaetieve eellen die kunnen overleven 
onder de, voor de betreffende algensoort, ongunstige omstandigheden. Daar deze 
gespeeialiseerde eellen in theorie veel voordeel zouden kunnen hebben bij de aanwezigheid 
van een resistente besehermende eelwand en omdat eelwanden van algensporen vaak worden 
gevonden in sedimentair materiaal, werd dit type materiaal onderzocht. Hoofdstuk 5 
beschrijft de ehemische analyses van de zygospoor celwanden van de groene, eencellige 
microalg Chlamydomonas monoica. Er werd aangetoond dat deze eelwanden inderdaad 
algenaan bevat, dat opgebouwd is uit lineaire C22-C30 a1coholen en carbonzuren, die 
intermoleculair zijn gebonden door ester- en ether-bindingen op een vergelijkbare manier als 
de algenanen beschreven in Hoofdstuk 3. 

De rustsporen van Spirogyra sp., Haematococcus pluvalis en Dunaliella sp. werden 
tevens onderzoeht op de aanwezigheid van algenaan. Dit onderzoek, beschreven in 
Hoofdstuk 6, toonde aan dat deze algen algenaan gebruiken om hun inaetieve sporen te 
besehermen. Hoewel de hoeveelheid materiaal in het geval van Dunaliella sleehts beperkte 
analyse toeliet, bevatten de verzeepte fraeties van de andere twee sporen enkele unieke 
eomponenten, waaronder lange lineaire aleoholen en earbonzuren met meerdere 
functionaliteiten, zoals hydroxyl- en earboxylgroepen. Hoewel sommige van deze 
eomponenten in de fractie van Spirogyra sp. sporen het gevolg kunnen zijn van een 
natuurlijke eontaminatie, is het ook mogelijk dat deze rudimentaire overblijfselen zijn van een 
evolutionaire, op het land levende, voorloper van deze algensoort. De onderzoeken 
gepresenteerd in Hoofdstukken 5 en 6 tonen aan dat het algenaan van rustsporen missehien 
wei een tot nu toe onbekende bron van alifatisch organisch materiaal in sedimenten is. 
Daamaast is het mogelijk dat deze gespecialiseerde cellen een belangrijke bron zijn van 
componenten zoals mid-keten diolen en hydroxy vetzuren van welke, ondanks dat ze 
veelvuldig in sedimenten voorkomen, de biologische oorsprong nog grotendeels onbekend is. 

Hoofdstuk 7 beschrijft een vergelijking van de chemische structuur van algenanen van 
levende en fossiele algen door middel van RU04 degradatie. De resultaten laten zien dat de 
algenanen preserveren in sedimenten zonder grote chemische veranderingen en, zelfs na 50 
miljoen jaar begraving, nog chemiseh kunnen worden herkend. Een belangrijk verschil is 
echter wei de bredere distributie van de dizuren in het productrnengsel van de RU04 

degradatie van de fossiele algenanen. Hoewel dit een indicatie zou kunnen zijn van 
diagenetische verandering, kan een versehil in afkomst van de levende en fossiele algen of 
een gevolg van andere groeicondities niet worden uitgesloten. 

Het onderzoek gepresenteerd in Hoofdstuk 8 bestudeert de mogelijkheid of 
componenten, vrijgemaakt door RU04 degradatie van algenaan, kunnen worden gebruikt om 
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de stabiele koolstof isotoop ratio van algenaan in sedimenten te bepalen. De ol3C waarde van 
het algenaan werd bepaald door middel van koolstofisotopenanalyse op algenaan specifieke
RU04 degradatieproducten. De ol3C waarde berekend via deze methode voor 10.000 jaar oude 
P. boryanum microfossielen uit een Colombiaans meersediment is -17.4%0, hetgeen vrijwel 
gelijk is aan de waarde gemeten voor het bulkmateriaal. Het T. minimum algenaan in de 
Eocene Messel olieschalie heeft echter een berekende ol3C waarde van -34.3%0, hetgeen 
aanzienlijk lager is dan de bulk ol3C waarde van -28.3%0. Deze gerapporteerde ol3C waarden 
zijn de eerste waarden die ooit zijn bepaald aan een specifiek, niet hydrolyseerbaar, 
onoplosbaar, alifatisch biopolymeer in een sediment. 

Hoofdstuk 9 rapporteert de chemische analyse van een onoplosbaar niet 
hydrolyseerbaar alifatisch materiaal waaruit Eocene dinoflagellaat microfossielen uit de latta 
Gypsum formatie in Pakistan zijn opgebouwd. De dinoflagellaat microfossielen zijn uniek, 
omdat ze een soort afgietsel zijn van het oorspronkelijke organisme. Chemische analyse van 
deze "dinoafgietsels" toonde aan dat deze zijn opgebouwd uit oxidatief gepolymeriseerde 
onverzadigde vetzuren. Dit onderzoek levert een direct bewijs voor een tot nu toe niet eerder 
herkende oxidatieve polymerisatieroute van lipiden om organisch materiaal in sedimenten te 
accurnuleren en betwist de gevestigde ideeen betreffende het preserveren van microfossielen. 

Chemisch en microscopisch onderzoek van microfossielen uit het Ordovicium in 
Kukersieten uit Estland en in Guttenberg Members uit de Decorah formatie in Noord Amerika 
is gerapporteerd in Hoofdstuk 10. De chemische structuur van het polymere materiaal 
waaruit de zogenaamde Gloeocapsol11orpha prisca microfossielen zijn opgebouwd werden 
geanalyseerd door middel van RU04 degradatie, FTIR en flash pyrolyse-GCIMS. Het 
productmengsel verkregen na RU04 degradatie bevatte een grote reeks verbindingen met 
carboxyJ- en/of carbonylgroepen en koolstofskeletten in grootte varierend van Cs tot Czo. 
Deze specifieke componenten laten zien dat het polymeer is opgebouwd uit C2l en C23 n

alkenyl resorcinol bouwstenen. De hogere thermische rijpheid van de Guttenberg G. prisca 
microfossielen is waarschijnlijk verantwoordelijk voor de chemische en morfologische 
verschillen tussen deze microfossielen en de microfossielen uit de Kukersieten. Het is bekend 
dat componenten als n-alkenyl resorcinolen gemakkelijk polymeriseren onder invloed van 
zuurstof, zelfs in water. Het is daarom mogelijk dat deze microfossielen niet zijn opgebouwd 
uit een biopolymere celwand, maar bijvoorbeeld uit een slijmlaagcomponent die 
polymeriseerde onder invloed van zuurstof na het afsterven van deze organismen. 

Samenvattend tonen de resultaten, die gepresenteerd zijn in dit proefschrift, aan dat 
algenaan vaker voorkomt dan oorspronkelijk werd gedacht en dus mogelijk een goede bron 
kan zijn voor de vorming van olie, in het bijzonder in een zoetwatermilieu. Lange ro-hydroxy 
vetzuren blijken belangrijke bouwstenen zijn voor de constructie van dit biopolymeer in 
Chlorococcale microalgen. De monomere compositie van algenanen uit deze orde vertoont 
een familiespecifieke relatie, wat het mogelijk maakt om deze algen op dit niveau chemisch te 
herkennen in sedimenten. AIle rustsporen die tijdens dit promotieonderzoek zijn ondezocht 
bevatten algenaan. Deze rustsporen bestaan uit een veeI bredere selectie monomeren dan die 
van de onderzochte vegetatieve cellen. Vit onderzoek van fossiele algen is gebleken dat 
algenanen zo inert zijn dat ze miljoenen jaren chemisch intact kunnen overleven. Tenslotte is 
aangetoond dat niet aIle microfossielen, die zijn opgebouwd uit een alifatisch polymeer, 
algenaan zijn, maar dat processen zoals oxidatieve polymerisatie ook een rol kunnen spelen III 
de vorming van dit soort alifatische materialen. 
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CHAPTER 1 

Introduction 

1.1. Sedimentary organic matter 

A small fraction (about 0.1-1%) of the organic compounds biosynthesized by organisms 
escapes from the biocycle and enters the geosphere. In spite of this low percentage the 
material that has been buried over time now comprises the largest pool of organic carbon on 
Earth representing about 15000000 gigatons (Berner, 1989; Hedges, 1995). This pool of 
organic carbon not only plays a major role in modulating the composition of the Earth's 
atmosphere over long time scales acting as a long-term sink of carbon dioxide, but nowadays 
also literally fuels the world's economy by acting as the source for coal, gas and petroleum. 
Futhermore, since kerogen represents a record of organic compounds biosynthesised during 
the Earth's history it potentially contains information about the organisms that lived in the past 
and consequently about the paleoenvironment and climate. However, there is still an 
incomplete understanding of the factors that control the organic matter content of sediments 
and the modes of preservation. Obtaining this information relies on understanding the sources 
of this material, processes that take place during preservation and upon further burial in 
sediments. 

Soil and sedimentary organic matter can be roughly divided in two sub-fractions: a 
small part of about 5% that is extractable using common organic solvents (bitumen) and a 
large part of about 95% that is insoluble in these solvents (kerogen). Although soil and 
sedimentary organic matter are obviously derived from degradation of various kinds of 
organisms, the gross chemical composition is significantly different from any form of 
biomass as the consequence of degradation and alteration taking place during senescence, 
transport to the sediment and sediment burial (diagenesis). The classical pathway of organic 
matter preservation is based on the idea that a mixture of a wide variety of organic 
compounds from various sources such as hydrolysed macromolecular substances reacts with 
each other to form more stable complex macromolecules that can be preserved in the 
sediment. This so-called polymerisationlrecondensation pathway results in the preservation of 
an amorphous organic matter, the composition of which strongly depends on the source 
organisms and more importantly on the diagenetic processes involved in its formation (Tissot 
and Welte, 1984). 

Besides the polymerisationlrecondensation pathway the process of natural vulcanisation 
is also considered to be an important route towards sedimentary organic matter. The 
recognition of the relation between organic sulfur compounds and their precursor molecules 
led to the conclusion that reactions of sulfur with organic compounds can lead to their 
preservation in sediments (e.g. Valisolalao et aI., 1984; Brassell et aI., 1986; Sinninghe 
Damste et aI., 1990 for a review). The reactions of variom; functiona1ised compounds with 
reduced inorganic sulphur species during early diagenesis leads to the formation of low
molecular-weight organic sulphur compounds due to intramolecular reactions, and to 



macromolecules due to intermolecular linkages by (poly)sulphide bridges (Sinninghe Damste 
et aI., 1988, 1990). As well as functionalised lipids, carbohydrates are also prone to these 
reactions and can accordingly be preserved in sediments (Sinninghe Damste et aI., 1999). 
Next to the incorporation of sulphur as a pathway of preservation, similar reactions with 
oxygen could also be involved in the withdrawal of organic matter from the biosphere 
(Harvey et aI., 1983; lenisch-Anton et aI., 1999). 

These preservation pathways confer increased chemical resistance by chemical 
reactions, making organic compounds less accessible to degradation processes. Interactions of 
organic matter with mineral surfaces provides an additional physical barrier towards 
degradation and especially microbial attack (Kiel and Hedges, 1993; Hedges, 1995). The 
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Figure 1.1: Proposed mechanisms for kerogen formation (adapted from Tegelaar et aI., 1989a) 

findings of Ransom et ai. (1997) illustrated that this organic matter does not occur as a thin 
uniform monolayer coating on a mineral matrix or bioclastic particles, like suggested by Keil 
et ai. (1994) and Mayer (1994), but primarily have a more patchy-like nature. Ransom et ai. 
(1997) suggested that a mineral-bio-organic interplay increases sediment cohesion, decreases 
sediment matrix permeability and results in a significant slowing of the rate of organic matter 
decomposition within matrix domains, thus increasing the chances ofpreservation. 
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The organic matter preserved in sediments via preservation pathways described above 
give rise to an amorphous organic matter of which the origin can only be determined by 
chemical methods and techniques. However, microscopical examination of sediments 
indicates that not all the organic matter is amorphous and often reveals a wide variety of 
recognizable microfossils (e.g. Tyson, 1995). Furthermore, even when the sedimentary 
organic matter seems superficially amorphous transmission electron microscopy often reveals 
a microbial origin by the presence of ultralaminae (Raynaud et aI., 1989; Largeau et aI., 1990) 
such as observed in the cell walls of many micro-organisms. The identification of vast 
amounts of algal micofossils in some lacustrine sediments (e.g. Goth et aI., 1988; Largeau et 
aI., 1984, 1986) comprising a significant part of the organic matter resulted in the proposition 
of an alternative preservation pathway (Philip and Calvin, 1976; Tegelaar et aI., 1989) (Fig. 
1.1 (adapted from Tegelaar et aI., 1989)). This so-called selective preservation pathway is 
based on the idea that certain biomacromolecules are more resistant towards degradation than 
other organic compounds. In this way, these macromolecules are preferentially preserved 
resulting in a relative enrichment of the most resistant organic matter in sedimentary organic 
matter. 

1.2. Resistant biomacromolecules 

The resistance of biomacromolecules towards diagenesis is strongly dependent on 
environmental conditions such as oxygen content of the water column, sedimentation rates, 
etc. (for a review on this subject see de Leeuw and Largeau, 1993). In general 
macromolecules that can be hydrolysed into smaller molecular fragments are considered to be 
less resistant than those that cannot be hydrolysed. Consequently materials such as proteins 
and carbohydrates are deemed to be rather labile and are in most cases rapidly mineralised by 
micro-organisms (e.g. Whelan and Emeis, 1992; de Leeuw and Largeau, 1993). Accordingly, 
non-hydrolysable biomacromolecules like the aromatic lignins (woody tissues in higher 
plants), tannins (higher plants), phlorotannins (brown algae), some sporopollenins (e.g. 
Wehling et aI., 1998; Boom et aI., 2000) and aliphatic cutans (higher plant cuticles) (e.g. Nip 
et aI., 1986; Tegelaar et aI., 1989a), suberans (periderm tissues in higher plants) (Collinson et 
aI., 1994; Tegelaar et aI., 1995), tegmens (inner seed coats in freshwater aquatic plants) (van 
Bergen et aI., 1994), polycadinenes (resins) (van Aarssen et aI., 1990) and some 
sporopollenins (spore and pollen grains) (e.g. Hemsley et aI., 1993) are considered to be more 
resistant towards diagenesis (for a review see de Leeuw and Largeau, 1993). 

Microscopical investigations of lacustrine sediments illustrated that algal microfossils 
can accumulate in large quantities in these sediments (e.g. Hutton, 1985; Goth et aI., 1988; 
Derenne et a11991, 1992a; Largeau et aI, 1986). This suggested that these organisms probably 
also biosynthesise a resistant macromolecular structure that survives diagenesis. Chemical 
characterisation of these algal remains using pyrolysis-gas chromatography/mass 
spectrometry (py-GC/MS) has revealed that the preserved cell walls are predominantly 
composed of a non-hydrolysable insoluble highly aliphatic material (i.e. algaenan) (Goth et 
aI., 1988; Tegelaar et aI., 1989a). Although algaenans were shown to represent only a few 
percent of the living cell material (Goth ct aI., 1988; Tegclaar et aI., 1989a; Derenne et aI., 

1992b; Largeau and de Leeuw, 1995; Oelin et al. 1996), selective preservation quantitatively 
enriches these resistant biopolymers upon diagenesis by removal of other, more labile, cell 
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materials. Hence, algaenans may ultimately become a significant fraction of sedimentary 
organic matter (Hatcher et aI., 1983; Tegelaar et aI., 1989a; Largeau and de Leeuw, 1995). 
Simulation experiments showed that upon thermal stress and long residence times in the 
subsurface such algal microfossils generate n-alkanes indicating that they can serve as a 
source material for petroleum (Tegelaar et aI., 1989b). 

1.3. Occurrence and chemistry of algaenans 

As part of the algal cell wall, algaenan probably acts as a protective tissue against microbial 
attack and/or desiccation (Largeau and de Leeuw, 1995). Some algae even survive the anoxic 
conditions in decaying organic matter on lake bottoms for an extended period of time under 
the protection of an algaenan containing cell wall (van Hoek 1995, referring to resistant 
sporopollenin-like biopolymers in some algal cell walls). Seen in this light it is important to 
realise that, in geological terms, freshwater habitats are ephemeral compared with the world's 
oceans. Therefore, organisms living under lacustrine conditions need a mechanism to survive 
unfavourable conditions and a mechanism to be transported to new habitats. The presence of 
algaenan may represent an evolutionary adaptation to such conditions and enables algaenan
containing algae to persist under adverse circumstances and thus also allowing transport 
through air by wind or attached to the feathers of birds. Some algae undergo morphological 
and chemical changes as a response to unfavourable conditions, transforming the cell into a 
dormant cyst. For example, an akinete, which is essentially a haploid vegetative algal cell that 
has thickened its wall and thus has become able to withstand desiccation and other conditions 
hostile to vegetative development (Bold and Wynne, 1978). In the freshwater classes 
Chlorophyceae, Zygnemataceae, Klebsormidiophyceae and Charophyceae, the diploid zygote, 
formed upon sexual conjugation of two haploid gametes, is also a resting stage, a 
hypnozygote. Hypnozygotes, also called zygospores, are thick-walled and only germinate 
after a period of obligate dormancy. Since resting stages are designated cells with thick walls 
and a distinct chemical make-up, a resistant cell wall is especially expected in these cases. 
Although there are a few reports of a resistant sporopollenin in cyst cells (Winkle-Swift et aI., 
1996; de Vries et aI., 1983), no algaenan has been reported in cysts. Since sporopollenin is 
designated as the acetolysis resistant material in spores and is to date chemically not very well 
characterised, it is most likely that such materials are in fact algaenans. However, until now 
algaenans have only been observed in a small number of vegetative cells of green microalgae 
(Largeau and de Leeuw, 1995). 

Of this small set of microalgae, the algaenan of only a few species was fully elucidated 
at the monomeric level (Gelin et aI., 1994; Gelin et aI., 1997; Largeau and de Leeuw, 1995): 
i.e. the algaenans of the green freshwater algae Botryococcus braunii (Metzger et aI., 1993; 
Gelin et aI., 1997), and the marine species Nannochloropsis salina (Gelin et aI., 1997). B. 
braunii algaenan is composed of C32 linear dialdehydes in the form of an ether cross-linked 
polyaldehyde (Fig. 1.2) (Metzger et aI., 1993; Gelin et aI., 1997, Bertheas et aI., 1999). 
Nannochloropsis salina contains an algaenan that is comprised of C2S-C34 n-alkyl units 
intermolecularly linked via ether-bonds at a terminal and one or more mid-chain positions 
(Fig. 1.2) (Gc1in ct aI., 1997). 

There are a couple of reasons for the lack of knowledge on the structure and 
biosynthesis of algaenans. Since algaenan-containing algae do not exhibit a distinct 
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morphological feature that enables an easy recognition of this material in algae, it is difficult 
to establish which algae biosynthesise algaenan and which do not. The presence of algal 
microfossils in sediments probably provides a clue about the presence of a resistant material 
in such algae. However, since the size of microalgae is often so small that they can escape 
palynological work-up procedures, there is a possibility that a fraction of the algaenan
composed microfossils in sediments are overlooked. As well it is, only recently that the 
analytical methods have become available to characterise the chemical nature of insoluble 
non-hydrolysable biomacromolecules. 

B. braun;; algaenan 

N. salina algaenan 

Figure 1.2: Proposed partial structures of B. braunii and N. salina algaenans (Metzger et aI., 1993; Gelin et aI., 
1994; Gelin et aI., 1997) 

1.4. Methods 

Although bulk analysis methods like Fourier transform infrared spectroscopy (FTIR) and 
solid state l3C nuclear magnetic resonance (13C-NMR) spectroscopy provide information 
concerning the nature and functional groups of algaenans, details of their exact chemical 
structure cannot be retrieved through these analyses. Even though FTIR and I3C-NMR were 
used to obtain as much detail as possible on algaenans, the research strongly relied on py
GC/MS. The pyrolysis method makes use of the fact that many macromolecular substances 
contain thermally weak bonds. Upon thermal cleavage of these bonds in an inert atmosphere 
smaller fragments are generated, which can be analysed by GC/MS. Earlier investigations 
have shown that this method is to date the most reliable way to chemically characterise non
hydrolysab1c insoluble biopolytners. However, details concerning functional groups are often 

lost due to thermal rearrangement reactions (Goth et aI., 1988; Horsfield, 1989; Larter and 
Horsfield, 1993). 
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Chemical reagents such as hydrogen iodide (HI) and ruthenium tetroxide (RU04) are 
known to depolymerise ether cross-linked aliphatic biopolymers (Panganamala et aI., 1971; 
Sharpless et aI., 1981; Ambles et aI., 1996) and were successfully applied to elucidate the 
chemical structure of algaenans (Gelin et aI., 1997). In particular, RU04 oxidation has shown 
to be a very useful method for obtaining structural information on resistant aliphatic 
biopolymers such as cutans and algaenans (Gelin et aI., 1997; Schouten et aI., 1998). 

1.5. Scope and framework of the thesis 

The investigations presented in this thesis were designed to obtain a better insight in the 
distribution of algaenan-containing algae and to elucidate the chemical structures of these 
algaenans. The knowledge thus acquired is applied to fossil algae to investigate if these are 
indeed composed of algaenans and which chemical changes take place during diagenesis. This 
knowledge will, on the one hand, give more insight into the biological function of these 
biopolymers and, on the other hand, provide the means for understanding why such materials 
are resistant towards diagenesis. Insight in the chemical structure of algaenans will 
demonstrate if these materials could serve a biomarker function and allows the determination 
of the isotope composition of algaenan in sedimentary organic matter. Ultimately, this will 
assist in the reconstruction of paleoclimates and environments and give an insight into the 
significance of algaenans in the generation of oil and gas. 

This thesis is divided into two main sections. Part I (Chapters 2 to 6) deals with the 
investigations of algae for the presence of algaenan and their eventual chemical composition. 
The algaenan-containing green microalgae T. minimum, S. communis and P. boryanum were 
found to contain some very specific ester-bound lipids suggesting the involvement of these 
compounds in the biosynthesis of the algaenan. Using GC/MS combined with DMDS 
derivatisation, the chemical structures of these unsaturated (J}-hydroxy fatty acids were 
elucidated (Chapter 2). In Chapter 3 the results of the chemical investigations of the algaenans 
of T. minimum, S. communis and P. boryanum are reported. By applying FTIR, 13C-NMR, py
GC/MS and HI and RU04 chemical degradation, it was shown that the unsaturated (J}-hydroxy 
fatty acids studied in Chapter 2 are the building blocks of these biopolymers. In Chapter 4 a 
number of other algae from the order Chlorococcales, Oocystus solitaria, Pediastrum braunii, 
Pediastrum kawraisJ....yi, Sorastrum spinulosum and Coelastrum reticulatum are investigated 
for the presence and chemical structure of algaenan by analysis of ester-bound lipids and by 
py-GC/MS and RU04 chemical degradation on the final residues. It is shown that all these 
algae except O. solitaria contain algaenan with similar building blocks as the algae 
investigated in Chapters 2 and 3. Furthermore, is it demonstrated that the chemical 
composition of the algaenans display a family-specific relationship. 

Since algaenan seems to be a protective tissue, the presence of such a biopolymer is 
expected in at least some algal resting states, which are "designed" to survive extended 
periods of unfavourable growth conditions and would consequently benefit from such a 
tissue. Chapter 5 reports on the investigations of the zygospore cell walls of Chlamydomonas 
monoica for the presence and chemical structure of such an algaenan. Indeed, the presence of 
a1gaenan was proved by using the analytical tools mentioned earlier. Following-up the 
findings reported in Chapter 5, in Chapter 6 the analysis of the resting spores of Spirogyra sp., 
Haematococcus pluvalis and Dunaliella sp. for the presence of algaenans is described. 
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Although the amount of material obtained did not allow thorough analysis of the 
biopolymeric structures by chemical degradation, py-GCIMS showed that algaenan was 
present in all the spores. Analysis of the lipids ester-linked to the algaenan shows that these 
algaenans are probably biosynthesised from carboxyl and hydroxyl functionalised linear 
carboxylic acids and alcohols. 

In Part II sediments containing specific microfossils were analysed using the methods 
described above to investigate if the knowledge obtained in Part I can be applied to 
sedimentary organic matter. Chapter 7 shows that indeed algaenans are preserved chemically 
intact in sediments of various ages and that the algaenans present in these samples can be 
recognised on the basis of the chemical structures using RU04 chemical degradation as the 
principal analysis tool. Chapter 8 reports on the use of RU04 chemical degradation in 
combination with irm-GC/MS in order to determine the carbon isotopic composition of 
specific algaenans in sediments. The data illustrate that the stable carbon isotopic composition 
of algaenan-specific linear dicarboxylic acids obtained by RU04 degradation are 
representative for the complete algaenan and can thus be applied to determine the Dl3 C of 
fossil algaenans. 

In Chapter 9 the use of py-GC/MS, py(online TMAH methylation)-GC/MS, FTIR, 
SEM, TEM and RU04 degradation reveals that the 50 million years old dinoflagellate 
microfossils studied are actually the casts of the original organism, composed of polymerised 
triglycerides and not of a selectively preserved cell wall. Chapter 10 reports on the 450 
million years old, highly aliphatic Gloeocapsomorpha prisca microfossils that were analysed 
to determine if these are composed of algaenan. Using FTIR, py-GC/MS, scanning- and 
transmission electron microscopy (SEM, TEM) and RU04 degradation, it was shown that 
these microfossils are not composed of a typical algaenan but of a poly(n-alkyl resorcinol). 
Although this polymer may be an up to now unrecognised type of algaenan it is also possible 
that it represents polymerised sheath components. The investigations described in Chapters 9 
and 10 illustrate that microfossils generating a highly aliphatic signal upon pyrolysis are not 
per se comprised of a biopolymer like algaenan. On the basis of this a possible preservation 
pathway concerning oxidative polymerisation has to be considered. 
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CHAPTER 2 

Cell wall specific o.>-hydroxy fatty acids in freshwater green microalgae 

Ester-bound lipids from the cell walls of the green microalgae Tetraedron minImUm, 
Scenedesmus communis and Pediastrum boryanum were analysed using gas chromatography
mass spectrometry. The double bond positions of the C30, C32 and C34 mono- and C30 and C32 

di-unsaturated m-hydroxy fatty acids identified in the ester-bound lipid fraction were 
determined by derivatisation with dimethyl disulphide (DMDS) prior to mass spectrometric 
identification. All unsaturated m-hydroxy fatty acids have a double bond located at the w9
position whilst the C30 and C32 di-unsaturated m-hydroxy fatty acids have a second double 
bond at the wl9 and wl8 position, respectively. Unsaturated m-hydroxy fatty acids are 
released upon saponification of the isolated cell walls in all three algae, but the distribution 
patterns of these compounds differ between species. m-Hydroxy fatty acids are the main 
building blocks of the highly cross-linked constituent of the cell walls herein termed algaenan, 
in which linear chains of esterified monomers are ether cross-linked at the position of the 
double bonds. Because none of these monomeric compounds were observed in the cytosolic 
fraction of the cells, it is believed that they are rapidly secreted and incorporated in the 
aliphatic cell walls of these algae. 

2.1. Introduction 

Non-hydrolysable, insoluble biopolymers termed algaenans have been encountered in cell 
walls of several green freshwater and marine microalgae such as Tetraedron minimum, 
Scenedesmus obliquus, Scenedesmus communis, Scenedesmus quadricauda, Pediastrum 
boryanum, Botryococcus braunii, Chiarella vulgaris and several Eustigmatophyte 
Nannochloropsis species (de Leeuw and Largeau, 1993; Largeau and de Leeuw, 1995; Gelin 
et aI., 1997). Because of their high resistance to microbial attack these algaenans are 
selectively preserved upon settling in the water column and burial in the sediments. Upon 
subsequent cracking in the subsurface they may form a major source of petroleum (Gelin et 
aI, 1997a; Goth et aI., 1988). Since these green microalgae are widespread in nature, detailed 
studies of their lipid composition may help to discriminate contributions of different types of 
algae to organic matter in sediments, thereby allowing the reconstruction of past 
environments and climates. Furthermore, analyses of lipids associated with the aliphatic cell 
walls of these algae may contribute to an understanding of the biochemical pathways involved 
in algaenan formation by obtaining information about the chemical structures of their 
monomeric precursors. 

In this study, ester-bound fatty acids of the aliphatic cell walls of T. minimum, S. 
communis and P. boryanum were identified by gas chromatography-mass spectrometry in 

combination with chemical derivatisation using dimethyl disulphide (DMDS) to determine the 
position of double bonds. Our results show that long-chain unsaturated m-hydroxy fatty acids 
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are intrinsic cell wall components and represent the main constituents of the ester-bound lipid 
fraction of the cell walls. 

2.2. Experimental 

2.2.1. Culture conditions and isolation process 
Axenic strains of Tetraedron minimum, Scenedesmus communis and Pediastrum boryanum 
were obtained from the Sammlung von Algenculturen at the University of Gottingen (SAG). 
All three algae were grown in I litre batch cultures at 19° using Kates and Jones medium 
(1964) aerated with 2% CO2 enriched air with a light/dark regime of 16/8 hr. The algae were 
collected at the end of their log phase growth by centrifugation. The cytoplasm was removed 
by mechanically breaking the cell walls using a Potter homogenizer in combination with glass 
beads (diameter ~45J.Lm), which enhanced the grinding effect of this device. After this 
treatment the collected cell walls were treated with a-amylase in a NaOAc buffer (0.2 M, pH 
5.4) to remove the remaining starch grains (Burczyk and Loos, 1995). The residual cell walls 
were washed with NaOAc buffer, saturated NaCI solution and demineralised H20 (3x). 
The isolated cell wall material was extracted ultrasonically with 10 ml MeOH, 10 ml 
MeOH/CH2Ch (DCM) (1:1, 2x), 10 ml DCMlhexane (1:1, 2x) and 10 ml hexane (1x). The 
residue obtained by centrifugation was stirred with 10 ml H2S04 (12 M) for 1 hr, 
subsequently washed with 10 ml double distilled H20 (3x) and resuspended ultrasonically in 
10 ml H2S04 (2 M). After refluxing for 2 hr under stirring, the residual material was washed 
with 10 ml double distilled H20 (3x), 10 ml MeOH (2x), 10 ml DCMlhexane (1x) and finally 
with 10 ml hexane (1x). The residue was resuspended in 7.5 ml KOH in MeOH (1M, 4% 
H20) and allowed to reflux for 1 hr. The residue was subsequently extracted with 5 ml MeOH 
(4x), 5 ml DCM/hexane (2x) and 5 ml hexane (Ix). The combined extracts were transferred to 
a separatory funnel, acidified with 30 ml HCI (0.25 M) and the organic phase was removed. 
The aq. layer was subsequently extracted with 10 ml DCM (2x) and 10 ml hexane (2x). The 
combined extracts were dried over Na2S04 and the solvents were evaporated. An aliquot of 
this sample was treated with diazomethane and N,O-bis(trimethylsilyl)-trifluoroacetamide 
(BSTFA)/pyridine to derivatise carboxylic acids and alcohol groups, respectively prior to 
GC/MS analysis. 

2.2.2. Extraction ofthe cytoplasm 
10 ml of an aq. suspension of cytoplasmatic material was extracted ultrasonically with 10 ml 
DCM (2x) and 10 ml hexane (2x). The combined organic layers were dried over Na2S04 and 
the solvents were evaporated. An aliquot was derivatised as described above prior to GC/MS 
analysis. The residue after extraction was isolated by centrifugation and refluxed in 5 ml 
KOH in MeOH (1M, 4% H20) for 1 hr. The residue was removed by centrifugation and the 
supernatant was acidified with 5 ml HCI (1 M) in a separatory funnel. The residue was 
washed with 3 ml DCM and this layer was transferred to the separatory funnel to extract the 
aq. phase. The aq. layer was once more extracted with 3 ml DCM and next with 3 ml 
DCMlhexane (2x). The combined extracts were dried over Na2S04 and an aliquot was 
derivatised as described above prior to GC/MS analysis. 
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2.2.3. DlvlDS derivatisation 
Following the procedure described by Vincenti et al. (1987), approximately 2 mg of 
compounds removed from the cell walls by saponification as described above was dissolved 
in hexane (100 ,ul) and reacted with dimethyl disulphide (100 ,ul) and an ethereal h soIn (60 
mg/ml). The reaction mixture was kept at a constant temp. of 50 ° for 24 hr and then diluted 
with hexane (0.5 ml). The reaction was quenched with an aq. Na2S203 soln (2 ml, 5%) and the 
hexane layer was collected. The aq. layer was extracted twice with EtOAc (0.5 ml), the 
organic fractions were combined, dried over Na2S04 and the solvents were evaporated. The 
compounds were further derivatised, prior to GC/MS analysis, using the methods described 
above. 

2.2.4. Gas chromatography and gas chromatography-mass spectrometry 
GC was performed on a Carlo Erba GC-8000 series equipped with a FID and an on-column 
injector. A 25 m fused silica capillary column coated with CP-Sil 5 (0.32 mm J.D.; film 
thickness 0.12Ilm) was used with Helium as a carrier gas. The FID temperature was 320° and 
the oven was programmed from 70° to 130° at 200 /min, then to 320° at a rate of 4°/min and 
held at this temp. for 15 min. For the analysis of the DMDS-derivatisation products a 6 m 
fused silica capillary column coated with CP-Sil 5 (0.32 mm LD.; film thickness 0.12 ,urn) 
was used with He as a carrier gas. The oven was programmed from 70° to 320° at lOO/min 
and held at this temp. for 30 min. For GC/MS analysis the column was coupled to the electron 
impact ion source of a VG Autospec Ultima mass spectrometer (mass range m/z 40-800 at a 
resolution of 1000; cycle time 1.8 sec; ionisation energy 70 eV). 

2.3. Results and discussion 

2.3.1. Identification ofester-bound cell wall lipids 
To distinguish between cell wall-bound lipids and lipids of other cell components, the cell 
walls were analysed separately from the content of the cells. To isolate the cell walls of the 
algae, the cytoplasm was removed by the use of a Potter homogenizer after which the cell 
walls were collected by centrifugation. By subsequent treatment with a-amylase according to 
a method used by Burczyk and Loos (1995), the remaining starch granules were removed 
enzymatically. A sulphuric acid treatment was subsequently used to remove the cell wall 
polysaccharides after which a final saponification step released the ester-bound lipids from 
the polymer matrix. The compounds isolated after saponification were CWC28 long-chain 
fatty acids, which were also identified in the corresponding cytoplasm, and a number of long
chain mono- and di-unsaturated m-hydroxy fatty acids, only present in the cell wall ester-

Table 2.1: Amount of long chain components isolated from T. minimum, S. communis and P. boryanum cell 
walls in mg/g dry biomass 

T. minimum S. communis P. boryanum 

C30:1 0)9 m-hydroxy fatty acid 
C302 0)9,19 m-hydroxy fatty acid 
Cn ! 0)9 m-hydroxy fatty acid 
C32:20)9,18 m-hydroxy fatty acid 
C34:1 0)9 m-hydroxy fatty acid 

0.10 0.03 2.8 
0.08 trace l.l 
0.11 om 2.2 

1.3 
0.65 
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bound lipid fraction (Fig. 1). The mono-unsaturated ro-hydroxy fatty acids have chain lengths 
of C30, C32 and C34, whereas the di-unsaturated ro-hydroxy fatty acids are only present as C30 
and C32 compounds. 

All mono- and di-unsaturated (j)-.hydroxy fatty acids show the same typical 
fragmentation pattern upon mass spectrometry (Fig. 2a, 2c). Characteristic ions are [Mr+, [M
lSr (loss of a methyl radical), [M-31r+ (loss of a methoxy radical) and [M-47r+ (loss of a 
methyl radical and methanol group). The loss of a methyl radical is typical for trimethylsilyl 
(TMSi)-derivatised alcohols and the loss of a methoxy radical is characteristic for methyl 
esters. The absence of characteristic secondary alcohol fragment ions reveals that the alcohol 
group is situated at the terminal position of the molecule and the molecular weight indicates 
the presence of one or two double-bonds. However, it is not possible to deduce the position of 
the double bonds from these mass spectra. Therefore, derivatisation of the double bonds with 
DMDS was performed yielding methylthio-ethers, which give characteristic fragments 
revealing the position of the original double bond (Vincenti et al., 1987). Figures 2b and d 
show the mass spectra of the mono-unsaturated C30 ro-hydroxy fatty acid and the di
unsaturated C30 ro-hydroxy fatty acid after DMDS derivatisation, respectively. All these 
compounds prove to have a (09-double bond independent of chain length or degree of 
unsaturation. The second double bond of the di-unsaturated ro-hydroxy fatty acids is 
positioned at (019 and (018 for the C30 and C32, respectively. 
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Figure 2.1: Relative amounts of free and ester-bound fatty acids and unsaturated Ol-hydroxy fatty acids from the 
cytoplasm and cell walls of Scenedesmus communis. Fatty acids in each fraction are plotted as the percentage of 
the sum of fatty acids in that fraction. 

Analysis of the lipids removed by the acid hydrolysis showed that only traces of mono
and di-unsaturated m-hydroxy fatty acids were removed by this procedure. Therefore, the 
mono- and di-unsaturated ro-hydroxy fatty acids removed by the subsequent base hydrolysis 
can be used to quantify these compounds. The amounts of mono- and di-unsaturated m
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50 

hydroxy fatty acids relative to the total biomass are reported in Table 1 and show that there is 
a significant difference in concentration of these compounds in the three algal species. 
Although the ratios between the individual ffi-hydroxy fatty acids seem to be species-specific 
and can possibly be used to provide a qualitative estimate of the contribution of these algae to 
sediments, quantitative analysis can only be performed if the amount of these compounds 
produced by the algae is independent of the growth conditions. Although to our knowledge 
only higher plants produce ffi-hydroxy fatty acids (Walton and Kolattukudy, 1972), the 
possibility that other organisms can also biosynthesise such compounds has to be taken into 
consideration when using ffi-hydroxy fatty acids as biomarkers. 

2.3.2. Biochemical implications 
The long-chain unsaturated ffi-hydroxy fatty acids identified in this study were specifically 
obtained from the cell walls of the investigated algae and were not observed in the cytoplasm 
(Fig. 1). This suggests that there is a transport of these compounds to the cell wall or that they 
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are even biosynthesised at this location. This indicates that they are probably involved in the 
formation of the aliphatic cell walls of these algae. Indeed, the chemical structure of the 
algaenans produced by these algae indicates that long-chain mono- and di-unsaturated ffi
hydroxy fatty acids are the main monomeric units of this biopolymer (Blokker et aI., 1998). 
The relation between long-chain hydroxy fatty acids and algaenans was already observed by 
Gelin et al. (Gelin et aI., 1997b) who investigated the free and ester-bound lipids of 
Nannochloropsis species, a marine algae which also biosynthesises an aliphatic cell wall. 
Hydroxy fatty acids are also well known constituents of cutin, which is the main structural 
biopolymer in the plant cuticle, formed by a reticulated network of oxygenated fatty acids 
(Walton and Kolattukudy, 1972). The mid-chain hydroxy long-chain fatty acids obtained 
from the Nannochloropsis species were suggested to be biosynthesised via a pathway similar 
to that of cutin monomers and proposed to be involved in the biosynthesis of this algaenan. 
However, the main building blocks of cutin are C16 and CIS ffi-hydroxy fatty acids, which are 
intermolecularly linked predominantly via ester-bonds to form an aliphatic biopolymer. The 
much longer C3o-C34 unsaturated ffi-hydroxy fatty acids identified here are linked via a 
combination of ester- and ether-linkages (Blokker et aI., 1998), providing a macromolecular 
network that is more resistant but physically and chemically still very similar to that of cutin. 
Therefore, it is proposed that at least some of the biological functions of cutins and algaenans 
are comparable, for example in protecting the organisms against microbial attack. Because of 
these similarities it is also suggested that the algal mono- and di-unsaturated ffi-hydroxy fatty 
acids identified in this study probably are biosynthesised in a similar fashion, via a fatty acid 
synthetase, desaturase and ffi-hydroxylase pathway. However, instead of retaining its relative 
position to the alcohol or acid group, the m19 double bond of the C30 di-unsaturated ffi
hydroxy fatty acid shifts to the m18 position in the C32 di-unsaturated ffi-hydroxy fatty acid. 
This suggests that the C32 di-unsaturated ffi-hydroxy fatty acid is not simply biosynthesised 
from the C30 di-unsaturated ffi-hydroxy fatty acid by C2 chain elongation. 
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CHAPTER 3 

Chemical structure of algaenans from the fresh water microalgae 
Tetraedron minimum, Scenedesmus communis and Pediastrum boryanum 

The cell walls of the fresh water green microalgae Tetraedron mZnlmum, Scenedesmus 
communis and Pediastrum boryanum are composed of highly resistant, non-hydrolysable 
aliphatic biopolymers as revealed by 13C_NMR, FTIR and thermal and chemical degradations. 
The biopolymers are composed of long-chain even-carbon-numbered ro9-unsaturated 0>

hydroxy fatty acid monomers varying in chain length from 30 to 34 carbon atoms. These 
monomers are intermolecularly ester linked to form linear chains in which the unsaturations 
act as the starting position of ether cross-linking. S. communis biosynthesises a more densely 
cross-linked algaenan than T. minimum and P. boryanum. The monomers of T. minimum have, 
on average, larger chain lengths than those of P. boryanum and S. communis. The polyether 
nature of these algaenans makes them highly resistant against degradation, so that they are 
selectively preserved in the sedimentary record. Therefore, these algaenans probably are 
important precursors for Type I kerogens. 

3.1. Introduction 

Kerogen is one of the most abundant forms of organic carbon in the geosphere (Hedges, 
1992). Under appropriate conditions kerogen acts as a source of crude oils. Moreover, kerogen 
also has a large impact on the global carbon cycle by acting as a long-term sink of organic 
carbon. A decade ago, kerogen was thought to be an amorphous material formed upon random 
polymerisation and condensation reactions of organic compounds released upon lysis of dead 
cell materials during diagenesis (Tissot and Welte, 1984). However, this concept has been 
reappraised upon the recognition of insoluble non-hydrolysable aliphatic biopolymers in 
protective tissues of plants (cutans, suberans) and in cell walls of several fresh water and 
marine microalgae (algaenans) (e.g. Largeau et aI., 1986; Goth et aI., 1988; Zelibor et aI., 
1988; Tegelaar et aI., 1989; de Leeuw et aI., 1991; de Leeuw and Largeau, 1993; Largeau and 
de Leeuw, 1995; Gelin et aI., 1997). 

Type I kerogens, identified by high atomic HlC ratios, are characterised by a substantial 
contribution of algal microfossils and may even be completely dominated by algal cell wall 
remains. Microscopical studies reveal that the dominant species in these kerogens are often 
cell walls of green microalgae like Botryocuccus braunii (races A, Band L), Tetraedron spp., 
Scenedesmus spp. and Pediastrum spp. or their extinct ancestors (e.g. van Geel et aI., 1973; 
Hutton, 1985; Goth et aI., 1988; de Leeuw and Largeau, 1993). Chemical analysis of these 
algal remains have shown that they are predominantly composed of a resistant highly aliphatic 
material (so-called algaenan) derived from the cell walls of these algae. Although algaenans 

represent only a small percentage of the total cell material, selective preservation enriches 
these resistant materials upon diagenesis and algaenans may ultimately become a significant 
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fraction of the kerogen (Hatcher et aL, 1983; Tegelaar et aI., 1989; de Leeuw and Largeau, 
1993). 

To date only the building blocks and chemical structure of the algaenans from the three 
races of the fresh water alga Botryococcus braunii (Berkaloff et aI., 1983; Kadouri et aI., 
1988; Derenne et aI., 1990; Metzger et aL, 1993; Gelin et aI., 1994; Bertheas et aL, 1997; 
Gelin et aL, 1997) and the marine alga Nannochloropsis salina (Gelin et aL, 1997) have been 
elucidated. The algaenan of all B. braunii races is composed of a linear C32 diunsaturated a,CO
dialdehyde, while the eustigmatophyte Nannochloropsis salina produces an algaenan 
composed of C2S-C34 n-alkyl units intermolecularly linked via ether-linkages at a terminal and 
one or more mid-chain positions. Ether linkages seem to be an important chemical feature of 
most algaenans (Gelin et aL, 1997) acting as bridges between the individual monomers or 
polymeric chains. The analysis of the algaenan building blocks by chemical degradation is 
difficult due to the chemical stability of the ether bonds. Although bulk analysis methods like 
Fourier transform infrared spectroscopy (FTIR) and solid state 13C nuclear magnetic 
resonance spectroscopy (13C-NMR) provide information concerning the nature and functional 
groups of the biopolymer, details of the chemical structure of the building blocks cannot be 
retrieved through these analyses. Pyrolysis-gas chromatography combined with mass 
spectrometry (Py-GC/MS), on the other hand, does reveal such information, though due to 
thermal rearrangement reactions information concerning functional groups is often lost. 
Chemical reagents such as hydrogen iodide (HI) and ruthenium tetroxide (RU04) are known to 
cleave ether-linkages (Panganamala et aI., 1971; Sharpless et aI., 1981; Ambles et aL, 1996) 
and have been successfully applied to elucidate the chemical structure of such biopolymers 
(Gelin et aL, 1997; Schouten et aI., 1998a). 

In this study we have applied chemical degradation techniques such as HI and RU04 to 
unravel the chemical structure of algaenans obtained from the freshwater green microalgae 
Tetraedron minimum, Scenedesmus communis and Pediastrum boryanum. Complementary 
analysis using l3C NMR, FTIR, Py-GC/MS and GC/MS of lipids esterified to the cell walls 
provided a detailed insight into the polymer structure. 

3.2. Experimental 

3.2.1. Culture conditions and isolation process 
Axenic strains of Tetraedron minimum, Scenedesmus communis and Pediastrum boryanum 
were obtained from the Sammlung von Algenkulturen at the University of Gottingen (SAG). 
All three algae were grown in 1 1 batch cultures at 19°C using the Kates and Jones (1964) 
medium aerated with 2% carbon dioxide enriched air with a light/dark regime of 16/8 hours. 
The algae were collected at the end of their log growth phase by centrifugation. The cytoplasm 
was removed by mechanically breaking the cell walls using a Potter homogenizer in 
combination with --45 11m glass-pearls, which enhances the grinding effect of this device. 
After this treatment the collected cell walls were treated with a-amylase in an acetate buffer to 
remove the remaining starch grains (Burczyk and Loos, 1995). The residual cell walls were 
washed with acetate buffer, saturated sodium chloride solution and demineralized water (3x). 

The isolated cell wall material was extracted ultrasonically with 10 ml methanol 

(MeOH), 10 ml MeOH/dichloromethane (DCM) (1:1, 2x), 10 ml DCMlhexane (1:1, 2x) and 
10 ml hexane (Ix). The residue obtained by centrifugation was stirred with 10 ml H2S04 (12 
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M) for 1 h, subsequently washed with 10 ml double distilled water (3x) and resuspended 
ultrasonically in 10 ml H2S04 (2 M). After refluxing for 2 h under stirring, the residual 
material was washed with 10 ml double distilled water (3x), 10 ml MeOH (2x), 10 ml 
DCMlhexane (Ix) and finally with 10 ml hexane (Ix). The extracted material was 
resuspended in 7.5 ml KOH in MeOH (1M, 4% H20) and allowed to reflux for 1 h. 
Subsequent extraction with 5 ml MeOH (4x), 5 ml DCM/hexane (2x) and 5 ml hexane (1x) 
yielded a non-hydrolysable final residue. 

3.2.2. Hydrogen iodide / sodium thiomethoxide treatment 
The HI treatment to cleave ether-bonds was modified from the method reported by 
Panganamala et al. (1971). Typically, 10 mg of the a1gaenan was suspended in 4 ml aqueous 
HI (57%) and refluxed overnight. The remaining solids were removed by centrifugation and 
extracted with 2ml MeOH (2x), 2 ml MeOH/DCM (1:1, 2x), 2 ml DCMlhexane (1:1, 2x) and 
2 ml hexane (Ix). After addition of 4 ml H20 to the HI fraction it was subsequently extracted 
with 2 ml DCM (3x), ethyl acetate (EtOAc)/DCM (5:1, 2x) and 2 ml hexane (2x). The 
combined organic solvents were treated with 5 ml Na2S204 solution (5 % in H20) to remove 
dissolved Iz, dried over Na2S04 and evaporated till dryness under a N2 flow. 

The HI treatment products were dissolved in 4 ml EtOAclMeOH (10:1) and 0.1 mg 
sodium thiomethoxide (NaSMe) was added. The mixture was stirred overnight at room 
temperature. After addition of 2 ml water and 2 ml EtOAc the aqueous layer was neutralised 
with HCI (12 M) and the organic layer was removed. The aqueous layer was subsequently 
extracted with 4 ml EtOAclhexane (1:1, Ix) and 2 ml hexane. The combined organic extracts 
were dried over Na2S04 and treated with diazomethane to methylate carboxyl groups, and 
N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA)/pyridine to silylate hydroxyl groups. 

3.2.3. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported by Sharpless et al. (1981). Algaenan 
(5 mg) was ultrasonically suspended in a mixture of 1 ml chloroform (CHCh), 1 ml 
acetonitrile (CH3CN) and 2 ml water. After addition of 6 mg Ru(III)Ch and 200 mg NaI04 the 
two phase system was allowed to react in an ultrasonic bath. After 1 h, 3 ml water and 2 ml 
hexane were added and the pH of the water layer was adjusted to 3 with HCI (12 M). The 
residual material was removed by centrifugation and the two layers were separated. The 
aqueous layer was extracted with 2 ml EtOAc (2x) and 2 ml EtOAc/hexane (1: l) and the 
combined extracts were washed with 2 ml NaI04 solution (0.2 M, pH 3). After removal of the 
aqueous layer, Ru-salts were precipitated from the organic layer by addition of I ml MeOH 
and removed by centrifugation. The remaining clear brownish supernatant was washed with 2 
ml Na2S03 solution (5% in H20, pH 3). The extract was dried over Na2S04 and evaporated to 
dryness under a nitrogen flow. 

3.2.4. Solid state 13e-nuclear magnetic resonance spectroscopy 
The NMR spectrum was obtained by a Chemagnetics, Inc., M-100 spectrometer operating at a 
13C frequency of 25.2 MHz using cross polarisation with magic-angle spinning (54.7°). 
Pertinent experimental parameters were: contact time = I ms, pulse delay = I s, acquisition 
length 0.5 K and line broadening ~ 30 Hz. The chemical shift scale is referred to 

tetramethylsilane at 0 ppm. 
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3.2.5. Fourier transform irifrared spectroscopy 
Fourier transform infrared spectroscopy was performed on a Bruker IFS28 scanning over a 
frequency range of 400 cm-1 to 4000 cm-1 using KBr tablets containing 2 mg of dry algaenan. 

3.2.6. Gas chromatography / flame ionisation detection
 
GC/FID was performed on a Carlo Erba GC-8000 series instrument equipped with a flame

ionisation detector (FID), an on-column injector and a 25 m fused silica capillary column
 
coated with CP-Sil 5 (0.32 mm LD.; film thickness 0.12 lim). Helium was used as the carrier
 
gas and the temperature of the FID was 320°C. The oven was typically programmed from
 
70°C to BO°C at 20°C/min, then to 320°C at 6°C/min and held at this temperature for 15
 
min. For the analysis of the HI/NaSMe products the oven was programmed from 70°C to
 
320°C at 15°C/min holding the final temperature for 20 min.
 

3.2.7. Gas chromatography / mass spectrometry
 
GC/MS was conducted on a Hewlett Packard 5890 series II gas chromatograph fitted with a
 
25 m x 0.32 mm CP-Sil 5 (film thickness 0.12 lim) fused silica capillary column coupled to
 
the electron impact ion source of a VG Autospec Ultima mass spectrometer (mass range m/z
 
50-800 at a resolution of 1000; cycle time 1.8 s; ionisation energy 70 eV). The
 
chromatographic conditions were identical to those during GC/FID analysis.
 

3.2.8. Curie-point pyrolysis gas chromatography / flame ionisation detection
 
Py-GCIFID was conducted on a Hewlett Packard 5890 series II gas chromatograph fitted with
 
a 25 m x 0.32 mm CP-Sil 5 (film thickness 0.45 lim) fused silica capillary column. Samples
 
were pressed on a flattened ferromagnetic wire with a Curie-point temperature of 610°C. The
 
wire was inserted into a glass liner, subsequently introduced into a FOM-4LX pyrolysis unit
 
and inductively heated for 10 s. The desorbed fragments were flushed to the capillary column
 
using Helium as a carrier gas. The gas chromatograph was equipped with a cryogenic unit and
 
programmed from O°C (5 min) to 320°C (hold time 10 min) at 3°C/min. Helium was used as a
 
carrier gas and the temperature of the of the flame ionisation detector (FID) was 320°C.
 

3.2.9. Curie-point pyrolysis gas chromatography / mass spectrometry
 
Py-GC/MS was conducted on a VG Autospec Ultima mass spectrometer connected to a
 
Hewlett Packard 5890 series II gas chromatograph equipped with a FOM-4LX pyrolysis unit.
 
Pyrolysis and chromatographic conditions were identical to those during Py-GC/FID.
 
Compounds were ionised at 70 eV and mass analysed over a range of m/z 50-800 at a
 
resolution of 1000 and a cycle time of 1.8 s.
 

3.3. Results 

3.3.1. Isolation ofalgaenans 
Since algaenan is a cell wall material a Potter homogenizer was applied to separate the cell 
walls from the cytoplasm. Subsequent centrifugation of the homogenate collected both cell 
walls and some starch granules. These starch granules were enzymatically removed by a 

treatment with a-amylase (Burczyk and Loos, 1995) yielding only cell wall material. A 
sulphuric acid treatment eliminated the cell wall polysaccharides situated on the inside of the 
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a	 cell wall. This was facilitated by the 
prior mechanical treatment, because the 
broken cell walls were easy accessible. 
A final saponification removed residual 

b esterified moieties still linked to the 
polymer matrix. The remaining off
white, non-hydrolysable cell wall 
material comprised c. 3-6 wt% of the 
dry cell material (Table 3.1) and wasc 
used for further analysis. 

During reproduction, the algal 
daughter cells are discharged from the 
parental cell wall leaving behind the 
empty mother sheet. Consequently, in 
every life-cycle a new parental cell wall 
is discarded (Atkinson et aI., 1972; 

4000 2500 20'00 1500 500 Pickett-Heaps and Staehelin, 1975). 
Because these mother trilaminar sheets 

Figure 3.1: Fourier transfonn infrared spectra of (a) T. 
have a different deposition rate, they minimum, (b) S. communis and (c) P. boryanum algaenans. 
can be collected separately from their 

living daughter cells. Py-GC/MS, FTIR and chemical degradation of the collected mother 
sheets showed that this waste material is almost entirely composed of algaenan. Therefore, to 
obtain a representative sample of the algal cell material, daughter cells and mother sheets were 
collected together and used for further analysis. 

Table 3.1: The amount of algaenans as percentage of dry weight cell material and the yields (wt%) of the 
different chemical treatments. 

Wavenumber [cm-1] 

Saponification Algaenan yield HI RU04 Hl/RU04 

(% wt yield (% dry wt cell (% wtyield (% wtyield (% wt yield 
cell walls) material) algaenan) algaenan) algaenan) 

T. minimum 9 3 6 7 15 
S. communis 1 4 2 5 8 
P. boryanum 10 6 16 21 41 

3.3.2. Fourier transform infrared and solid state l3e-nuclear magnetic resonance 
spectroscopy 

All three algaenans display the same infrared absorptions, though with different relative 
intensities (Fig. 3.1). The aliphaticity of the biopolymers is expressed by absorption peaks 
between 3000-2800 cm- I

, 1466 cm- I (CH2 asymmetric bending) and 720 cm- I which reflects 
(CH2)n~4 skeletal vibrations and/or C-H out of plane deformations in cis double bonds. 
Absorption peaks maximising at 1600 cm- I also indicate the possible presence of double 
bonds, though c=o stretching bands are also found in this region. The absorption around 
1050 cm-I originates from C-O vibrations possibly reflecting ether-bonds or hydroxyl groups 
(OH deformation and c-o stretching) and is most intense in the algaenan isolated from S. 
communis (Fig. 3.1b). Hydroxyl groups are also represented by a broad band at 3700-3100 cm
I (hydrogen bonded OH). 
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Solid state l3c NMR results (Fig. 3.2) 
are in agreement with the FTIR spectra and a 
reveal the aliphatic nature of the algaenans 
by a signal with a chemical shift maximising 
at 29 ppm (CH2 in polymethylenic chains). 
However, l3C NMR is less sensitive for 
signals originating from oxygen functions 
than FTIR. Accordingly, the intensity of 
these signals in our measurements are very 
low and have a low signal to noise ratio. 
However, oxygen functions are observed as 

b 

c chemical shifts between 60-80 ppm (alcohol 
and ether), and 165-180 ppm (carboxyl). The 
possible presence of double bonds is 
indicated by chemical shifts between 100, 

160 50250 200 1Jo 160 ppm. 
Chemical shift [ppm] 

Figure 3.2: 13C-NMR spectra of (a) T. minimum, (b) 
S. communis and (c) P. boryanum algaenans. 3.3.3. Flash pyrolysis 

Flash pyrolysis products of all three 
algaenans are similar and dominated by Cr C31 n-alk-l-eneln-alkane doublets (Fig. 3.3) 
consistent with earlier results (Burczyk and Dworzanski, 1988; Goth et aI., 1988; San
Torcuato, 1993). This indicates that the algaenans are highly aliphatic as already revealed by 
FTIR and l3C-NMR. However, some minor differences in the relative concentrations of the 
individual components are observed. The pyrolysate of S. communis algaenan contains a 
higher relative amount of shorter chain fragments compared with those of the other two 
pyrolysates. The n-alkeneln-alkane distributions in all three algaenan pyrolysates maximise at 
C IO and at C25-27, whilst in the P. boryanum algaenan pyrolysate a third maximum around C19 

is observed. T. minimum and S. communis algaenan pyrolysates also contain a relatively high 
C31 n-alkene concentration, while the P. boryanum algaenan pyrolysate shows a relatively 
high amount of the C33 n-alkene. The exact origin of these compounds, and that of prist-l-ene 
and phyta-l ,3-diene found in all pyrolysates, is unknown. The occurrence of small amounts of 
alkanones, alkenones and alkadienones may indicate the presence of ether-linkages within the 
polymer (Gelin et aI., 1997). 

3.3.4. Saponification 
The final step of the algaenan isolation procedure involves saponification with KOH/MeOH. 
This procedure removed predominantly saturated C24-C28 fatty acids, C30-C34 saturated and 
mono- and di-unsaturated ffi-hydroxy fatty acids (Fig. 3.4) and some additional saturated C16, 
mono-, tri-unsaturated and saturated CI8 fatty acids in the case of S. communis. Because the 
C3o-C34 saturated and mono- and di-unsaturated ffi-hydroxy fatty acids were only released 
upon saponification of the cell walls, they were probably bound to the polymer matrix via 
ester linkages. The use of dimethyl disulphide (DMDS) to label the double bonds (Vincenti et 
al., 1987) revealed that the mono- and di-unsaturated ffi-hydroxy fatty acids all contain a ro9 
double bond (Blokker et a!., 1998). The position of the second double bond in the di
unsaturated ffi-hydroxy fatty acids is 0019 for the C30 and 0018 for the C32 homologue. 
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Although all three cell walls released OJ-hydroxy fatty acids upon saponification, there are 
some significant differences. T. minimum releases mainly C32 and C34 ro9-mono-unsaturated 
ro-hydroxy fatty acids (Fig. 3.4a), S. communis mainly C30 ro9-mono-unsaturated ro-hydroxy 
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Figure 3.3; Curie-point (61 DOC) pyrolysis-gas chromatograms of (a) T. minimum, (b) S. communis and (c) P. 
boryanum algaenans. Pyrograms are normalised on the highest n-alkeneln-alkane doublet. Numbers indicate 
chain length. 

fatty acids (Fig. 3.4b) and P. boryanum C30 and C32 ro9-mono-unsaturated, C30 ro9,19-di
unsaturated OJ-hydroxy fatty acids and C32 ro9,18-di-unsaturated OJ-hydroxy fatty acids (Fig. 
3.4c). The products released upon hydrolysis of the algaenan from S. communis contain in 
addition a C 32 a,co--diol. 
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3.3.5. Hydrogen iodide treatment 
Aqueous HI is a well-known reagent for the cleavage of ether-bonds, converting the original 
ether-linkages into iodide functions at the moieties released (Panganamala et aI., 1971). The 
iodides were subsequently converted into methyl thioethers by sodium thiomethoxide, because 
methyl thioethers give, unlike iodides, very distinct fragmentation patterns upon mass 
spectrometry, revealing the position of the methyl thioether group and, thus, the original 
position of the ether-linkage. Indeed, apart from some fatty acids, all compounds released by 
HI-treatment contained one or more methyl thioether moieties (Fig. 3.5). Treatment of the T. 
minimum, S. communis and P. boryanum algaenans released 6, 2 and 16 wt% of the material, 
respectively (Table 3.1). Because HI/NaSMe treatment is also known to convert hydroxyl 

28 r=-----,--,-----,--,--------------,o 0 saturated fatty acid 

o di-unsaturated OJ-hydroxy fatty acid 
• mono-unsaturated OJ-hydroxy fatty acid
 
.... saturated OJ-hydroxy fatty acid
 a 
• a,OJ CO2 dial 34• 

28 

b 

32

• 
c 

30 
32o o 

Figure 3.4: Partial chromatograms of saponification products of (a) T. minimum, (b) S. communis and (c) P. 
boryanum cell walls. Numbers indicate chain length. 
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Figure 3,5: Partial chromatograms ofHIINaSMe treatment products of (a) T. minimum, (b) S. communis and (c) 
P. boryanum algaenans. Numbers indicate chain length. 

groups and esters into methyl thioethers (Schouten et aI., 1998b), it was not possible by this 
method to establish which of the methyl thioethers moieties were produced by ether cleavage 
or which originated from the reaction of HI with alcohol groups or esters. 

The compounds released upon HI/NaSMe treatment of T. minimum are dominated by 
C24, C 26 and C 28 fatty acids, saturated and unsaturated C 32 and C 34 o>-(methylthio) fatty acids. 
In the case of S. communis, C26 and C 28 fatty acids, a C32 «,ill di-methylthioether and C 30 and 
C32 o>-(methylthio) fatty acids were the dominant components, whereas the P. boryanum 
algaenan product mixture mainly comprised C 30 and C 32 mono-unsaturated o>-(methylthio) 
fany acids. The HIINaSMe product mixtures of all algaenans also contain di-(methylthio) fatly 
acids with the same chain length distribution as the corresponding mono-unsaturated 0>

(methylthio) fatty acids. These di-(methylthio) fatty acids consist of several coeluting isomers, 
all containing one methylthioether group at the terminal position and a second one distributed 
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Figure 3.6: Average mass spectrum subtracted for background of the coeluting C32 di-(methylthio) fatty acids in 
the HIlNaSMe product mixture ofP. boryanum algaenan. 

along the chain, but predominantly present at the ro9 and rolO positions (Fig. 3.6). Fatty acids 
functionalised with three methyl thioether groups were also found in very small amounts 
amongst the HI/NaSMe products. However, the concentration of these compounds in the 
product mixtures was too low to obtain a mass spectrum that could be used to fully identify 
these compounds. 

3.3.6. Ruthenium tetroxide treatment 
RU04 is capable of cleaving ether-bonds by oxidation of the carbon atom containing the ether 
linkage and is more effective than HI (Schouten et aI., 1998a; Sharpless et aI., 1981). Upon 
RU04 degradation 7 wt% of T. minimum, 5 wt% of S. communis and 21 wt% of P. boryanum 
algaenan is released. Single mid-chain ether-linkages are oxidised by RU04 to ketones, 
whereas vicinal ether-linkages are completely oxidised to two carboxylic acid moieties 
(Schouten, 1998a). RU04 also converts primary alcohols to carboxylic acids and double bonds 
are oxidised yielding two carboxylic acids. 

The compounds generated upon oxidation of algaenans with RU04 are dominated by 
a,(J)-dicarboxylic acids and some fatty acids in the cases of T. minimum (Fig. 3.7a) and S. 
communis algaenan (Fig. 3.7b). The distribution of C 21 -C25 a,(J)-dicarboxylic acids are 
different for the three investigated algaenans. The C 23 and C 25 a,(J)-dicarboxylic acid dominate 
the RU04 degradation products of the T. minimum algaenan, whilst the C2l a,(J)-dicarboxylic 
acid dominates the RU04 degradation products of S. communis algaenan. RU04 treatment of 
the algaenan isolated from P. bOlyanum released C2l and C23 a,(J)-dicarboxylic acids in equal 
amounts. In addition to these dicarboxylic acids small amounts of C9-C14 and C2S-C34 a,(J)
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Figure 3.7: Chromatograms ofRu04 treatment products of (a) T. minimum, (b) S. communis and (c) P. boryanum 
algaenans. Stars indicate contamination, i.s. = internal standard, numbers indicate chain length. 

dicarboxylic acids are present in the product mixtures. From the long-chain dicarboxylic acids 
the C34 homologue is released in highest abundance in the case of T. minimum algaenan, the 
C32 homologue in the case of S. communis algaenan and the C30 homologue in the case of P. 
boryanum algaenan. Our RU04 treatment results of the algaenan isolated from S. communis 
are virtually identical to those obtained from Scenedesmus obliquus (San-Torcuato, 1993). 

3.3.7. Sequential degradation 
The algaenan residue obtained after HI treatment (84-98 wt%, 3.1) is resistant towards further 
degradation by this reagent. This resistance is probably caused by a higher degree of cross

linking of the HI residue compared to the initially isolated algaenan, which may reduce the 
accessibility of the polymer for this reagent. Because RU04 is more effective in cleaving ether 
bonds than HI, it will remove additional material from HI treated algaenan. From this HI 
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Figure 3.8: Chromatograms of sequential HI/Ru04 treatment product of (a) T. minimum, (b) S. communis and (c) 
P. boryanum algaenans. i.s. = internal standard, numbers indicate chain length. 

residue most of the non cross-linked materials, probably present in the periphery of algaenan, 
are already removed. Consequently sequential RU04 treatment will generate more compounds 
due to ether-bond cleavages than upon direct RU04 or HI treatment of the initial algaenan. 
Indeed, two major differences are observed between sequential and direct RU04 treatment. 
First, a much broader distribution pattern of the a,ffi-dicarboxylic acids is observed in the 
sequential treatment, although with the same maxima observed after the direct treatment (Fig. 
3.8). Secondly, a series of keto a,ffi-dicarboxylic acid is observed. The CWC28 keto a,ffi
dicarboxylic acids show the same maxima in their chain length distribution as the a,ffi
dicarboxylic acids. The positions of the carboxyl group are predominantly at the 9 and 10 
positions as revealed by the fragment ions at m/z 200 and 214 in the average mass spectrum of 
the coeluting keto a,ffi-dicarboxylic acids (Fig. 3.9). 

3.4. Discussion 

The isolation procedure used III this study was aimed at minimising artefact formation. 
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Artefact formation may occur during algaenan isolation due to the formation of melanoidin
like polymers via random condensation reactions of proteins and carbohydrates upon base 
treatment and acid treatment (Allard et aI., 1997). In our procedure, however, the possibility of 
such condensation reactions is minimised, because the mechanical and enzymatic treatments 
used prior to chemical hydrolyses remove a large fraction of the cell material. Except for small 
amounts of benzene and toluene in the pyrolysates, which were also observed in the 
pyrolysates of melanoidin-like polymers (Allard et aI., 1997), no other compounds that could 
indicate the presence of such artefacts in our material were present. Although some observed 
FTIR absorption peaks correspond with FTIR absorptions found in melanoidin-like polymers, 
the typical combination of strong absorptions at ~1580 cm-1 and -1380 cm-1 for the 
melanoidin-like polymer generated under basic conditions and -1710 cm-1 and -1630 cm-1 for 
the one originating from condensation reaction under acid conditions (Allard et aI., 1997), are 
not observed in our spectra. The same holds for the 13C-NMR analysis in which no chemical 
shifts are observed that could be assigned to a melanoidin-like polymer. However, it should be 
noted that the sensitivity for such artefacts might be different from the actual biopolymer itself 
when applying the specific 13C_NMR parameters used in this study. Therefore, quantitative 
remarks concerning the absence of artefacts on the basis of 13C_NMR should be made 
carefully. Circumstantial evidence that can provide qualitative information about the purity of 
the algaenan isolated using our procedure comes from the fact that the material obtained is 
almost colourless. Condensation reactions between carbohydrates and proteins will provide a 
dark-brown to black residue ofnon-hydrolysable material (Allard et al., 1997). 

13C-NMR, FTIR and Py-GCIMS analysis of the algaenans showed that the biopolymers 
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Figure 3.9: Average mass-spectrum subtracted for background of the coeluting C32 keto-diacids in the sequential 
degradation product mixture of T. minimum algaenan. 
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are highly aliphatic and suggest that ether bonds may cross-link the building blocks of these 
polymers. Chemical degradations with HIINaSMe released mainly C30-C34 ro-(methylthio) 
fatty acids. Since saponification of the cell wall released C3o-C34 ro-hydroxy fatty acids, it is 
likely that the ro-methyl thioether groups of the ro-(methylthio) fatty acids released upon 
HIINaSMe treatment are predominantly derived from alcohol groups. The removal of ro
hydroxy fatty acids upon saponification indicates that these compounds may represent 
monomers, which are intennolecularly ester-linked to the polymer but lack any ether cross
links. 

Evidence for the presence of ether cross-links comes from the release of di- and tri
(methylthio) fatty acids upon HIINaSMe treatment. However, these di- and tri-(methylthio) 
fatty acids are only present in small amounts in the product mixture, which is dominated by 
non cross-linked compounds like fatty acids, saturated ro-(methylthio) fatty acids and mono
unsaturated ro-(methylthio) fatty acids. This suggests that the saponification treatment in the 
final step of the algaenan isolation is not complete and leaves some non cross-linked 
monomers attached to the polymer matrix. 

Figure 3.10: Proposed simplified structure of T. minimum, S. communis and P. boryanum algaenans consisting of 
linear polyester chains cross-linked via ether-bonds. x + y = 27,29,31 and x + Z = 28, 30, 32. 

The mid-chain methyl thioether groups probably originate from ether-linkages and show 
a Gaussian-like distribution around the ru9 and ru10 positions of the monomers. Since these 
positions are identical to those of the double bonds in the unsaturated ro-hydroxy fatty acids, 
they appear to represent the monomeric units of the biopolymer, whereby the double bonds 
may act as a starting position for the ether cross-linking. De Leeuw and Largeau (1993) 
already suggested that cross-linking might be mediated by the fonnation of epoxides at the 
position of the double bond. Such a biosynthetic scheme shows a striking parallel to that of 
cutin in terrestrial plants (Blee and Schuber, 1993), another biopolymer built from ro-hydroxy 
fatty acids with smaller chain lengths (Kolattukudy, 1972). 

The products released upon HI treatment, dominated by the unsaturated ro-(methylthio) 
fatty acids, help to interpret the products released upon direct treatment of the algaenan with 
RU04, because the compounds generated by this treatment will also be dominated by non 
cross-linked monomers. Oxidation of the ru9 double bond and ro-hydroxy group of non cross
linked monomers will yield compounds from the alcohol-group-containing site and from the 
acid-group-containing site. Saponification and HI treatment showed that the C34 ffi9
unsaturated ro-hydroxy fatty acid is the major component of the T. minimum algaenan, 
yielding C9 and C25 di-carboxylic acids upon oxidation with RU04. S. communis algaenan is 
mainly comprised of a C30 ru9-unsaturated ro-hydroxy fatty acid, which will generate mainly 
C9 and CZ1 dicarboxylic acids upon RU04 treatment, whereas P. boryanum algaenan generates 
C9, C21 and C23 dicarboxylic acids originating from the C30 and C32 ffi9-unsaturated ro-hydroxy 
fatty acid moieties. Oxidation of a C30 ru9,19-di-unsaturated ro-hydroxy fatty acid explains the 
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presence of the C14 dicarboxylic acid in the P. boryanum RU04 product mixture. The long
chain dicarboxylic acids present in the RU04 oxidation products reflect the saturated 
monomers found after saponification and HIINaSMe, because only the terminal hydroxy 
group of these compounds is oxidised into a carboxylic acid group. 

Although the data obtained from these chemical treatments reveal detailed information 
about the polymer building blocks, the compounds generated are dominated by non cross
linked monomers. Sequential RU04 treatment after the HI treatment removes an additional 6
25 wt% (Table 3.1) and mainly generates products that are derived from ether cross-linked 
material. The results suggest that the ether-bonds are not only present at the m9 and m10 
position, i.e. at the location of the original double bond, but are distributed all along the alkyl 
chain as already revealed by the location of the methyl thioether groups of the di-(methylthio) 
fatty acids formed upon HIINaSMe treatment. The most abundant types of compounds present 
in the product mixture after Ru04-oxidation are di-carboxylic acids, likely formed upon 
cleavage of vicinal ether-linkages. Figure 3.8 reveals that the m9 and m10 positions are the 
dominant ether cross-linking sites but that, due to a Gaussian-like distribution of these ether 
linkages along the alkyl chain, a series of diacids maximising at C g and C21 -C25 is formed 
rather than specific isomers as with the direct RU04 treatment. 

This Gaussian-like distribution is also reflected in the positions of the keto group of the 
generated keto-dicarboxylic acids. The keto a,ffi-dicarboxylic acids in the range of CW C28 , 

generated upon cleavage of vicinal ether-linkages and oxidation of a third ether-bond resulting 
in a ketone, maximise around Cn in the case of T. minimum, around C2l in the case of S. 
communis and around C22 in the case of P. boryanum. These distributions are identical to the 
corresponding a,ffi-dicarboxylic acid distributions. Additional proof for this Gaussian-like 
distribution pattern is obtained from the mass spectra of the C28-C34 keto-dicarboxylic acids, 
generated upon oxidation of monomers cross-linked by an isolated ether-linkage. The position 
of the carbonyl group again shows that the ether-bonds are distributed along the alkyl chain. 
However, the predominance of ether-linkages at the m9 and m10 positions are revealed by the 
relatively high intensity of the fragment ions at m/z 200 and 214. 

The differences in distribution maxima found by sequential chemical degradation of the 
different algaenans are due to different chain lengths of the monomers. Consequently, the 
maxima of the a,ffi-dicarboxylic acids and keto a,ffi-dicarboxylic acids reflect the average size 
of the monomers used by the algae. T. minimum predominantly uses C32 and C34 monomers, S. 
communis mainly C30 monomers and P. boryanum C30 and C32 monomers. 

Based on the data obtained in this study a general structure for the algaenans can be 
proposed (Fig. 3.10). This structure contains linear polyester chains cross-linked 
predominantly at the m9 and mID positions by ether linkages. The saturated C24-C28 long chain 
fatty acids present in the algaenans of T. minimum and S. communis and the C32 a,ffi-diol 
found in S. communis algaenan are not included in this structure, since they cannot be 
incorporated into the ether-linked polymer network due to the lack of a double bond. 

The results provide some indirect information concerning the degree of cross-linking 
between three algaenans. Since a higher degree of cross-linking will probably result in a 
polymer more resistant towards saponification, HI and RU04 treatments, the relatively low 
amounts of material released from the algaenan of S. communis indicate that the degree of 
cross-linking is higher than that of the other algaenans (Table 3.1). Upon pyrolysis a higher 
degree of cross-linking may result in more fragmentation reactions, thus generating a 
relatively higher amount of low-molecular weight compounds. Although the differences 
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between the algaenan pyrolysates are small, the effect of an increased number of ether 
linkages in S. communis algaenan is evident by the generation of higher relative amounts of 
compounds in the Cr C13 n-alkene/n-alkane range upon thermal breakdown (Fig. 3.3). 
Circumstantial evidence is also provided by the FTIR spectra, although quantitation of 
functional groups on the basis of infrared absorptions is difficult. FTIR spectra of algaenan 
isolated from S. communis showed a relatively stronger absorption in the C-O area than T. 
minimum and P. boryanum algaenan, suggesting a higher degree of cross-linking for the S. 
communis biopolymer. However, because hydroxyl groups can also give absorption peaks 
around 1000 cm-1

, determination of the degree of cross-linking on the basis of FTIR spectra 
should be considered tentative. 

Although it is clear that the algaenans from T. minimum, S. communis and P. boryanum 
differ significantly from each other, these algae obviously use the same strategy to build their 
non-hydrolysable aliphatic biopolymer starting from similar precursors. The produced 
polymers are, however, strikingly different from those occurring in Botryococcus braunii 
(race A, Band L) (Metzger et a!., 1993; Gelin et a!., 1994) and Nannochloropsis salina (Gelin 
et aI., 1997). 

3.4.1. Geochemical implications 
Microscopic studies have indicated that some Type I kerogens are predominantly composed of 
algal remains (e.g. Hutton, 1985; Goth et al., 1988; de Leeuw and Largeau, 1993). Chemical 
analysis of such kerogens indicates that they are highly aliphatic in nature. For example, 
studies of the Eocene Messel oil shale kerogen reveal high quantities of Tetraedron-like 
microfossils. It has been shown by pyrolysis that the preserved material in this sediment is 
chemically very similar to that of isolated algaenans from cultured T. minimum (Goth et aI., 
1988). Additional evidence comes from RU04 treatment of the Messel Oil Shale (Boucher et 
aI., 1991), which clearly shows a dominant C9 a,ro-dicarboxylic acid and high amounts OfC21 , 

C23 and C25 a,ro-dicarboxylic acids, as in the RU04 product mixture of T. minimum algaenan. 
Although there are minor differences in the product mixtures of the T. minimum algaenan and 
Messel Oil Shale kerogen upon RU04 oxidation, most of the compounds released are well 
explained by the polymer model postulated in this paper. The differences between the product 
distributions are possibly due to different growth conditions of the T. minimum found in the 
Messel compared to the batch cultures used in this study. The presence of additional small 
amounts of other algaenans of the same type also may change the product distribution of the 
RU04 degradation. Another important factor that can possibly influence the chemical structure 
of algaenans in ancient sediments is the effect of diagenesis. 

Algaenans present in sediments originate not only from dead cell material. During algal 
reproduction the parental cell wall is released as a waste product that is almost completely 
composed of the resistant biopolymer. Therefore, not only dead cell material, but also these 
mother tri-Iaminar sheets contribute to the sedimentary material. Although the amounts of 
mother sheets depend greatly on the growth conditions and the type of microalgae, it was 
observed to vary between one mother sheet released for each 4 daughter cells produced to 1 
for each 32 daughter cells. 

Since the algaenans investigated up to now are of different composition, it may be 
possible to trace the contribution of certain microalgae in sedimentary organic matter by using 

the monomeric composition of their algaenans as biomarkers. Analysis of different lacustrine 
kerogens by the complementary techniques used in this study may be able to quantify the 
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relative importance of algaenan contributions to sedimentary organic matter. Furthermore, 
elucidation of the chemical structure of algaenans provides a better understanding of the 
formation of Type I kerogens and its behaviour upon further diagenesis and oil genesis. 

3.5. Conclusions 

1.	 FTIR and 13C_NMR measurements on Tetraedron minimum, Scenedesmus communis and 
Pediastrum boryanum algaenan isolated by a new procedure, revealed that they are 
composed of a highly aliphatic material. These methods also reveal the presence of oxygen 
functions within this aliphatic biopolymer. 

2.	 Py-GC/MS confirms the FTIR and 13C-NMR measurements by the dominance of n
alkeneln-alkane doublets in the pyrolysis products. The presence of a significant amount 
of alkanones, alkenones and alkadienones in the pyrolysis products suggests that these 
algaenans contain ether-linkages. 

3.	 Saponification of the cell walls mainly releases ester-bound even-carbon-numbered 
unsaturated ro-hydroxy fatty acids. HI and RU04 degradations releases ether-bound 10ng
chain even-carbon-numbered ro-hydroxy fatty acids from all three algaenans. From the 
analyses it can be deduced that Tetraedron minimum algaenan is mainly composed of C32 
and C34 ro9-unsaturated ro-hydroxy fatty acids, Scenedesmus communis algaenan mainly of 
C30 ro9-unsaturated ro-hydroxy fatty acids and Pediastrum boryanum algaenan of C30, C32 
ro9-unsaturated ro-hydroxy fatty acids, C30 ro9,19-diunsaturated ro-hydroxy fatty acids and 
C32 ro9,18-diunsaturated ro-hydroxy fatty acids. The double bonds of the unsaturated ro
hydroxy fatty acid monomers probably provide the starting positions for the formation of 
the ether cross-links. 

4.	 The polyether nature of these algaenans makes them highly resistant against degradation. 
Consequently, algaenans are selectively preserved in the sedimentary record during 
diagenesis and ultimately become a significant fraction of the kerogen and act as a major 
source material for crude oil genesis. 
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CHAPTER 4 

More o:>-hydroxy fatty acid-based algaenans from the order Chlorococcales 

The freshwater green microalgae, Oocystus solitaria Wittrock f. maior Wille, Pediastrum 
braunii Wartmann, Pediastrum kawraiskyi Schmidle, Sorastrum spinulosum Nageli and 
Coelastrum reticulatum (Dangeard) Senn were investigated for the presence and chemical 
composition of algaenan. Pyrolysis gas chromatography, chemical degradation using RU04 

and analysis of the free and bound lipid fractions showed that all the investigated algae, 
except 0. solitaria, contain this biopolymer. All these algaenans are derived from various 
long-chain ro-hydroxy fatty acids linked via ether-linkages. The results indicate that P. 
kawraiskyi, P. braunii and S. spinulosum (all from the family Hydrodictyaceae) algaenans are 
predominantly composed of C30 and C32 ro-hydroxy fatty acids whereas the algaenan of C. 

reticulatum (Coelastraceae) is mainly composed of C30 ro-hydroxy fatty acids. These results 
indicate that the chemical composition of algaenans may be an important chemotaxonomic 
feature. 

4.1. Introduction 

Massive amounts of preserved cell walls of Tetraedron minimum in the Messel oil shale 
Eocene lacustrine deposit (Goth et aI., 1988) suggested that these cell walls probably 
contained a polymeric material that enabled this tissues to escape remineralisation (Goth et 
aI., 1988). To investigate this, Goth et aI., (1988) subjected a cultured T. minimum to 
extensive extractions with organic solvents and hydrolysis using strong acids and bases in 
order to mimic the diagenetic processes that take place in the bio- and geosphere. Following 
these chemically drastic conditions, a cell wall material was obtained as a final residue. 
Thermal cracking of this residue by pyrolysis, followed by gas chromatographic separation 
and analysis by mass spectrometry, showed that this material was composed of long linear 
carbon skeletons identical to that of its fossil counterpart in the Messel oil shale (Goth et aI., 
1988; Tegelaar et aI., 1989). This non-hydrolysable insoluble and highly aliphatic material 
was then termed algaenan and characterised by this operational definition (Tegelaar et aI., 
1989). Although algaenan is probably present in the alga as an intimate part of a greater 
chemical structure, for example involving compounds like fatty acids, proteins and sugars, the 
specific work-up procedure allows the isolation of that part of the T. minimum cell walls that 
is diagenetically resistant and constitutes about 5% of the dry algal biomass. Although many 
studies concerning insoluble non-hydrolysable aliphatic biopolymeric materials have been 
performed, the chemical structure of such materials in plants and algae remains largely 
undeternlined. In general such resistant biopolymers are placed under the umbrella-term 
sporopollenin. However, it is sensu stricto incorrect when this term is applied to the resistant 
biopolymers that are present in the vegetative cell walls of some green microalgae. 
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Since the resistant nature of algaenans allows them to survive remineralisation, these 
biopolymers are of special interest to geochemists. It has been suggested that these resistant 
biopolymers and their higher plant counterparts (cutan, suberan) are an important source of 
organic matter in sediments and soils since they become enriched via the so-called selective 
preservation pathway (de Leeuw and Largeau, 1993). Indeed, many sediments are dominated 
by algal microfossils, representing virtually all organic material present (e.g. van Geel 1974; 
Goth et aI., 1988; Hooghiemstra 1994; Hutton 1987). 

Despite the obvious importance of these biopolymers in explaining the origin of 
sedimentary organic matter and ultimately petroleum, little is known about the chemical 
structure of algaenans and their biological function(s). A major problem in elucidating the 
molecular structure of algaenans is their insolubility in normal organic solvents and their non
hydrolysable nature. Although solid state l3C-nuclear magnetic resonance (l3C-NMR) and 
Fourier transform infrared spectroscopic (FTIR) analyses do reveal the chemical nature of 
algaenans, details of their monomeric composition are difficult to obtain by these methods. 
Thermal cracking of algaenans by means of pyrolysis does generate small molecules 
amenable to GC/MS analysis which is thus widely used for structural analysis and finger 
printing of resistant biopolymeric materials (de Leeuw and Largeau, 1993). However, the 
chemical details obtained from this type of analysis are not always straightforward since 
thermal rearrangements can obscure functional group and other information. 

Table 4.1: RU04 degradation of (j}-hydroxy fatty acid based algaenans and the main dicarboxylic acids 
formed. 

Monomer length Unit Formed dicarboxylic acids 
C30 (n=19) I Cg C2l 

C32 (n=21) 1 Cg C23 

C34 (n=23) I Cg C25 
C30 (n=19) 2 C30 ro9 and rolO oxo 
C3z (n=21) 2 C32 ro9 and rolO oxo 
C34 (n=23) 2 C34 ro9 and ro10 oxo 
C30 (n=19) 3 C30 
C32 (n=21) 3 C32 
C34(n=23) 3 C34 

I I I 
o o o 
I I I

Unit 1: CH-CH 2: CH-CH2 CH2-CH 3: CH2-CH2I o 
I 
~ 

Monomer HO - (CH2h- 1 -(CH2)n-COOH
Ru04 

products 

To date only controlled chemical degradation using Ru04 and HI have revealed the 
monomeric composition of these materials (Blokker et al 1998a; Blokker et aI., 1999; Gelin et 
aI.,1997; Schouten et aI., 1998). Recently the chemical structures of algaenans from 
Scenedesmus communis, Tetraedron minimum and Pediastrum boryanum were elucidated by 
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using these chemical degradations combined with FTIR, 13C_NMR and flash pyrolysis 
(Blokker et aI., 1998a). Although S. communis, T. minimum and P. boryanum algaenans are 
all composed of unsaturated, even carbon numbered C30-C34 long-chain ro-hydroxy fatty 
acids, differences were observed between the monomeric assemblages of these algaenans. S. 
communis mainly contains a m9 C30:1 monomer, T. minimum w9 C30:J. w9 C32:1, w9 C34:1 
monomers and P. boryanum mainly the m9 C30:\, m9,19 C30:2, w9 C32:1and m9,18 C32:2 
monomers in their algaenan biopolymers. RU04 degradation of these biopolymers produces a 
specific suite of dicarboxylic acids by oxidative cleavage of ether-linkages. The unique 
composition of the oxidation product mixture can be used to identify the algaenan monomers 
and to reconstruct the polymer structure (Table 4.1). RU04 is a mild oxidant that does not 
degrade algaenans completely, but avoids secondary reactions such as decarboxylation 
(Schouten et aI., 1998). Previous studies have shown that RU04 removes about 5-20% of an 
algaenan, which is sufficient for its structural elucidation (Blokker et aI., 1998a; Gelin et 
aI.,1996; Schouten et aI., 1998). 

In this study the green microalgae 0. solitaria, P. kawraiskyi, P. braunii and S. 
spinulosum, which are related to other algaenan-containing algae of the order Chlorococcales, 
were investigated for the presence of algaenan. By applying py-GC/MS, RU04 degradation 
and by examination of the ester-bound lipid fraction the algaenan monomer composition was 
determined. Based on these and other data it is demonstrated that algaenans can be used in 
(paleo)chemotaxonomic studies. 

4.2. Experimental 

4.2.1. Culture conditions and algaenan isolation 
0. solitaria Wittrock f. maior Wille (SAG 83.80), P. braunii Wartrnann (SAG 43.85), P. 
kawraiskyi Schmidle (SAG 35.81), S. spinulosum Nageli (SAG B40.8l) and C. reticulatum 
(Dangeard) Senn (SAG 8.81) were obtained from the Sammlung von Algenculturen at the 
University of Gottingen (SAG) and cultured and worked-up as previously described (Blokker 
et aI., 1998a, b). A small fraction of the culture was freeze-dried to determine the dry weight 
biomass. 

4.2.2. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported earlier (Blokker et aI., 1998a). In 
short, the final residue (ca. 5 mg) was ultrasonically suspended in a mixture of 1 mL 
chloroform, 1 mL acetonitrile and 2 mL of an aqueous solution of Nal04 (0.2 M, pH 3-4). 
After addition of 6 mg Ru(III)Ch the two phase system was allowed to react in an ultrasonic 
bath. After 4 h, 3 mL water and 2 mL hexane were added. The residual material was removed 
by centrifugation and the organic layer was transferred into methanol (MeOH) (0.5 mL). The 
aqueous layer was extracted with 2 mL hexane (Ix) and 2 mL dichloromethane (DCM) (2x) 
and these organic layers were combined with the first organic extract. The black Ru-salts were 
precipitated from the organic layer by centrifugation. The remaining supernatant was washed 
with 0.5 mL Na2S203 solution (5% in H20). The extract was dried over Na2S04, evaporated 
to dryness under a nitrogen flow and derivatized with diazomethane prior to analysis. 
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4.2.3. GCIMS, GC/jlame ionisation dectection (FID) and Curie-point py-GCIMS 
GCIMS, GC/FID and py-GCIMS equipment and conditions were as previously described 
(Blokker et aI., 1998a). For the analysis of the RU04 product mixture the following 
temperature program was used: 1 min at 40°C and subsequently heated to 320°C at 4°/min. 
The final temperature was held for 10 min. 

4.3. Results 

4.3.1. Work-up procedure 
To isolate the acid and base resistant algaenans, all cell contents must be removed so that no 
secondary reactions can take place between the algaenan and/or released cell constituents 
such as amino acids and carbohydrates (Allard et aI., 1997; 1998). This prevents the formation 
of artefacts (e.g. Maillard condensation products) that can interfere with the algaenan analysis. 
Since such an isolation process requires a mild treatment on one hand and more vigorous 
conditions to remove all other cell polymers like proteins and polysaccharides on the other 
hand, a series of mechanical, enzymatic and chemical methods was used. Since after the 
mechanical, enzymatic and mild tetrafluoro acetic acid (TFA) treatment almost all cell 
polymers like polysaccharides and proteins are removed a treatment with sulphuric acid 
treatment can be used safely to remove the last traces of residual polysaccharides and 
proteins. A final saponification yields a material resistant to acids and bases and insoluble in 
common organic solvents. All investigated algae in this study, except 0. solitaria, yield a 
final residue. P. braunii provided 1% (dry wt.), P. kawraiskyi 6% (dry wt.), S. spinulosum 
10% (dry wt.) and C. reticulatum 2% (dry wt.) of residue after the work-up procedure. 

Earlier investigations (Blokker et aI., 1998a) have shown that lipids removed during 
the work-up procedure by the different treatments may also provide valuable information 
about the final residue. The final saponification releases algaenan monomers that are not part 
of the ether-linked non-hydrolysable residue. Species like T. minimum, P. boryanum and S. 
communis released long-chain w-hydroxy fatty acids on saponification. Analysis of the final 
residues obtained after acid and base treatments suggested that these compounds are the 
precursors of the algaenans in which they are present in an ether-linked polymerised form 
(Blokker et aI., 1998a). However, in this study only P. kawraiskyi, P. braunii and S. 
spinulosum contained ester-linked long-chain w-hydroxy fatty acids. Although only traces of 
the C30:1 homologue were detected in P. kawraiskyi, the distribution of the w-hydroxy fatty 
acids in the S. spinulosum product mixture is similar to that observed earlier in the base 
hydrolysis product mixture of P. boryanum (Blokker et aI., 1998a) and shows the presence of 
the C30:J, C30:2, C32:] and C32:2 w-hydroxy fatty acids. The ester-linked lipids of P. braunii are 
C30:0 and C32:0 w-hydroxy fatty acids and a C30 ~-hydroxy fatty acid. 

In addition to these specific algaenan precursors, the ester-linked fraction of all the 
investigated algae here, also contains some C l6 up to C30 long-chain fatty acids, reaching the 
highest concentrations in P. braunii. 

4.3.2. Flash pyrolysis 
Figure 4.1 shows the flash pyro1ysates of the four isolated final residues. Although all these 
residues are clearly composed of algaenan as revealed by the abundance of n-alkenes and n
alkanes in their flash pyrolysate (Goth et aI., 1988; Tegelaar et aI., 1989), some obvious 
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variations in chain-length distributions and peak intensities are observed. Most distinct is the 
pyrolysate of P. braunii algaenan, which displays a second series of peaks next to the n
alkeneln-alkane doublets. This second series consist of saturated and unsaturated C lO, Cll , C l3 

to C16 and CIS isoprenoids dominated by the C 14:1 homologue, prist-I-ene and a series of 
phytadienes. Another distinct feature is the odd-over-even carbon number predominance of 
the C23-C29 n-alkanes, which are dominated by C25• 

4.3.3. RU04 degradation 
The gas chromatograms of the RU04 degradation product mixtures of the four isolated 
algaenans are shown in Figure 4.2. The yields of RU04 degradation are relatively low; 1-4% is 
removed from the biopolymer upon oxidation. Despite the low yield, the products released are 
still representative of the algaenan and can be used to reconstruct the algaenan monomers and 
polymer structure (Blokker et aI., 1998a; Blokker et aI., submitted). All product mixtures are 
dominated by the presence of Cs to C32 dicarboxylic acids. Like the results obtained in an 
earlier study (Blokker et aI., 1998a), dicarboxylic acids show a bimodal distribution 
maximising around C9 and around e22 depending on the species. Furthermore, P. kawraiskyi, 
P. braunii and S. spinulosum even display a third maximum around C30-C32 . All product 
mixtures also reveal a series of oxo-dicarboxylic acids, which in most cases follow the 
distribution of the dicarboxylic acids in the range of C20-C32. Although coelution obscures 
much detail, a specific feature of the oxo-dicarboxylic acids is the position of the carbonyl 
group on the carbon skeleton, which shows a Gaussian-like distribution around the 009 and 
mlO position in the case of the C3o-C32 homologues and ranges from 0J4 to approximately 0014 
in the case of the shorter oxo-dicarboxylic acids. Although all product mixtures contain fatty 
acids, the P. braunii algaenan RU04 product mixture clearly contains the highest relative 
concentration and is dominated by the C24 and C28 homologues. Furthermore, a series of 
isoprenoids is observed in this product mixture. This series is dominated by 4,8,12-trimethyl 
tridecanoic acid, 5,9,13-trimethyl tetradecanoic acid and 6,10,14-trimethy12-pentadecanone. 

4.4. Discussion 

4.4.1. 0. solitaria 
Since no final residue was obtained after the work-up procedure it is clear that this alga does 
not contain an insoluble non-hydrolysable biopolymer in its cell wall. 

4.4.2. P. kawraiskyi 
The amount of final residue obtained from this alga is about 6 % (dry wt. biomass). Although 
only a trace amount of the C30: 1 OJ-hydroxy fatty acid is observed in the base hydrolysis 
fraction of the work-up procedure, RU04 degradation of this algaenan clearly illustrates that P. 
kawraiskyi uses the same set of building blocks as P. boryanum (Blokker et aI., 1998a). A 
combination of ether-linked C30 and C32 OJ-hydroxy fatty acids produces the specific 
fingerprint formed by the dicarboxylic acids (Table 4.1). The presence of oxo-dicarboxylic 
acids in the RU04 product mixture is indicative for polymer fragments linked by a single 
ether-linkage (Blokker et aI., 1998a). 
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Figure 4.1: Gas chromatograms of Curie-point (610°C) flash pyrolysates of the isolated final residues. Circles 
indicate n-alkene/n-alkane doublets, i = isoprenoids, open squares phytadienes and numbers chain length. 
Isoprenoid alkanes and alkenes are denoted by i-Cx :y, where x = the number of carbon atoms and y the number of 
double bonds. tl = toluene, st = styrene, nf= naphthalene, pr = prist-I-ene. 
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4.4.3. P. braunii 
The amount of final residue obtained from P. braunii is about 1 % (dry wt. biomass). The 
pyrolysate of this final residue is obviously highly aliphatic, but shows some additional 
compounds to that of the other algaenans in this study. The presence of some extra 
isoprenoids in the pyrolysate and the relative dominance of the C23 , C25, Cn and C29 n-alkanes 
suggests that the algaenan obtained was not as pure as the other algaenans investigated here. 
This is also suggested by the relative high abundance of fatty acids and isoprenoids in the 
RU04 product mixture. Despite this, the involvement of C30 and C32 ro-hydroxy fatty acids as 
building blocks of the algaenans is clear from the composition of the saponified fraction. This 
is supported by the presence of long-chain C3o-C32 oxo-dicarboxylic acids and dicarboxylic 
acids in the RU04 product mixture. Furthermore, although the C21 to C25 dicarboxylic acids 
are dominated by long-chain fatty acids, it still shows an increase in the intensity of the C21 
Cn dicarboxylic acids as observed in the RU04 product mixture of P. boryanum (Blokker et 
aI., 1998a) and P. kawraiskyi indicating the involvement of the same algaenan building 
blocks. 

The C23, C25, Cn and C29 alkanes in the pyrolysis product mixture illustrate that the 
final residue isolated from P. braunii probably contains some residual long-chain fatty acids. 
These long-chain alkanes are probably formed upon thermal decarboxylation during pyrolysis 
from the C24, C26, C28 and C30 fatty acids respectively a process which was already observed 
by Hartgers et aI., (1995) for shorter fatty acids in their salt form. Indeed, C24, C26, C28 and 
C30 fatty acids are present in the algae and dominate the base hydrolysis fraction of the work
up procedure and the RU04 degradation products. Although biosynthetic intermediates 
normally do not accumulate it seems likely that these fatty acids represent the precursors of 
the a1gaenan monomer synthesis, which are probably formed upon chain elongation of shorter 
fatty acids followed by ro-hydroxylation. This could explain the presence of C30 ~-hydroxy 

fatty acid in the base hydrolysis fraction, which may be an intermediate of the C2 chain 
elongation from the C28 to the C30 fatty acid. Although ~-hydroxy fatty acids have never been 
reported before in Chlorophytes they are quite dominant in some species of Eustigmatophytes 
(Volkman et aI., 1999) a class of algae with algaenan-containing members (see also Gelin et 
aI., 1997). 

Another rather dominant group of compounds in both the pyrolysate and RU04 
product mixture is represented by the isoprenoids. The phytadienes in the pyrolysate are 
probably derived from the phytol side-chain of chlorophyll-a (van Meent et aI., 1979), which 
would produce the i-C18 ketone upon RU04 degradation. The CW-CI8 isoprenoid alkenes and 
alkanes in the pyrolysate most likely are derived from the same source as the C IO, C l1 , C l3 to 
CI6 isoprenoids in the RU04 product mixture suggesting a second origin of such compounds 
apart from chlorophyll-a. Comparison of these data to those obtained earlier from an analysis 
of an insoluble non-hydrolysab1e polymer isolated from the green microalgae B. braunii 
(Bertheas et aI., 1999; Gelin et aI., 1994a; Metzger et aI., 1991; Schouten et aI., 1998) would 
suggest trapped or bound lycopadiene as a possible source of these isoprenoids in the RU04 
and pyrolysis product mixtures of P. braunii. Since no lycopadiene is observed in the lipid 
fractions ofP. braunii such an origin is however unlikely. 

4.4.4. S. ;;pinu[osum 

Sorastrum spp. are microalgae closely related to Pediastrum and belong to the same family. 
About 10 % (dry wi. biomass) of this alga represents resistant cell wall biopolymer. The lipid 
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fraction obtained upon the final base hydrolysis of the work-up procedure shows apart from a 
series of even carbon chain length C16-C30 fatty acids, some C30:1, C30:2, C32:l and C32:2 ro
hydroxy fatty acids identical to those of the base hydrolysis lipid fraction of P. boryanum 
(Blokker at aI., 1998a). In addition the RU04 degradation reveals an algaenan signal identical 
to this alga based on the typical dominance of the C9, C2l and C23 dicarboxylic acids. The 
involvement of C30 and C32 ro-hydroxy fatty acid monomers in this algaenan is also expressed 
by the presence of C3o-C32 oxo- and normal dicarboxylic acids in the product mixture 
(Blokker et aI., 1998a). 

4.4.5. C. reticulatum 
About 2% (dry wt biomass) of C. reticulatum, an alga from the family Coelastraceae, consists 
of a non-hydrolysable insoluble product. Although the base hydrolysis fraction of the work-up 
procedure does not reveal the presence of the typical algaenan monomers as seen in the other 
algae described in this study, the final residue is clearly highly aliphatic as shown by 
pyrolysis, which is typical for an algaenan. The RU04 product mixture shows that C. 
reticulatum algaenan is highly comparable to that of S. communis, which is build up 
predominantly from the 009 C30:l ro-hydroxy fatty acid monomer. Consequently, the C9 and 
C2l dicarboxylic acids in the RU04 product mixture can be ascribed to cleavage of vicinal 
ether-linkages or double bond at the 009 position. The co-eluting C2l 004-0014 oxo
dicarboxylic acids were also observed in the RU04 degradation product mixture of S. 
communis (Blokker et aI., 1998a). 

Although the lipids released by the acid and especially base treatment often provide 
clues about the algaenan structure by revealing the presence of precursors, the results 
presented here point out that this is not always the case, as illustrated by C. reticulatum. In 
such cases only methods like RU04 chemical degradation can assist in revealing the polymer 
structure. 

4.4.6. Chemotaxonomic considerations 
Although 0. solitaria lacks an algaenan containg cell wall, the results presented in this study 
illustrate that more members of the Chorococcales than previously thought contain algaenan 

Table 4.2: Overview of fresh water algae from the order of the Chlorococcales, which have been studied for the 
presence of algaenan using a work-Up procedure avoiding artefact formation, taxonomy (according to Komarek 
and Fott, 1983), presence of algaenan and the algaenan monomer composition. 

order family species algaenan monomers 
Hydrodictyaceae P. boryanum ,/a C30 and C32 O)-OH FAa 

P. kawraiskyi ,/b C30 and C32 ro-OH FAb 

<Il 
OJ 

Oil u 

P. braunii 
S. spinulosum 

,/b 

,/b 

C30 and C32 ro-OH FAb 

C30 and C32 O)-OH FAb 

u o Scenedesmaceae S. communise ,/a C30 ro-OH FAa 
u 

~ Coelastraceae C. reticulatum ,/b C30 ro-OH FAb 

::a Chlorellaceae T. minimum ,/d C30, C32 and C34 ro-OH FAa 
u ChIarella emersonii a Unknown 

Oocystaceae 0. solitaria ,/e 

Botryococcaceae B. braumi .If C32 dialdehyde f 

a (Blokker et aI., 1998a), b(This study), cFormerly classified as a member of the Coelastraceae (Fritsch, 1935), 
d(Goth et aI., 1989), '(Templier and Allard 1999), f(BertMas, 1999; Ge1in et aI., 1994b; Metzger et al. 1993) 
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(Table 4.2). Based on literature data (Blokker et aI., 1998a; Largeau and de Leeuw, 1995) and 
our findings it can be expected that all members of the genera investigated here contain 
algaenan and use the same suite of building blocks to synthesise this biopolymer. Since the 
chemical composition of S. spinuiosum algaenan is identical to that of the Pediastrum species 
(Table 4.2) it seems as if the chemical composition of algaenan is family related. Although C. 
reticuiatum and S. communis are nowadays classified as algae from two different families on 
the basis of morphological features (Komarek and Fott, 1983) (Table 4.2), they were formerly 
placed within the same family (Scenedesmaceae) (Fritsch, 1935). Although this remains 
speculative, the similarities between their algaenan chemical compositions would suggest that 
the latter classification is more correct. It seems probable that the algaenans of unknown 
chemical composition observed in some Chiorella species (Chlorellaceae) (Derenne et aI., 
1992; Templier and Allard, 1999) are synthesised from the same building blocks as T. 
minimum (Chlorellaceae) algaenan, although recent taxonomic investigations have shown that 
the algaenan-containing Chiorellafusca is in fact a Scenedesmus species (Huss et aI., 1999). 

4.4.7. Implications for sedimentary organic matter 
Chlorococcales are amongst the most abundant planktonic organisms in eutrophic lakes and 
can be an important contributor to the benthic flora in these lakes (Komarek and Fott, 1983). 
Since this order of algae contain a significant number that biosynthesise algaenan, the relative 
dominance of these algae in sediments in such environments (e.g van Geel, 1974; 
Hooghiemstra, 1994) can be explained. Furthermore, our findings explain the specific, often 
highly aliphatic nature oflacustrine sediments (e.g. Hutton, 1987) and illustrate that algaenans 
are probably the source for the formation of lacustrine petroleum. Insight into the sources of 
sedimentary organic matter will help determine past communities of organisms and thus assist 
the reconstruction of paleo-environments and climates. 

We have shown previously that Ru04 degradation can be used to reveal the presence 
of algaenans in lacustrine sediments (Blokker et aI., 2000) and can be used to determine the 
presence and chemical structure of such biopolymers in sedimentary organic matter. This 
implies that the chemical structure of algaenans can be used to evaluate the contribution of 
certain algae to sedimentary matter, serving a biomarker purpose. This is especially useful 
since these algae cannot always be morphologically recognised in sediments and, furthermore, 
often do not have specific lipids that could suit this function. 
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CHAPTERS 

Molecular structure of the resistant biopolymer in zygospore cell walls of 
Chlamydomonas monoica 

The unicellular green alga Chlamydomonas is known to produce zygospores with a cell wall 
that is resistant to microbial and chemical attack. This resistance is thought to be due to the 
presence of a sporopollenin-like material. However, the resistant nature of sporopollenin-like 
materials seriously hampers their structural analysis. With complementary techniques such as 
FTIR, solid state 13C-NMR, Py-GC/MS and RU04 chemical degradation, the chemical 
composition of resistant biopolymer in the isolated cell walls of C. monoica Strehlow 
zygospores was determined. This material is composed of C22-C30 linear alcohols and 
carboxylic acids, intermolecularly linked via ester and ether-linkages similar to the resistant 
aliphatic biopolymers encountered in the walls of the vegetative cells of the algae Tetraedron 
minimum, Scenedesmus communis and Pediastrum boryanum. 

5.1. Introduction 

The unicellular green alga Chlamydomonas is a model organism for a wide variety of studies, 
including those concerning zygospore morphogenesis. Recent studies with C. monoica (Van 
Winkle-Swift and Rickoll, 1997) have shown that upon the transformation of the fused 
gametes into the zygospore a cell wall is formed, which is insoluble in 2-aminoethanol and is 
resistant towards potassium hydroxide hydrolysis and acetolysis. Treatment with chromic 
acid, however, completely oxidised this polymeric material. Such resistant biopolymeric 
materials are of special interest to palaeontologists, because they are selectively preserved 
upon sedimentation and can be observed as intact, million-year-old microfossils (e.g. Hutton, 
1985; Goth et aI., 1988). Although C. monoica has, to the best of our knowledge, never been 
observed in ancient sediments, other resting states originating from for example the 
Zygnematophyceae Spirogyra, Mougeotia and Zygnema are found in deposits dating back to 
the Carboniferous (Hoshaw et aI., 1988). Nevertheless, C. monoica can be used as a model 
organism to study the formation and structure of such highly resistant aliphatic cell walls in 
algal resting states. 

Apart from the zygospore cell walls, some algae are also known to produce resistant 
biopolymers in their vegetative cell walls. They are observed as major palynomorphs in some 
sediments (Hutton, 1985). The resistant aliphatic biopolymers (algaenans) isolated from these 
microalgae exhibit the same chemical features as the zygospore cell wall material, being 
insoluble in common organic solvents and non-hydrolysable by strong acids and bases (e.g. 
Blokker et aI., 1998a; Gelin et aI., 1997; de Leeuw and Largeau, 1993). Recently, the 
chemical structure of algaenans from Tetraedron minimum, Scenedesmus communis and 
Pediastrum boryanum have been elucidated using FTIR, solid state I3C-NMR , py-GC/MS 
and chemical degradations. This combination of bulk analytical methods, pyrolysis and 
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chemical degradations showed that these algeanans are mainly composed of C3o-C34 
unsaturated co-hydroxy fatty acids, which are ester and ether-linked into a resistant polymeric 
network (Blokker et aI., 1998a). In particular, chemical degradation using reagents such as 
ruthenium tetroxide (RU04), proved to be successful for obtaining structural information on 
such ether-linked aliphatic biopolymers (Schouten et aI., 1998; Blokker et aI., 1998a) by 
fragmenting the polymers into low-molecular-weight fragments amenable to GC. Additional 
information about the monomeric composition of these biopolymers was obtained by 
analysing the lipids, which are associated with the polymeric material. With respect to the 
algaenans it was demonstrated that a small amount of monomers is exclusively 
intermolecularly ester-linked and can easily be removed upon base hydrolysis. 

In this study the techniques and methods described above were applied to the isolated 
cell walls of C. monoica zygospores to identify the nature and building blocks of the resistant 
biopolymer. We show that it is highly aliphatic, similar to algaenans, consisting of C22-C30 
linear alcohol and carboxylic acids, linked through ester- and ether-linkages. 

5.2. Experimental 

5.2.1. Culture conditions 
Chlamydomonas monoica Strehlow (UTEX 220) was obtained from the Collection of Algae 
at the University of Texas (Austin, USA). It was cultivated in nitrate-limited chemostat 
cultures in Bold's Basal medium as described previously (van den Ende, 1995). A 
synchronous mating reaction was initiated in a suspension of nitrogen-starved cells by adding 
0.3 rnM sodium nitrate (final concentration) and incubating the suspension in Fernbach flasks 
in continuous light and aeration with 2% CO2 in air. This resulted in a massive formation of 
zygospores, which had formed a secondary wall after approximately one week. Cells were 

lthen concentrated by centrifugation to approximately 107 cells mr . Portions of 1 ml were 
layered on top of5 ml15% Nycodenz (Nycomed AS, Torshow, Norway) and centrifuged in a 
swing-out rotor at 700g for 10 min. The zygotes, concentrated at the interface, were collected 
and washed five times with sterile distilled water. This procedure was repeated twice and 
resulted in a preparation consisting only of mature zygospores having ornamented secondary 
walls and containing many oil droplets. The preparation contained no detectable vegetative 
cells. The zygospores were then concentrated to approximately 107 cells mrl and deposited in 
portions of 0.25 ml on sterile plastic filters (Millipore, 8 /lm pore size, Bedford, MA 01730, 
USA) and washed extensively with sterile water. The filters were stored in Petri dishes sealed 
with Parafilm in the dark under humid conditions and matured at room temperature for 1 
week, and then kept at 4°C. Under these conditions the viability of the zygotes was constant 
(about 80% germination upon illumination) for several months. 

5.2.2. Isolation process 
To collect the cell walls of the zygospores the cytoplasm was removed by mechanically 
breaking the cell walls using a Potter homogenizer in combination with -45 f.U11 glass-pearls, 
which enhanced the grinding effect of this device. After this treatment the collected cell walls 
were treated with a-amylase in an acetate buffer to remove the remaining starch grains 
(Burczyk and Loos, 1995). The residual cell walls were washed with acetate buffer, saturated 
sodium chloride solution and demineralized water (3x). 
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About 70 mg of dry isolated cell wall material was extracted ultrasonically with 5 ml 
methanol (MeOH), 5 ml MeOHIdichloromethane (DCM) (1:1, 2x), 5 ml DCMlhexane (1:1, 
2x) and 5 ml hexane (Ix). The residue obtained by centrifugation was stirred with 5 ml 
trifluoroacetic acid (TFA) (2 M) and refluxed for I h. The residue was collected and washed 
with 5 ml water (Ix), stirred in 5 ml H2S04 (12 M) for I h. and washed with 5 ml double 
distilled water (3x). The collected material was resuspended in 5 ml H2S04 (2 M) and allowed 
to reflux for 2 h under stirring. The residual material was washed with 5 ml double distilled 
water (3x), 5 ml MeOH (2x), 10 ml DCM/hexane (Ix) and finally with 10 ml hexane (Ix). 
These fractions were used for further analysis. The extracted material was resuspended in 3.5 
ml KOH in MeOH (1M, 4% H20) and allowed to reflux for I h. Subsequent extraction with 3 
ml MeOH (4x), 3 ml DCM/hexane (2x) and 3 ml hexane (Ix) yielded a non-hydrolysable 
final residue (approx. 30% dry wt. biomass). 

5.2.3. Analysis o[the ester-bound lipids 
The isolation and analysis of the ester-bound lipids was identical to a method previously 
described (Blokker et aI., 1998b) 

5.2.4. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported by Sharpless et al. (1981). The non
hydrolysable residue (5 mg) was ultrasonically suspended in a mixture of 1 ml chloroform, 1 
ml acetonitrile and 2 ml of an aqueous solution of NaI04 (0.2 M, pH 3). After addition of 6 
mg Ru(III)Ch the two phase system was allowed to react in an ultrasonic bath. After 1.5 h, 3 
ml water and 2 ml hexane were added. The residual material was removed by centrifugation 
and the organic layer was removed. The aqueous layer was extracted with 2 ml hexane (Ix) 
and 2 ml DCM (2x). The combined organic extracts were washed with 2 ml Na104 solution 
(0.2 M, pH 3). After removal of the aqueous layer, Ru-salts were precipitated from the 
organic layer by dropwise addition of 0.5 ml MeOH and subsequent centrifugation. The 
remaining supernatant was washed with 2 ml Na2S203 solution (5% in H20). The extract was 
dried over Na2S04, evaporated to dryness under a nitrogen flow and derivatized with 
diazomethane prior to analysis. 

5.2.5. Solid state l3e-nuclear magnetic resonance spectroscopy 
The 13C-NMR spectrum was obtained by a Chemagnetics, Inc., M-100 spectrometer operating 
at a 13C frequency of 25.2 MHz using cross polarisation with magic-angle spinning (54.7°). 
Experimental parameters were: contact time = 1 ms, pulse delay = I s, acquisition length 0.5 
K and line broadening = 30 Hz. The chemical shift scale is referred to TMS at 0 ppm. The 
NMR-spectrum of the biopolymer displayed the following resonance peak: (5 29 (s, broad, 
CH2). 

5.2.6. Fourier transform infrared spectroscopy. 
FTIR was performed on a Broker IFS28 scanning over a frequency range of700 cm'! to 4000 
cm'! using KEr tablets containing 2 mg of dry algaenan. The FTIR-spectrum of the 
biopolymer displayed the following absorptions: 3422 cm'l (m, broad); 2923 cm'! (m), 2852 
I:m,l (m), 1652 em'! (m, broad), 1472 em'! (w, broad), 1420 em'! (m broad), 1065 cm'! (s, 
broad), 781 cm'! (m), 720 cm'l (s). 
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5.2.7. Gas	 chromatography/mass spectrometry and Curie-point pyrolysis-gas 
chromatography/mass spectrometry 

GCIMS and py-GCIMS equipment and conditions were as previously described (Blokker et 
aI., 1998a). 

5.3. Results and discussion 

The isolation procedure of the resistant biopolymer from the zygospores used in this study 
was aimed at minimising condensation reactions between sugars and proteins. Other methods 
have shown to give rise to the formation of melanoidin-like condensation polymers (Allard et 
aI., 1997) contaminating the final product. By removing the major part of the cellular content 
the chance that such artificial material will be formed is decreased. Although the acid 
treatments used to remove proteins and sugars probably hydrolyse some ester-linkages they 
do not chemically alter the resistant biopolymer. The same holds for the final base treatment, 
which only removes ester-bound compounds from the polymer matrix. Chemical analysis of 
resistant biopolymers isolated in this way will yield structural information about the 
biopolymer as present in the living cell. 

Analysis of the zygospore cell walls using FTIR spectroscopy and solid state l3C_NMR 
spectrometry clearly revealed a biopolymer similar to algaenans (Blokker et aI., 1998; de 
Leeuw and Largeau, 1993), by showing strong aliphatic signals at wavelengths 2923 em-I, 
2852 em-land 1420 cm- l in the FTIR spectrum and a chemical shift at 29 ppm in the 13C_ 
NMR spectrum. The absorptions in the FTIR spectra around 3421 cm- l and 1065 cm- l 

represent hydroxyl groups suggesting that a relatively high amount of hydroxyl groups, 
probably generated upon hydrolysis of ester-linkages in the final isolation step, is present in 
this biopolymer. 

In contrast to spectroscopic techniques, which provide some functional group 

Table 5.1; Compounds released upon saponification of the acid treated zygospore cell walls, molecular mass, 
most important fragment ions and the concentration in the acid hydrolysed cell walls 

Compound Molecular Important fragment ions Conc.x103 (wt 

mass and their intensities (%) % cell walls) 

I tetracosenola 424 (7) 409(31) 7 

2 22-hydroxy-docosenoic acida 440 (I5) 425(24) 409(7) 393(31) 8 

3 I3-hydroxy-tricosanoic acid 456 (0) 243(100) 315(17) 6 

4 9-hydroxy-heneicosanedioic acid 472 (0) 259(100) 315(31) 5 

5 14-hydroxy-tetracosanoic acid 470 (0) 243(54) 329(27) tr 

6 9-hydroxy-docosanedioic acid 486 (0) 259(86) 329(51) tr 

7 tetracosane-I,14-diol 514 (0) 243(100) 373(8) 409(22) 94 

8 9,22-dihydroxy-docosanoic acid 530 (0) 259(100) 373(14) 515(12) 78 

9 16-hydroxy-hexacosenoic acid" 496 (0) 243(100) 355(48) 10 

10 9-hydroxy-tetracosenedioic acid" 512 (0) 259(100) 355(75) 20 

Il pentacosane-l,15-diol 528 (0) 243(84) 387(17) tr 

12 9,23-dihydroxy-tricosanic acid 544 (0) 259(58) 387(16) tr 
The relative intensities of the fragment ions are given between brackets. The compoundS are identified as their 
methyl ester and TMSi-ether derivatives. aDue to the low amount of material obtained it was not possible to 
determine the exact douhle bond positions of these compounds. tr = trace. 
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information, py-GCIMS provides information on a more molecular level. Thermal cracking of 
the biopolymer in an inert helium atmosphere will result in fragmentation of the material into 
components amenable to GC. Although detailed functional group information is virtually lost 
as a result of rearrangement reactions (e.g. thermal decarboxylation of carboxylic acids), the 
presence of series of n-alk-l-enes and n-alkanes ranging from C7 to C30 (Fig. 5.1) in the 
pyrolysate confirms the aliphatic nature of material as suggested by the spectroscopic 
techniques. The chain length distribution of these pyrolysis products further suggests that the 
average monomer chain length maximises between Cn and C26. The presence of n-alkanones 
and n-alkenones in the flash pyrolysate reflects the presence of ether-linkages in the 
biopolymer (Gelin et al., 1997), probably representing intermolecular linkages between the 
monomers. 

More detailed molecular 
information was obtained 

10• 
• 

from analysis ofthe ester
bound lipids, removed 
from the biopolymer by 
the final hydrolysis step 23• of the isolation procedure. 

• •• •• 
••• The compounds identified • 

in the product mixture 

• • I • 
•
 comprise a series of long


I chain fatty acids, linear 
alcohols, (&-hydroxy fattyIT.L,M IJ ,Ill acids and dicarboxylic 
acids (Table 1) thatRelative retention time 
contain, except for

Figure 5.1: Gas chromatogram of the pyrolysis products of the zygospore 
algaenan. The series of n-alk-l-ene/n-alkane doublets (black squares) reveal compounds 1 and 2, a 
the aliphatic nature of this biopolymeric material. Numbers indicate chain mid-chain hydroxyl 
lenght group. Considering that 

the C24 roll-hydroxy n
alkanol 7 and the Cn ro, rol4-dihydroxy fatty acid 8 are the main constituents of the ester
linked lipid fraction, they probably represent important precursors or building blocks of the 
polymer. However, if such compounds are indeed the building blocks, ether-linkages have to 
take account for a large fraction of the intermolecular linkages, because a polymer consisting 
of only ester-linkages would be much less resistant against hydrolysis. Hence, a polymer 
composed of these building blocks would agree with the information obtained by FTIR, solid 
state 13C_NMR and py-GCIMS measurements. Considering that the biopolymer is non
hydrolysable, chemical resistant cross-links like ether-linkages must be present in this 
polymeric network. 

The ether-linkages in the case of the T. minimum, S. communis and P. boryanum 
algaenans were shown to be predominantly present at the ro9 and rolO positions and were 
possibly formed by oxygenation of ro9 double bonds of the unsaturated (&-hydroxy fatty acid 
monomers (Blokker et al., 1998a). In the case of the zygospore biopolymer this suggests that 
tetracosenol 1 and 22-hydroxy-dicosenoic acid 2 act as the precursor monomers, which are 

converted into an ether-linked polymeric material upon further polymerisation. Hence, 
compounds 3-12 containing the mid-chain hydroxyl group may represent incomplete ether
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linked monomers or intermediates of the biopolymer biosynthesis, ester-linked to the 
biopolymer matrix via the hydroxyl or carboxylic acid groups. This suggests that these 
monomers are biosynthesised in a similar fashion as the monomers of the plant biopolymer 
cutin (Kolatukudy, 1972). Indeed the nature of the algal biopolymer bears great similarities to 
that of this reticulated plant polymer. 

Additional information on the zygospore biopolymer structure can be obtained from 
chemical degradation of the non-hydrolysable material into GC amenable fragments. The 
chemical reagents involved in such degradation reactions should be especially effective in 
cleavage of ether-linkages, since these are the moieties that interconnects the individual 
monomers and makes the biopolymer inert to hydrolysis by acids and bases. In previous 
studies, RU04 degradation has shown to be a useful tool in the structural analysis of aliphatic 
biopolymers because it oxidises ether-linked polymers into analysable fragments (Schouten et 
aI., 1998; Blokker et aI., 1998a). Removal of ether-linked monomers by RU04 will result in a 
carbonyl group containing fragment in the case of oxidation of a single ether-linked monomer 
and two carboxylic acid group-containing fragments in the case of vicinal ether-linkages (Fig. 
5.2). However, it is not possible to distinguish between original acid groups and primary 
hydroxyl groups, and between single ether-linkages and secondary hydroxyl groups since 
these hydroxyl groups can also be oxidised. Because oxidation with RU04 is a rather mild 
oxidation method, not all of the polymeric material was degraded and a residue remained after 

R1 

~~o 
+

F?~R4 
~/O 

Figure 5.2: RU04 chemical degradation of single and vicinal ether-linkages 

the reaction. The residue consists of a more condensed matter probably due to a higher degree 
of ether cross-linking between the monomers. The oxidative treatment probably removed 
material from the periphery of the aliphatic cell wall only and was not able to affect the rest of 
the biopolymer. Because the zygospore algaenan seems to be even more resistant than other 
algaenans towards this reagent, a prolonged reaction time was applied to increase the yield of 
this reaction. Although the compounds released by RU04 degradation represent only a 0.5 wt
% of the biopolymer, their structures are in agreement with the other information obtained 
from analysis of the biopolymer. 

The RU04 product mixture is predominantly composed a series of keto-fatty acids and 
linear keto-dicarboxylic acids varying in chain length from C21 to C30 and dominated by the 
C26 and C2S homologs. These carbonyl-group-containing compounds are probably formed 
upon oxidative cleavage of ether-linkages and oxidation of hydroxyl groups. Yet, upon RU04 
treatment of T. minimum, S. communis and P. boryanum algaenans it was observed that the 
carbonyl groups were not located at a specific position but were distributed Gaussian-like 
around the (09 and (010 positions, reflecting the double bond position in the original 
monomers (Blokker et al.. 1998b). This Gaussian-like distribution was also observed among 
the products released by RU04 degradation of the resistant zygospore biopolymer. This 
suggests that the carbonyl groups of the compounds present in this product mixture are 
probably predominantly generated upon oxidation of ether-linkages and that the contribution 
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of hydroxyl groups is relatively low, because these will yield compounds bearing a carbonyl 
group at more specific positions. 

Figure 5.3: An illustrative simplified model of the algaenan present in the zygote cell walls of C. monoica 
composed ofether- and ester-linked C22, CZ4 and C26 monomers 

The dominant compounds in the product mixture are the C26 oxo-fatty acid and the C28 

oxo fatty acid. These compounds may stem from the oxidation of a C26 and a C28 fatty acid or 
n-alkanol, respectively, linked via one ether-bond to the polymer matrix. The only compounds 
in the RU04 product mixture indicating the presence of monomers intermolecularly linked via 
more than one ether-linkage were the C26 dioxo-dicarboxylic acid and the C30 dioxo
dicarboxylic acid. Small carboxylic acid fragments generated upon the cleavage of vicinal 
ether linkages were not observed in the product mixture. The exact precursor of the dioxo 
compounds could not be determined, since it is not possible to distinguish between original 
acid groups and primary hydroxyl groups. 

The complementary analysis techniques used in this study have shown that the 
zygospore biopolymer is highly aliphatic similar to algaenans. It is composed of a series of 
C22-C30 alcohols, fatty acids, hydroxy fatty acids and dicarboxylic acids. The average chain 
length of the molecules used by the alga to biosynthesise its highly resistant cell wall is about 
24. On the basis of this information a general polymer structure (Fig. 5.3) is proposed to 
illustrate the type of intermolecular linkages and kind of monomers assembling this resistant 
material. 
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CHAPTER 6 

Algaenans of Spirogyra sp., Haematococcus pluvalis and Dunaliella sp. 
resting states 

The resting cysts of Spirogyra sp., Haematococcus pluvalis and Dunaliella sp. all contain 
algaenan as revealed by pyrolysis-gas chromatography of the residue obtained after intensive 
extraction with organic solvents and hydrolysis with acids and bases. Analysis of the ester
bound lipid fractions obtained from Spirogyra sp. points towards and algaenan build-up from 
a mixture of typical cutin, suberin but also algaenan monomers. Although contamination of 
the sample cannot be excluded, it is possible that the suberin and cutin are a rudimentary 
remnant of a previous terrestrial existence in the evolution of this alga. The tetracosane-l,14
diol and 9,22-dihydroxy-docosanoic acid observed in the ester-bound fraction of H. pluvalis 
aplanospores were previously found in the zygospore cell wall of Chlamydomonas monoica 
suggesting that these compounds may be important building blocks in this type of algaenan. 
The recognition of algaenan in algal resting states suggests that these are possibly an, up to 
now, unrecognized source of aliphatic biopolymers in kerogens. 

6.1. Introduction 

Algaenans, base and acid resistant aliphatic biopolymers present in the cell walls of certain 
green microalgae, are considered to be important contributors to sedimentary organic material 
(Largeau and de Leeuw, 1995). These resistant cell wall biopolymers are concentrated in the 
sediment via the so-called selective preservation pathway and can be very dominant 
constituents of the organic matter (Goth et al. 1989; Tegelaar et aI., 1989; Largeau and de 
Leeuw, 1995). Up till now, only a few species were known to produce algaenans; eutrophic 
freshwater seems to be an important habitat for such algae. Although the precise biological 
function of algaenan is not yet completely understood, it is suggested that under the protection 
of an algaenan-containing cell wall the algae is able to survive microbial attack and periodical 
unfavorable growth conditions such as depletion of nutrients, high or low temperatures and 
even desiccation (van Hoek et aI, 1995). Predominantly vegetative states of algae were 
previously investigated for algaenan. However, some algae produce specialized cells such as 
cysts to survive unfavorable periods. The cell wall of a resting stage is particularly designed 
to protect the dormant algal cell against hostile environments. Our studies of the zygospore 
cell walls of the green fresh water microalgae Chlamydomonas monoica have indicated that 
they indeed contain a biopolymer resistant to strong acids and bases (Blokker et aI., 1999). 
Chemical analysis of the isolated resistant material by pyrolysis-gas chromatography/mass 
spectrometry revealed that they are composed of an algaenan as indicated by the series n-alk
l-ene/n-alkane doublets in the product mixture. When these results are combined with data 
obtained by Fourier transform infrared spectroscopy, l3C nuclear magnetic resonance and 
RU04 chemical degradation suggested that this specific algaenan is built up of a series of C20
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C30 unsaturated fatty acids, dicarboxylic acids, ro-hydroxy fatty acids and unsaturated 
alcohols, intermolecularly linked via ester and ether-linkages. This illustrated that resistant 
biopolymers like algaenans probably serve an important function in the cell walls of algal 
resting states. 

In this study the cell walls of the cysts of two algae from the order Volvocales, 
Dunaliella sp. and Haematococcus pluvalis and of the Zygnematacean filamentous alga 
Spirogyra were investigated for the presence of algaenan using py-GCIMS and GC/MS 
analysis of the ester-bound cell wall lipid fraction. Dunaliella salina finds a niche in 
hypersaline pools and is often responsible for the pink colour of the water during certain 
periods of the year in these environments (Bold and Wynne, 1978). H. pluvalis inhabits small 
eutrophic ponds and birdbaths (Bold and Wynne, 1978). Both algae produce cysts under 
unpropitious conditions that can survive for extended periods of time. In the case of 
Dunaliella these cysts can be either zygospores, which are diploid zygotes that thicken their 
wall prior to a period of dormancy, or aplanospores, which are non-motile spores, produced 
upon subdivision of the protoplast of a vegetative (in this case haploid) cell (sporangium) 
(Bold and Wyne, 1978; Hoek et aI., 1995). D. salina is reported to transform into 
aplanospores when the autumn rainfall causes a strong dilution of the hypersaline pools 
(Borowitzka and Huisman, 1993). In the case of H. pluvalis the resting cysts are akinetes, 
thick-walled non-motile spores derived from haploid vegetative cells that thicken their walls 
(Bold and Wyne, 1978). H. pluvalis reacts to desiccation of its habitat or depletion of a 
specific nutrient source like nitrogen (Bold and Wynne, 1978). Although the cysts of H. 
pluvalis and Dunaliella salina have, to the best of our knowledge, never been observed in 
ancient sediments, resting stages of the freshwater algae of the Zygnematophyceae, 
Spirogyra, Mougeotia and Zygnema are found in deposits dating back to the Carboniferous 
(Hoshaw and McCourt, 1988, van Geel and Grenfell, 1996). For both ap1anospores and 
zygospores from the order Zygnematophyceae are found in sediments, this study focuses on 
the zygospores of a Spirogyra species isolated from a local garden pond. 

6.2. Experimental 

6.2.1. Dunaliella sp. 
The Dunaliella sp. used in this study was isolated in November from a hypersaline pool near 
the Camarque area in the South of France. This specific pool was left undisturbed for around 
20 years and showed a huge proliferation of two unnamed Dunaliella species. Water taken 
from this pool was used as inoculate and 50 ml was transferred to 50 ml of Bold's Basal 
medium (Bischof and Bold, 1963) containing 1 M NaCI. After two weeks the culture turned 
dark green due to the excessive growth of one single Dunaliella species, the identity of which 
was not further determined for this study. 50 ml of this was transferred to 500 ml fresh culture 
medium and left under constant illumination at 20°C. After 2 months the cultured medium 
turned from an intense green colour to pink. The culture was centrifuged and the precipitate, 
containing the Dunaliella sp. aplanospores was washed intensively. Further work-up 
procedures are identical to that described earlier (Blokker et aI., 1999). 

6.2.2. Haematococcus pluvalis 
The starting culture of H. pluvalis W. Koch (SAG 192.80) on agar obtained from Samm1ung 
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von Algenculturen at the University of Gottingen (SAG), which contained the alga already in 
aplanospore state, was transferred to 50 ml BBM medium containing 1% of sodium acetate. 
After a period of 2 weeks this pre-culture was transferred to 500 ml of BBM medium (1 % 
sodium acetate) and left under constant illumination and aeration with air containing 2% C02. 
After 1 month all the vegetative cell were transformed to their aplanospore state, which were 
subjected to the work-up procedure described earlier (Blokker et aI., 1999). 

6.2.3. Spirogyra 
Spirogyra isolated in May from a local garden pond was intensively washed with normal tap 
water to remove impurities like leaf fragments. The washed material was next transferred to 
demineralised water in a 500 ml Erlenmeyer and put outside in direct sunlight. After two 
weeks the Spirogyra filaments containing the zygospores were isolated and crushed with a 
mortar. The crushed Spirogyra filaments and zygospores were washed with demineralised 
water (3x) and transferred to sulphuric acid (12 M) for 30 min. The zygospores were isolated 
from the reaction mixture by centrifugation and washed intensively with demineralised water 
until neutral. The zygospores were consequently subjected to the work-up procedure earlier 
described (Blokker et aI., 1999). 

6.2.4. Py-GCIMS, GCIMS 
The analytical procedures described in this chapter are similar to those described earlier 
(Blokker et aI., 1998a; 1999). GC/MS with chemical ionisation (with methane as the reagent 
gas) was performed on a HP 6890 gas chromatograph coupled to a HP 5973 mass 
spectrometer with a mass range from mlz 50-800 and cycle time of 0.5 s. Prior to analysis the 
saponified fraction was treated with diazomethane to methylate carboxyl groups, and N,O
bis(trimethylsilyl)-trifluoroacetamide (BSTFA)/pyridine to silylate hydroxyl groups. In order 
to determine the number of hydroxyl groups on unknown compounds the fractions were also 
treated with deuterated N,O-bis(trimethylsilyl)acetamide/pyridine. 

6.3. Results and discussion 

6.3.1. Haematococcus pluvalis 
The akinetes from Haematococcus pluvalis were obtained by induction from an axenic culture 
purchased from the Sammlung des Algen culturen in Gottingen. Upon nutrient limitation at 
the end of the log-growth phase akinete formation took place upon which the culture turned 
intense purple due to the presence of astaxanthin in the akinetes (Hoek et aI, 1995). The 
pyrolysis-gas chromatogram displayed in Figure 6.1 clearly shows that the final residue 
obtained by subjecting the spores to the algaenan work-up procedure is highly aliphatic and 
displays a bimodal distribution of n-alkenes and n-alkanes virtually similar to that observed 
earlier for C. monoica zygospores algaenan. The pyrolysate also reveals the presence of prist
l-ene, a compound that is often observed associated with algaenans and probably originates 
from ether-bound tocopherol (Goossens et aI., 1984). Since D. salina, C. monoica and H 
pluvalis are all algae form the order Volvocales, it is expected that they use the same approach 
to biosynthesise their algaenans in parallel to the algae of the order Chlorococcales (Blokker 
et aI., 2000). C. monoica algaenan was suggested to be composed of a wide variety of 
different fatty acids and long-chain alcohols (Blokker et al 1999) as suggested from different 
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chemical analyses of the biopolymer itself, but most important upon analysis of the 
compounds released by saponification of the residue obtained after acid hydrolysis during the 
work-up procedure. The ester-bound lipid fraction obtained from C. monoica zygospores 
contains tetracosane-l,14-diol (21) and 9,22-dihydroxy-docosanoic acid (22), which were 
suggested to be important building-blocks of the algaenan biosynthesised by this alga. Indeed 
these compounds are also dominant in the H. pluvalis base hydrolysis fraction suggesting the 
involvement of similar building blocks in this algaenan. Although an unknown, probably 
linear, carboxylic acid with multiple functionalities such as hydroxyl groups dominates the 
base hydrolysis fraction of H pluvalis, there are obvious similarities between the akinetes 
algaenan and C. monoica zygospore algaenan. 

6.3.2. Spirogyra sp. 
A monotypical assemblage of Spirogyra from a local garden pond was transferred to 
demineralised water and subjected to intensified illumination. This induced sexual 
conjugation in this alga. Through conjugation tubes formed after alignment of a pair of 
filaments the amoebiod gametes joined to form a zygospore in one of the cylindrical mother 
cells. Upon further maturation the thick walled zygospores turned to a dark greenish brown 
colour. After two weeks the filaments were removed from the medium and washed 
intensively with water to remove fragments from local plants and other contaminants from the 
culture. 

Upon disruption of the filaments, which consist mainly of cellulose microfibrils (Hoek 
et aI., 1995), a mixture of filament fragments and mostly broken zygospores was obtained. 
Extraction of this mixture with MeOH and DCM was followed by a treatment with sulphuric 
acid to dissolve the filaments. To avoid the formation of condensation products of proteins 
and sugars that could contaminate the final biopolymeric residue (Allard et aI., 1997), this 
treatment was applied just long enough (30 min) to dissolve the filaments. The residue 
obtained after this procedure consisted of almost pure zygospore cell walls without cytoplasm. 
This residue was subjected to the usual algaenan work-up procedure (Blokker et aI., 1999), 
involving extraction with organic solvents and acid and base hydrolyses. This resulted in a 
final residue, which consisted of almost purely of intact transparent yellowish zygospore cell 
walls, displaying a fissure that separates the cell walls into half. This fissure was observed to 
occur at the same position as the cleavage furrow that is formed upon natural germination of 
the zygospores suggesting that the alga makes an intended weak spot in the zygospore cell 
wall, which opens upon germination. 

Upon py-GC of the final residue it becomes clear from the generation of mainly n

alkenes and n-alkanes (Fig. 6.1) that the obtained non-hydrolysable insoluble cell walls are 
highly aliphatic. Like the pyrolysates ofH. pluvalis and C. monoica the pyrolysate displays an 
odd-over-even predominance in the C2S-C29 area. Furthermore, the pyrolysate also reveals the 
presence of prist-I-ene. Since the material obtained is obviously highly aliphatic, insoluble 
and non-hydrolysable it can be considered an algaenan. 

The final step of the work-up procedure, a saponification of the residue obtained after 
the foregoing acid treatments, was earlier shown to provide important information about the 
building blocks of algaenan (Blokker et aI, 1998b; 1999; 2000). However, since the Spirogyra 
sp. used in this study is a natural sample, interpretation must be done with caution since the 
compounds associated with this alga may originate from multiple sources. The most 
important compounds of the saponified fraction are listed in Table 6.1. It illustrates that the 
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saponified fraction contains a wide variety of different fatty acids and alcohols. The product 
mixture is dominated by the typical cutin constituent (7) and also reveals the presence of other 
compounds (1, 2) that can be ascribed to this polyester (Kolattukudy, 1984); which suggests 
the involvement of residual leaf fragments in the sample. Furthermore, compounds 5 and 6 
could indicate the presence of suberin, another water impermeable polyester, which is found 
in the root cells of higher plants (Kolattukudy, 1984). Since the final residue was shown by 
microscopy to be virtually completely composed of cell wall remains it does not seem likely 
that the Spirogyra sp. sample contained some higher plant residues although this cannot 
completely be excluded. 
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Figure 6.1: The flash pyrolysis (Curie-point temperature 610°C) GC/FID trace of the final residues of the algal 
cysts from H. pluvalis, Spirogyra sp. and Dunaliella sp. 
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Despite the possible involvement of cutin and/or suberin in the sample, compounds 17
19 cannot be ascribed to these higher plant polyesters. Although the shorter homologues of 
17-19 are observed in seagrasses like Zostera marina (de Leeuw et aI., 1995) these are also 
typically associated with algaenans (Gelin et aI., 1997; Blokker et ai., 1998b; Volkman et aI., 
1999; Blokker et aI., 2000). Although the algaenans present in some Chlorococcales are 
mostly composed of even C3o-C34 ro-hydroxy fatty acids, Pediastrum braunii was also shown 
to produce a 2-hydroxy-triacontanoic acid (17) in addition to compounds 18-19 upon 
saponification of the residue obtained after the acid hydrolysis of the algaenan work-up 
procedure. Furthermore, compound 17 seems to be an important constituent of some 
eustigmatophyte algaenans (Gelin et aI., 1997; Volkman et aI., 1999). These observations 
illustrate that, although this sample may not be completely pure, the algaenan of Spirogyra 
zygospores may be constituted of building blocks that are observed in different types of 
algaenans but also in higher plant biopolymers. 

The presence of typically cutin and suberin building blocks associated with the 
Spirogyra sp. algaenan fits the intriguing idea proposed by Stebbins and Hill (1980). These 
authors suggested that the first land plants were unicellular algae, which colonised soil 
interstices and gave rise to filamentous Zygnemataceae as well as other algal groups. 
Conjugation was suggested to be an adaptive trait in a terrestrial environment where motile 
gametes would quickly dry out. These Zygnemataceae then adopted an aqueous life again by 
abandoning their terrestrial existence, but not their conjugation type of reproduction. This 
hypothesis about the evolution of the Zygnemataceae has been followed up by many authors 

Table 6.1: Compounds released upon the final saponification step of the work-up procedure of the resistant 
biopolymer present in Spirogyra sp. zygospores. 

Compound" M+ Typical fragment ions and their intensities ReI. 

cone. 

I 16-hydroxy-hexadecenoic acidb 356(3) 129(34) 159(12) 185(10) 309(20) 341(8) 3.6 

2 16-hydroxy-hexadecanoic acid 358(1) 311(96) 343(53) 3.7 

3 6-hydroxy-pentadecenedioic acid 386(0) 215(14) 273(13) 371(6) 1.8 

4 6-hydroxy-pentadecanedioic acid 388(0) 217(54) 273(63) 311(8) 1.1 

5 7-hydroxy-hexadecanedioic acidd 402(0) 231(82) 273(65) 387(4) 3.3 

6 Unknown 402(0) 231(48) 273(68) 387(1) 1.4 

7 10,16-dihydroxy-hexadecanoic acide 446(0) 273(72) 275(56) 61.2 

8 1,17-dihydroxy-pentadecenoic acidb 458(0) 275(35) 285(48) 443(3) 4.2 

9 1, 17-dihydroxy-pentadecanoic acid 460(0) 275(39) 287(78) 445(7) l.l 

10 7,17-dihydroxy-pentadecanol 504(0) 275(28) 331(62) 489(10) 1.4 

11 heneicosane-l,7-diol 472(0) 275(44) 299(70) 457(3) 1.1 

12 I 1,12,18-trihydroxy-octadecanoic acidf 562(0) 59(100) 275(22) 287(8) 3.3 

13 9,19, I8-trihydroxy-octadecanoic acid 562(0) 259(32) 303(20) 1.1 

14 2-hydroxy-hexacosanoic acid 498(0) 159(23) 175(93) 439(18) 483(100) 0.6 

15 Octacosanol 482(1) 467(100) 0.7 

16 Triacontanoic acid 466(42) 143(27) 423(11) 5.5 

17 2-hydroxy-triacontanoic acid 554(0) 159(21) 175(100) 539(82) 1.1 

18 30-hydroxy-triacontanoic acid 554(1) 146(28) 159(16) 507(55) 539(100) 0.8 

19 32-hydroxy-dotriacontanoic acid 582(1) 146(30) 159(20) 535(47) 567(100) 3.3 
aThese structures were confirmed by chemical ionisation and derivatisation with BSA. "Double bond position 
was not determined. c6_ and 7-hydroxy isomers also present. d8-hydroxy isomer also present. eThe 9-hydroxy 
isomer is also present. fThis molecular structure is tentative 
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Table 6.2: Compounds released upon the final saponification step of the work-up procedure of the resistant 
biopolymer present in H. pluvalis. akinetes. 

Compounda M+ typical fragment ions and their intensities ReI. 

cone 

20 9-hydroxy-hexadecanoic acidb 386(0) 215(30) 273(27) 357(10) 371(12) 3.2 

21 tetracosane-l,14-diol 514(0) 243(100) 373(9) 409(24) 499(2) 5.8 

22 9,22-dihydroxy-docosanoic acid 530(0) 259(100) 373(13) 515(14) 1.6 

23 2-hydroxy-heptacosanedioc acid 556(2) 159(27) 175(30) 541(23) 2.7 

24 heptacosane-I,14-diol 556(0) 285(95) 373(12) 541(17) 2.5 

25 Unknown 556(0) 285(87) 373(10) 541(5) 4.6 

26 tricosane-l,10,24-triol' 588(0) 317(37) 373(12) 573(1) 3.4 

27 Unknown 646(0) 159(15) 175(23) 373(9) 375(38) 631(4) 76.2 
aThe these structures were confirmed by chemical ionisation and derivatisation with BSA bThe 10 and 11
hydroxy isomers also present. 'Due to coelution this compound can only be tentatively be ascribed. 

since its proposition (e.g. Hoshaw and McCourt, 1988; van Geel and Grenfell, 1996) and 
could explain the presence of cutin and suberin-like materials in these algae. Since the 
evolution of these plant tissues in the plant kingdom is seen as an important adaptation to 
terrestrial life (Graham, 1985), because it protects the plants against desiccation, it may be 
possible that these compounds are also rudimentary remains of this terrestrial life of 
Spirogyra. If this is the case, the algaenan in Spirogyra zygospores represents a transition 
from an ether-linked algaenan to a more ester-linked biopolymer like cutin. 

6.3.3. Dunaliella sp. 
The conditions leading to aplanospore formation in Dunaliella are to date still not completely 
clear. Borowitzka and Huisman (1993) observed that the main requirement for Dunaliella 
salina aplanospore formation is reduced salinity, though they noted that Dunaliella cultures 
are not always capable of aplanosporulation for an unknown reason. To avoid problems with 
aplanospore induction under culture conditions, a natural Dunaliella species was used, which 
was reported to form aplanospores at the end of the summer. The sample, obtained from 
isolated from a hypersaline pool near the Camarque in France contained two species of 
Dunaliella, one large orange species (probably Dunaliella salina) and a smaller green one. 
Empirical studies showed that a BBM medium containing 1M NaCI provided adequate 
conditions for culturing the smaller species. By transferring this Dunaliella from the original 
hypersaline medium to the 1M culture medium the larger Dunaliella salina cf. was eliminated 
by the osmotic shock. The remaining medium contained a monotypic culture and could be 
forced to adopt aplanospore formation by simply leaving the culture for two months under 
constant illumination and aeration. After this period virtually 100% of the motile cells were 
converted into non-motile spores. Since we did not observe sexual conjugation in the culture 
we assume that the spores formed after two months are haploid aplanospores and not diploid 
zygospores. A high conversion of vegetative cells into aplanospores as observed in our study 
has, to the best of our knowledge, never been reported under culture conditions. This may 
suggest that the bacteria present in the culture medium stimulated the induction of 
aplanospore fonnation. 

The mixture of aplanospores and bacteria were concentrated from the culture medium 
by centrifugation and washed intensively with demineralised water. This procedure removed a 
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large amount of the bacterial contaminants but did not disrupt all of the Dunaliella sp. cell 
walls illustrating the resistance against extreme dilution (Borowitzka and Huisman, 1993). To 
avoid the formation of melanoidin-like polymers that could contaminate the final residue 
(Allard et aI., 1997) the interior of the apolanospores was removed by disrupting the cells 
with a Potter homogeniser according to the work-up procedure described earlier (Blokker et 
aI., 1999). Although virtually 100% of the vegetative cells transformed into aplanospores, the 
total cell density was rather low and finally afforded only enough material for one analysis. 
The flash pyrolysis chromatogram showed that the aplanospore cell wall clearly contains an 
aliphatic constituent (Fig. 6.1) illustrated by the presence of n-alkene/n-alkane doublets, 
which suggests the presence of algaenan in Dunaliella sp. aplanospore cell walls. 

The odd-over-even predominance of the n-alkanes in the C25-C31 region of the 
pyrolysate is typical of resting cyst algaenans analysed in this and earlier studies (Blokker et 
aI., 1999). However, the presence of a series of additional compounds in the pyrolysate 
illustrates that the material obtained is not completely devoid of contaminants, although the 
origin of this additional signal could not be determined due to the low amount of material. 
Since not enough lipids were removed upon the algaenan work-up procedure to allow GCIMS 
analysis, a thorough characterisation of this polymeric substance and the associated lipids was 
not possible and the polymer building blocks of this alleged a1gaenan remain unclear. 

6.3.4. Geochemical implications 
Although the significance of algaenans in sedimentary organic matter have been demonstrated 
for vegetative states of algae (e.g. Goth et aI., 1989; Hutton et aI., 1985; Largeau and de 
Leeuw, 1995; Blokker et aI., 2000) and some spores from for example Prasinophyceae, 
Dinophyceae (e.g. Tyson, 1995) and Zygnemataceae (Hoshaw and McCourt, 1988) the 
discovery of such materials in other algal cysts could have some important geochemical 
implications. Since the resting states of Prasinophyceae (50-660 !J.m in diameter), 
Dinophyceae (>16 !J.m) (Tyson, 1995) and Zygnemataceae (> 30!J.m) (Streble and Krauter, 
1988) are quite large and display some distinct morphological feature they can easily be 
recognised in sediments. However, since not all algal resting spores are always this large and 
posses specific morphological features the recognition of such microfossils at a species level 
is not always possible or may even be overlooked by using palynological isolation 
procedures. In this wayan important source of algaenans in sedimentary organic matter may 
still be unrecognised. 

Apart from the assumed importance of algaenans themselves in sedimentary organic 
matter they probably also form a physical trap for other cell constituents and serve a 
protecting role in the preservation of lower molecular weight organic compounds in 
sediments. However, since investigations of algal lipids from an organic geochemical 
perspective mainly focussed on the vegetative states, an important source of specific organic 
compounds maybe neglected. Although the relative biomass of cysts may be low in 
comparison to the vegetative states, the presence of an algaenan may help in transporting 
relatively more volatile organic compounds to the sediment. Moreover, vegetative states are 
not only morphologically different from resting states, they also posses some important 
chemical differences. This is not only illustrated by the presence of algaenan, but also by the 
specific long-chain linear dicarboxylic acids, hydroxy fatty acids, alcohols and diols 

associated with these biopolymers. Although such compounds are sometimes found in 
sedimentary organic matter (jor a review Versteegh et aI, 1997), to date the source of such 

74 



compounds is still unclear, requiring further investigations of the chemical composition of 
algal resting states and its eventual algaenan-containing cell wall. 

6.4. Conclusions 

The results presented in this study illustrates that the algal cysts investigated here are all 
composed of the insoluble non-hydrolysable aliphatic biopolymer algaenan. Although the 
exact structures of these biopolymers and their chemotaxonomic relation are still unclear it is 
shown that the algae from the order Volvocales probably contain a similar algaenan in the cell 
wall of their resting states. These cell walls are composed of a wide variety of ether-linked 
long-chain linear compounds with one to multiple functional groups like carboxyls and 
carbonyls. Due to the low amount of material isolated from the culture of Dunaliella sp., it 
was not possible to obtain enough aplanospores to perform more analyses on the material. As 
in C. monoica (Blokker et aI., 1999) compounds 21 and 22 are also observed associated with 
the akinete algaenan ofH. pluvalis. Since the lipids ester-linked to the a1gaenan of Spirogyra 
sp. display some unexpected fatty acids and alcohols it is possible that there is an input of 
some higher plant materials. Although the obtained final residue was shown to be completely 
composed of spore walls by light microscopy, the involvement of the polyesters suberin and 
cutin cannot be excluded. In the case that the cutin/suberin-like compounds do originate from 
the Spirogyra sp. this may point to an important evolutionary aspect, since these algae are 
suggested to be the descendants of a species that led a terrestrial life. 

The results of this study show that next to vegetative stages, algaenan are also present in 
the resting states of some algae. Since these algae are subjected to harsh environments this 
illustrates that algaenan serves an important protective role. This resistant biopolymeric 
material protects the algae from conditions that are unsuitable for growth like nutrient 
depletion, desiccation, increasing salinity or changing water temperatures. Since these 
biopolymers provide a virtually impermeable, non-hydrolysable wall it enables the algae to 
resist microbial attack; they can even be transported through the air by wind or attached to the 
feathers of birds. Due to this resistance, these biopolymers are likely to be conserved in 
sediments through the selective preservation pathway. Although Spirogyra has been reported 
from sediments, microfossil cysts from algae of the order Volvocales have not been observed. 
This could be due to their uniformity in shape and rather small dimensions (5-20 J.U11). 
However, if these biopolymers are preserved like dinoflagellate cyst walls or Spirogyra 
zygospore walls they possibly represent an important contributor to sedimentary organic 
matter and thus a good source for petroleum upon catagenesis. 
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CHAPTER 7 

A comparative study of fossil and extant algaenans using ruthenium 
tetroxide degradation 

In this study the chemical structure of algaenans isolated from the freshwater microalgae 
Tetraedron minimum, Pediastrum boryanum and Botryococcus braunii are compared with 
their fossil counterparts by means of RU04 oxidation. The results show that the algaenans 
investigated are preserved in sediments with only minor structural alterations. However, 
product mixtures from RU04 degradation of the fossil algaenans exhibit a broader distribution 
of oxidation products than freshly isolated algaenans indicating that the fossil biopolymers 
contain a greater proportion of ether cross-links, which may be an effect of diagenetic 
alteration or different algal strains. Despite these differences, fossil algaenans can still be 
recognised chemically on the basis of the specific RU04 oxidation products, even after 50 Ma 
of sediment burial. 

7.1. Introduction 

A major part of the sedimentary organic material in the geosphere consists of an insoluble 
macromolecular material termed kerogen. Kerogens are often highly aliphatic in nature and 
are considered as precursors of crude oils under appropriate conditions. During the last decade 
it has become increasingly clear that the insoluble, bacterially-resistant, aliphatic biopolymers 
in protective tissues of plants (cutans, suberans) (de Leeuw and Largeau, 1993) and in cell 
walls of several freshwater and marine microalgae (algaenans) (e.g. Largeau et al., 1986; 
Zelibor et al., 1988; Tegelaar et al., 1989; de Leeuw et al., 1991; de Leeuw and Largeau, 
1993; Largeau and de Leeuw, 1995; Gelin et al., 1997, Blokker et al., 1998a; Blokker et al., 
1999) may comprise a significant fraction of some kerogens. Detailed microscopical studies 
revealed that the cell walls of green microalgal species like Botryococcus braunii (races A, B 
and L), Tetraedron spp., Scenedesmus spp. and Pediastrum spp. or their extinct ancestors are 
often the most dominant palynomorphs in lacustrine organic matter-rich sediments (e.g. van 
Geel and van der Hammen, 1973; Hutton, 1985; Goth et al., 1988; de Leeuw and Largeau, 
1993). Chemical characterisation of these algal remains by means of pyrolysis-gas 
chromatography/mass spectrometry (py-GCIMS) has shown that the cell walls are 
predominantly composed of an insoluble, non-hydrolysable, highly aliphatic material (i.e. 
algaenan) (Goth et al., 1988; de Leeuw and Largeau, 1993). Although algaenans represent 
only a small percentage of the living cell material, selective preservation quantitatively 
enriches these resistant biopolymers upon diagenesis by removal of other, more labile, cell 
materials. Hence, algaenans may ultimately become a significant fraction of kerogen (Hatcher 
et al., 1983; Tege1aar et aI., 1989; de Leeuw and Largeau, 1993). 

Up to now, the building blocks and chemical structure of the algaenans from the three 
races of the freshwater algae Botryococcus braunii (Berkaloff et al., 1983; Kadouri et al., 
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1988; Derenne et aI., 1990; Bertheas et aI., 1999; Ge1in et aI., 1994), Tetraedron minimum, 
Scenedesmus communis, Pediastrum bOlyanum (Blokker et aI., 1998a,b), Coelastrum 
reticulatum, Sorastrum spinulosum (Blokker et aI., 2000) and the marine algae 
Nannochloropsis salina, N. sp. (Ge1in et aI., 1997), N. granulata and N. oculata (Gelin et aI, 
1999) have been elucidated. The algaenan of the B. braunii races is composed of linear C32 
diunsaturated a,ro-dialdehyde monomers, while the eustigmatophyte Nannochloropsis salina 
produces an algaenan composed of C2S-C34 n-alkyl units intermolecularly linked via ether
linkages at a terminal and one or more mid-chain positions. The algaenans of T. minimum, S. 
communis, P. boryanum, C. reticulatum and S. spinulosum are composed oflong-chain, even
carbon-numbered ro9-unsaturated ro-hydroxy fatty acid monomers varying in chain length 
from 30 to 34 carbon atoms. In all algaenans investigated so far ether-linkages serve as 
important cross-links between the monomeric units giving rise to a non-hydrolysable 
insoluble biopolymeric network. 

The specific chemical features of the algaenans seriously hampers their structural 
analysis since ether cross-links cannot be hydrolysed like the amide-bonds in proteins and 
glycoside-bonds in polysaccharides. Consequently, it is not possible to study the structures of 
algaenans by releasing their individual building blocks through simple hydrolysis and 
subsequent analysis of the released products by GCIMS or other methods. Although bulk 
analysis methods like Fourier transform infrared spectroscopy (FTIR) and solid state l3C 
nuclear magnetic resonance (13C-NMR) spectroscopy provide information concerning the 
nature and functional groups of the biopolymer, details of their exact chemical structure 
cannot be retrieved through these analyses. Py-GC/MS, on the other hand, provides 
information on a molecular basis, though details concerning functional groups is often lost 
due to thermal rearrangement reactions. 

Chemical reagents such as hydrogen iodide (HI) and ruthenium tetroxide (RU04) are 
known to cleave ether-linkages (Panganamala et aI., 1971; Sharpless et aI., 1981; Ambles et 
aI., 1996) and have been successfully applied to elucidate the chemical structure of algaenans 
(Ge1in et aI., 1997; Schouten et aI., 1998, Blokker et aI., 1998a and 1999). In particular, RU04 
has shown to be a very useful reagent for obtaining structural information on resistant 
aliphatic biopolymers such as cutans and algaenans. The information obtained using such 
chemical degradations combined with spectroscopic and pyrolytic methods is often sufficient 
to determine the structure of the monomeric building blocks and to postulate a polymer 
structure. 

Up to now algaenan analysis has revealed that the monomeric composition itself does 
not vary substantially with the culture conditions of the algae. For example, the results of 
RU04 degradations by Schouten et ai. (1998a) on T. minimum algaenan are comparable with 
those obtained by more recent work on T. minimum algaenans from batch cultures grown in a 
different growth medium (Blokker et aI., 1998a). It was also shown that important structural 
differences exist between the algaenans of different species (Blokker et aI., 1998a). Recent 
work on other microalgae from the order Chlorophyceae related to the species reported in this 
paper suggests that the monomer composition of algaenans is probably more family related 
than species-specific (Blokker et aI., 2000). 

Applying the recently obtained knowledge of the chemical structures of algaenans from 
the order Chorophyceae to that obtained by RU04 degradation of kerogens (Boucher et aI., 

1991; San-Tacuato et aI., 1993), suggest that the specific long-chain dicarboxylic acids these 
authors observe in their product mixtures can be ascribed to the presence of fossil algaenans. 
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This suggests that RU04 degradation products can possibly be used for biomarker purposes or 
at least will provide information about the presence of algaenans in kerogens. To investigate 
this, a few selected sediments from different geographical sites and geological ages containing 
high amounts of microfossils of algae known to biosynthesize algaenans were subjected to 
RU04 treatment. This allowed us to study the structure of specific fossil algaenans, to compare 
their structure with that of their extant counterparts and thus evaluate which diagenetic 
changes might have occurred over time. Furthermore, is it possible to evaluate if the chemical 
differences between these algal microfossils are explicit enough to use information obtained 
from RU04 degradation of sedimentary matter to verify the input of algaenans and distinguish 
between the different algal species or families. 

7.2. Samples: Source and Description 

The Eocene Messel oil shale near Darmstadt (Germany) contains large amounts of intact T. 
minimum microfossils (Goth et ai, 1988). High amounts of such microfossils are thought to be 
an indication of high nutrient loading of the Eocene palaeo lake. Eutrophication also accounts 
for the high amount of P. boryanum microfossils in specific core sections of a Colombian 
high altitude lake sediment (Fuquene II) (van Geel and van der Hammen, 1973). Fuquene has 
experienced periods of high nutrient loading as indicated by high amounts ofP. boryanum but 
also B. braunii microfossils. These two palynomorphs often co-occur in lake sediments but 
are not necessarily simultaneously abundant. This was suggested to be a consequence of 
Botrycoccus being more euryhaline and Pediastrum more stenoha1ine (Masters, 1971) and the 
preference of Pediastrum for a higher nutrient loading (Chu, 1943). The section of the 
Fuquene sediment used in this study does contain some B. braunii microfossils. However, the 
majority of the palynomorphs (>99%) originates from Pediastrum. The presence of some 
pollen in the sample does not interfere with the Ru04 results since the predominantly aromatic 
sporopollenin (Wehling et al. 1989; Boom et aI., 2000) is completely oxidised by this method 
and the Pediastrum signal is preferentially enhanced. A Botryococcus-rich sample was 
obtained from the Funza II core from the highplain of Bogota (Colombia) (Hooghiemstra and 
Ran, 1994), which is a former high altitude lake in the same area as Fuquene. Boom et al. 
(unpublished results) showed that some parts of the Funza sediment contains a botryococcene 
indicating that the Botryococcus-remains probably originate from the B race (Metzger et aI., 
1991). 

7.3. Experimental 

7.3.1. Culture conditions and algaenan isolation 
The culture conditions and isolation of the algaenans from T. minimum and P. boryanum were 
described previously (Blokker et aI., 1998a,b). B. braunii (SAG 30.81) and C. reticulatum 
(SAG 8.81) were obtained from the Sammlung von Algenculturen at the University of 
Gottingen (SAG) and cultured and worked-up as described previously (Blokker et aI., 1998a, 
b,1999). 
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7.3.2. Sample description 
The sediments used in this study originate from the Messel oil shale (Schnitt 5, age -48 Ma) 
near Darmstadt (Gelmany), Fuquene II from Valle de Ubate-Chinquinquini, Colombia (core 
19,468.75-475.00 em, age -10 Ka) (van Geel and van der Hammen, 1973) and Funza II 
(94.00-93.59 m, age 470 Ka) from the highplane of Bogota (Colombia) (Hooghiemstra and 
Ran, 1994). 

7.3.3. Sediment work-up procedure 
To facilitate comparison between the extant algaenans and the microfossils, the fossil 
algaenan-rich samples were subjected to the same acid and base treatment as the extant 
algaenans (Blokker et aI., 1999). Prior to the work-up, the Funza II sediment was sieved over 
a 125 11m sieve to remove large fragments. To obtain a C. reticulatum rich fraction the <125 
~m material was subsequently sieved over a 38 11m sieve since the B. braunii remains were 
generally larger than this size. 

7.3.4. Synthesis o(2-undecyl undec-2-enal 
Freshly distilled undecanal (2 g, b.p. 109°C) was dropwise added to a boiling solution of 
NaOH (5 ml, 1M) under vigorous stirring. After addition, the mixture was allowed to reflux 
for 2 h and subsequently cooled to room temperature. The organic layer was removed and the 
aqueous phase was extracted with ethyl acetate (EtOAc) (2x, 5 ml) and hexane (2x, 5ml). The 
organic layers were combined and the solvents were evaporated under reduced pressure. 
Remaining traces of starting material were removed at 40°C in vacuo yielding 1.8 g, (90% 
GC-yield) of 2-undecyl undec-2-enai. MS (EI, 70 eV): m/z 322 (M+, 20%), 304 (M-H20, 
10%),209 (C I4H2SO, 17%), 195 (C13H230, 16%), 181 (C12H210, 27%),55 (C4H7, 100%) 

7.3.5. Synthesis of2-undecyl undecanol 
2-Undecyl undec-2-enal (100 mg, 0.3 mmol) was dissolved in EtOAc (3 ml) and acetic acid 
(200 Ill, 3.5 mmol) and Pt02 (100 llg) were added. Hydrogenation was performed by slowly 
bubbling hydrogen gas through the mixture for 2 h at room temperature. The reaction mixture 
was subsequently neutralised with Na2C03 and dried over MgS04 and evaporated to dryness 
under reduced pressure yielding 2-undecyl undecanol (96 mg, 96 % GC-yield as TMSi 
derivative). MS (EI, 70 eV): m/z 398 (M'), 383 (M+-CH3, 90%), 308 (M'-TMSiOH, 6%),103 
(TMSiOCH2, 99%), 75 (TMSiH2, 100%) 

7.3.6. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported earlier (Blokker et aI., 1998a). The 
non-hydrolysable residue (5 mg) or model compound [2-undecyl undec-2-enal (l mg,3 llmol) 
and 2-undecyl undecanol (lmg, 3 llmol)] was ultrasonically suspended or dissolved, 
respectively, in a mixture of I ml chloroform, I ml acetonitrile and 2 ml of an aqueous 
solution ofNal04 (0.2 M, pH 3). After addition of 6 mg Ru(III)Ch the two phase system was 
allowed to react in an ultrasonic bath at room temperature. After 4 h, 3 ml water and 2 ml 
hexane were added. The residual material (none in case of the model compounds) was 
removed by centrifugation and the organic layer was removed. The aqueous layer was 
extracted with 2 ml hexane (IX) and 2 ml DCM (2x). The combined organic extracts were 
washed with 2 ml Nal04 solution (0.2 M, pH 3). After removal of the aqueous layer, Ru-salts 
were precipitated from the organic layer by dropwise addition of 0.5 ml MeOH and 
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subsequent centrifugation. The remammg supernatant was washed with 2 ml NaZSZ03 
solution (5% in H20). The extract was dried over NaZS04, evaporated to dryness under a 
nitrogen flow and derivatized with diazomethane prior to analysis. RU04 degradation removed 
about 7 wt% of material from T. minimum algaenan, 8 wt% from B. braunii algaenan and 21 
wt% from P. boryanum algaenan. 

7.3.7. GCIMS, GCIFID and Curie-point py-GCIMS 
GC/MS, GC/FID and py-GC/MS equipment and conditions were as previously described 
(Blokker et aI., 1998a). For the analysis of the RU04 product mixture the following 
temperature program was used: I min at 40°C and subsequently heated to 320°C at 4 °/min. 
The final temperature was held for 10 min. 

7.4. Results and discussion 

Although no elemental compositions were determined in this study, the flash pyrolysates of 
the non-hydrolysable kerogens of the Messel, Fuquene and Funza clearly reveal the high 
aliphaticity of the organic matter by the abundance of n-alkeneln-alkane doublets (Fig. 7.1). 
The presence of n-alkeneln-alkane doublets in kerogen pyrolysates is often regarded as a 
strong indication for the presence of algaenans (de Leeuw and Largeau, 1993), confirming 
that the microfossils in these sediments are indeed composed of this material. Although 
microscopy implies that the organic matter in the treated sediments is composed of virtually 
monotypical assemblages of T. minimum, P. boryanum and B. braunii, the flash pyrolysates 
are practically identical. Despite that the relative abundance of n-alkenes and n-alkanes 
reveals some subtle differences between the investigated samples. In general, it is impossible 
using pyrolysis only to determine which algae are responsible for these aliphatic signals, or to 
determine what chemical differences exist between the extant and fossil algaenans. RU04 
degradation, on the other hand, does provide more details about structural compositions of the 
aliphatic biopolymers. A drawback of the RU04 degradation method is the incomplete 
oxidation of the organic material, which probably leaves the most densely ether-cross linked 
parts of the algaenans unaffected (Blokker et aI., 1998a). Consequently, this study mainly 
focuses on the qualitative information obtained after RU04 degradation, which offers a 
detailed insight into the chemical structures of the investigated materials and provides the 
opportunity to compare the chemical structures of fossil and extant algaenans in more detail 
than other methods do. 

7.4.1. RU04 degradation ofunsaturated (})-hydroxy fatty acid-basedfossil and extant 
algaenans 

RU04 treatment of the insoluble non-hydrolysable organic matter in both the Pediastrum-rich 
Fuquene sediment and P. boryanum (Fig. 7.2) yields a series of compounds dominated by C9, 
C21 and C23 dicarboxylic acids. These compounds and an additional C25 dicarboxylic acid 
were also dominant in the RU04 degradation product mixtures of the T. minimum-rich Messel 
and T. minimum algaenan (Fig. 7.3). The rationale for the formation of dicarboxylic acids 
upon RU04 of ID-hydroxy fatty acid-based algaenans has been discussed by Blokker et al. 
(1998a). Briefly, RU04 degradation follows the normal rules of oxidation. The most important 
reactions involved in the degradation of algaenans are depicted in Fig. 7.4a-d. 
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Upon comparison of the RU04 degradation product mixtures from the Messel and 
Fuquene and their extant counterparts T. minimum and P. boryanum, respectively, it becomes 
clear that the each material investigated generates a specific series of mono- and dicarboxylic 
acids. The similarities between the RU04 product distribution patterns of the fossil and freshly 
isolated algaenans illustrate that the building blocks of both materials are virtually identical. 
Furthermore, the specific product distributions reveal that the fossil algaenans were 
selectively preserved without severe chemical changes thus allowing recognition of the fossil 
algaenans on a species level. Despite the obvious similarities between the RU04 product 
mixtures of the extant and fossil T. minimum and P. boryanum algaenans, there are some 
differences, particularly in the distribution of the long-chain dicarboxylic acids. Most notable 
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Figure 7.1: Gas chromatograms of the flashpyrolysates (610°C) of three investigated sedimentary materials. Open 
circles indicate n-alkene/n-alkane doublets; stars indicate phenols; pr = pristene; tl = toluene. 
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is the different relative abundance of the C25 dicarboxylic acid between extant T. minimum 
algaenan and that derived from the Messel organic matter. One possible explanation for this is 
diagenetic alteration of the material over time. Furthermore, is it possible that the specific T. 
minimum strain that contributed to the organic matter in the Messel used a slightly different 
set of monomers to construct its algaenan. Although we cannot exclude these possibilities, the 
results of Schouten et a1. (1998) provide an alternative explanation. Maybe the differences in 
growth conditions resulted in slight changes of the monomeric composition of the algaenan 
itself. Schouten et a1. (1998) also observed, like in the Messel, a relatively lower amount of 
the C25-dicarboxylic acid upon RU04 degradation of T. minimum algaenan originating from 
the same strain cultured in a different growth medium to that used in our study. 
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Figure 7.2: Gas chromatogram of the products generated upon Ru04 oxidation of P. boryanum algaenan and 
Fuquene. L S. = internal standard. 

In addition to the dicarboxylic acids, both the product mixtures of Fuquene and Messel 
contain a series of monocarboxylic acids dominated by the C16 and C28 homologs. Although 
the extant algaenans also contain some fatty acids dominated by the C28 fatty acid, it is 
unlikely that these fatty acids, especially the C16, exclusively originate from the algal 
microfossils since these compounds are omnipresent in nature. On the other hand, because 
these fatty acids were not removed by saponification of the samples they were probably 
present in the algaenan in a physically trapped form. This suggests that the algaenan served a 
protecting role enabling these fatty acids to survive diagenesis. 

An important difference between organic matter in the Fuquene and Messel sediments 
and the corresponding extant algaenans is the broader distribution of dicarboxylic acids in the 
RU04 product mixtures of the former. We suggest that this is the result of differences in the 
amount of double bonds and ether-linkages between the fossil and extant biopolymers. Since 
both functionalities are completely oxidized into two carboxylic acid fragments by RU04 (Fig. 
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7.4 b,c), it is not possible to distinguish between oxidation of original double bonds or vicinal 
ether linkages. As double bonds are suggested to be the starting point of the ether-cross 
linking of the algaenans during their biosynthesis (Blokker et aI., 1998a), one would expect 
that the ether-linkages are mainly positioned at the ro9-position of the monomers. However, 
the ether-linkages are not strictly formed at this position alone. In fact, Blokker et al. (1998a) 
suggested that the ether-linkages are distributed around the position of the original double 
bond in a Gaussian-like fashion. This results in a randomized distribution of oxidation 
products without the dominance of specific compounds when all double bonds are used for 
this purpose by the alga. Therefore, it is suggested that the observed dominance of certain 
oxidation fragments, such as the CZI and CZ3 dicarboxylic acids from extant P. boryanum 
algaenan, originate to a large extent from uncross-linked unsaturated monomers that are not 
removed upon saponification and extraction, and are encapsulated in the polymer matrix. 
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Figure 7.3: Gas chromatogram of the products generated upon RU04 oxidation of T minimum algaenan and 
Messel. 1. S. = internal standard, star indicates contamination. 

Consequently a more broad distribution of oxidation products as observed upon RU04 
degradation of the fossil algaenans is the result of a smaller proportion of unsaturated and 
trapped monomers and thus higher content of cross-linked material. 

There are several possible explanations for this relatively higher amount of ether cross
links in the fossil algaenans. It seems unlikely that the ether-linking itself is a diagenetic 
process, since the latter generally takes place under anoxic conditions whilst the construction 
of ether cross-links obviously requires oxygen. Another possibility is the generation of a 
higher amount of cross-links by the algae themselves, for example upon starvation of the cells 
at the end of a blooming period or even after algal cell death mediated by the active oxygen 
species that are generated upon exposure of the senescent cell to light (Rontani, 1999). 
Although the latter possibility poses a good explanation for the higher amount of ether cross

86 



links in the fossil algaenans it is also possible that the removal of esterified and/or trapped 
monomers upon diagenesis resulted in the relative enrichment of a more cross-linked residue 
and thus a more condensed form of the algaenan. 
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I • II0 
I ° 

I 
0 
I RU04 0 HO-C-R2b R1-CH-CH-R2 ~ II II+I RI-C-OH 0 
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C R1-CH=CH-R2 ~ II + II
Rl_C-OH 0 
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O/Ru04 ~ ~ e +Rl_C-OH 

Figure 7.4: Schematic representation of the main reactions involved in the oxidative degradation of algaenans by 
RU04 and the products fonned. The last reaction has been shown to occur during oxidation by ozone of the 
aliphatic polyaldehyde from B. braunii (race a) (Metzger et aI., 1993). The reaction with RU04 with this type of 
functionality is shown to be analogous to ozonolysis (see Fig. 7.8) 

7.4.2. RU04 degradation ofa diunsaturated a,w-dialdehyde basedfossil and extant algaenan 
To date B. braunii is the only alga reported to contain an algaenan composed of C32 di
unsaturated a,ro-dia1dehyde monomers (Bertheas et aI., 1999). Upon polyaldol condensation 
of these monomers a polyaldehyde skeleton is generated, which can be recovered from B. 
braunii extracts (Metzger et aI., 1993, Gelin et aI., 1994). This soluble aliphatic biopolymer is 
suggested to be the uncross-linked counterpart of the insoluble B. braunii algaenan, which is 
formed upon subsequent ether cross-linking, resulting in an intermolecular-linked three
dimensional network (Metzger et aI., 1993, Gelin et aI., 1994). Since our work-up procedure 
allows a high purification of B. braunii algaenan and probably complete removal of the 
aliphatic polyaldehyde, it is possible to obtain detailed information from the chemical 
structure of this biopolymer by means of RU04 degradation. Consequently, is it also possible 
using this method to compare the chemical features of the extant and the fossil algaenans from 
this species in detail. 

On treatment with RU04 of the extant B. braunii algaenan a large suite of compounds is 
generated (Fig. 7.5), consisting of Cr C26 normal-, C17-C33 oxo- and C27-C34 dioxo
dicarboxylic acids. The oxo-dicarboxylic acids were previously observed amongst other 
algaenan RU04 degradation products and identified by MS (Blokker et aI., 1998a). The dioxo
dicarboxylic acids on the other hand were not previously reported as algaenan RU04 oxidation 
products. The mass spectrum of the C31 member is shown in Fig. 7.6 and represents the 
combined spectra of a series of coeluting isomers with different carboxyl group positions. 
Unlike the dioxo-dicarboxylic acids, which maximise in abundance around C32 (Fig. 7.5) the 
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oxo-dicarboxylic acids exhibit a bimodal distribution maxlmlSlng around C23 and C31, 

dominated by the first cluster (Fig. 7.5). A bimodal distribution is also observed for the 
dicarboxylic acids with maxima around CIO and C22. The rationale for these RU04 degradation 
products of B. braunii algaenan is presented in Table 7.1 and is based on the polymer 
structure suggested in earlier studies (Metzger et aI., 1993, Gelin et aI., 1994) and the different 
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Figure 7.5: Gas chromatogram of the products generated upon Ru04 oxidation of B. braun;; algaenan (a) and 
Funza (b). I. S. = internal standard, star indicates contamination, ? = unknown. 

types of ether cross-links found in the ID-hydroxy fatty acid based algaenans (Blokker et aI., 
1998a). 

Although all the oxidation products can be rationalised by current knowledge of RU04 

degradation, some model studies were performed to get a better understanding of the chemical 
processes involved in RU04 degradation of specifically the polyaldehyde based B. braunii 
algaenan. These studies (Fig. 7.7) have shown that moieties a and c at positions 1 and 4 
(Table 7.1) will result in a-branched carboxylic acid groups upon oxidation. Since 
compounds containing this type of functionality are absent in the degradation products we can 
conclude that only moiety b is present next to the carbonyl group in the biopolymer. In 
addition, since the formation of vicinal sets of ether-linkages always seems to co-occur with 
the formation of single ether-linkages at specific double bond positions, we suggest that ether 
linking a to the carbonyl group does not take place at all and the double bond remains 
unaffected. 

A consequence of this concept is that when B. braunii algaenan is treated with RU04 in 
theory no fragments larger than C3l can be generated (Fig. 7.8). However, the product mixture 
does contain dioxo-dicarboxylic acids longer than C31 , (i.e. C32-C34 dioxo-dicarboxylic acids). 
These fragments can be explained by if the algaenan is not regularly polymerised by a 
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repetitive aldol condensation of only type A or type B (Fig. 7.8). A combination of reaction A 
and 8 during polymerisation of the polyaldehyde backbone will result in an irregular polymer 

Table 7.1: The three different types of dicarboxylic acids formed upon Ru04 oxidation of B. braunii algaenan 
(Fig. 7.5). These products can be rationalized by oxidation of moieties a to c at positions I to 4 on the 
polyaldehyde chain. The products and their possible original functionality in the algaenan are shown in this 
table. Both the oxo- and dioxo-dicarboxylic acids display a bimodal distribution of which the maxima are 
depicted by max I and max 2. 

Type of compOlmd observed in the Ru04 degradation product mixture 
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containing structural units like the one depicted in Fig. 7.8. Upon RU04 degradation of such 
an irregularly polymerised algaenan a C32 dioxo-dicarboxylic acid (Fig. 7.8) can be generated. 
Furthermore, since the a-double bonds are conjugated with the carbonyl groups they are 
susceptible to acid-catalysed isomerisation during the work-up procedure of the algaenan. 
This may result in a randomisation of the double bond position around the tertiary carbon. 
Shifting of both tertiary double bonds of the irregularly polymerised polyaldehyde depicted in 
Fig. 7.8 will produce a polymeric structural unit that can generate a C34 product upon RU04 
degradation. The isomerisation of the double bond on acid treatment during the B. braunii 
algaenan work-Up probably also accounts for a broadening of the RU04 degradation product 
distribution (Fig. 7.5). In combination with a Gaussian-like distribution of ether-linkages 
around the original double bond position as observed in ro-hydroxy fatty acid based algaenans 
(Blokker et al., I 998a), this will give rise to a more broad distribution of oxidation products as 
observed for the other algaenans presented in this paper. 

When the B. braunii-rich Funza is treated with RU04 and the product mixture is 
compared to that of extant B. braunii algaenan the similarity between these two materials is 
not as obvious as for the other examples shown in this paper. Most apparent is the absence of 

the dioxo-dicarboxylic acids, and the much lower concentration and different chain-length 
distribution of the oxo-dicarboxylic acids, which is dominated by the e2l homologue. The 
only similarity between the extant and fossil B. braunii algaenan upon RU04 degradation is 
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Figure 7.6: Average mass-spectrum (subtracted for background) ofthe coeluting C31 dioxo-dicarboxylic acids. 

the distribution of the dicarboxylic acids, which in both product mixtures range from C7 to 
C24. However, the second maximum observed in the distribution of these compounds in the 
fossil algaenan is dominated by the C2l instead ofC22 as in the case of the extant algaenan. 

The dominance of the C21 dicarboxylic acid and oxo-dicarboxylic acid in the product 
mixture and the difference in relative concentration of the Cg to C12 dicarboxylic acids 
compared to the B. braunii Ru04 product mixture is probably caused by some small amounts 
of Coelastrum reticulatum microfossils in the sample (Hooghiemstra and Ran, 1994). Recent 
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Figure 7.7: RU04 degradation of tbe model compounds: 2-undecyl undecanol (1) and 2-undecyl undec-2-enal 
(2). 2-Undecyl undecanal (3) represents the reaction-intermediate of 1 and the carboxylic acid reaction product. 

investigations of C. reticulatum cell walls revealed that this alga produces an algaenan similar 
to that of Scenedesmus communis (Blokker et aI., 2000). Indeed, upon removal of the larger B. 
braunii microfossils by sieving the sample over a 38 !-Lm sieve, subsequent Ru04 degradation 
of the fraction <38 !-LID containing the C. reticulatum reveals the presence of this unsaturated 
ro-hydroxy fatty acid based algaenan (Fig. 7.9). Although the presence of another microfossil 
in the sample explains some of the differences between Funza and extant B. braunii algaenan, 
it does not explain all of them. It is possible that the lack of dioxo-dicarboxylic acids in the 
product mixture of the sediment is the consequence of differences in B. brauni; strains. 
Although such mechanism merits further investigations, it seems equally likely that loosely 
bound monomers or polymer fragments have been removed during diagenesis as suggested 
for the other fossil algaenans in this study. If the carbonyl groups of the carboxylic acids 
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C30 and C32 oxidation products. Because the double bonds are sensitive towards acid catalyzed isomerisation they 
will shift around the tertiary carbon atom. This can ultimately give rise to a CJ4 fragment upon RU04 
degradation. 

released upon RU04 degradation do originate from single ether-linkages, it suggests that such 
single ether-linkages can be broken during this process even when two of these single ether
linkages are present on a polymer fragment. These fragments probably then represent the 
periphery ofthe biopolymeric material and are thus more susceptible towards diagenesis. 

7.5. CONCLUSIONS 

The RU04 degradation results presented here show that this method is useful for assessing the 
chemical structure of extant and fossil algaenans. Indeed, the products obtained upon 
degradation of extant B. braunii algaenan have been shown to provide new structural 
information about these biopolymers (Metzger et ai., 1993, Gelin et ai., 1994). The generation 
of algaenan-specific RU04 degradation products upon treatment of sediments containing high 
amounts of algal microfossils have shown that the preserved cell walls are indeed composed 
of chemically intact algaenan (de Leeuw and Largeau, 1993; Goth et ai., 1988) and 
demonstrated that the chemical features present in algaenans are well preserved in the 
sediments studied here. Furthermore, these results demonstrate that fossil algaenans may be 
distinguished from each other using RU04 degradation, something that is virtually impossible 
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Figure 7.9: Gas chromatogram of the products generated upon RU04 oxidation of C. reticulatum algaenan (a) 
and Funza « 38 !lm fraction) (b) revealing the presence of C. reticulatum in this sediment. I. S. = internal 
standard. 

using techniques like py-GC/MS. The most obvious differences between the fossil- and extant 
algaenans of T. minimum and P. boryanum is the broader distribution of the dicarboxylic 
acids generated upon Ru04 degradation of the sedimentary material. This can likely be 
ascribed to diagenetic changes of the material, different algal strains or different growth 
conditions between the fossil and cultured algae. Some differences between the extant B. 
braunii algaenan and the Funza sediment can be explained by the presence of small amounts 
of C. reticulatum in the latter. However, if diagenetic changes account for some of the 
observed differences here, this would suggest that monomers or polymer fragments bound via 
single ether-linkages can be removed upon diagenesis from the periphery of the biopolymer. 
Nevertheless, the presence of almost identical series of dicarboxylic acids in both the extant 
and fossil B. braunii samples suggest that the ether cross-linked material, interconnected by 
vicinal sets of ether bonds, remains essentially intact upon diagenesis. Based on the data 
presented in this paper, we suggest that selective preservation and subsequent diagenesis 
relatively enriches the algaenans in concentration but does not give rise to large alterations of 
their chemical structures. The results illustrate that Ru04 degradation can be of help in 
assessing the presence of algal microfossils in ancient sediments and categorise sediments on 
the basis of the presence of algaenans if methods like microscopy fail. By using the specific 
chemical signature obtained by this method it may even be possible to use this technique to 
determine which algal family was the main contributor to the organic matter and thus provide 
infonnation about the palaeoenvirorunent. 
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CHAPTERS 

S13C analysis of RU04 degradation products of kerogens: A new tool for 
determining the stable carbon isotopic composition of fossil algal 

biopolymers 

The Ol3C value of fossil and extant algaenans was determined by measuring algaenan-specific 
RU04 degradation products by means of isotope ratio monitoring-mass spectrometry. The 
ol3C value for extant P. boryanum algaenan obtained through this method is similar to the 
Ol3 Cbulk value. The stable carbon isotope composition of a c. 10 ka old Pediastrum boryanum 
algaenan in a Colombian lake sediment is -17.4%0, which is enriched in l3C by 1%0 relative to 
the bulk organic matter. In contrast, the extant 013C value of T. minimum algaenan, 
determined from the RU04 degradation products, is about 4%0 lower than the 013Cbulk value 
probably as a consequence of changing growth conditions during culturing. T. minimum 
algaenan in the Eocene Messel Shale has a value -34.3%0, which is considerably lower than 
the ol3C value of bulk organic matter of -28.3%0. This is the first time that a o13C value can be 
assigned to such a species-specific insoluble and non-hydrolysable aliphatic biopolymer in 
sediments, allowing a quantitative estimation of the importance of algaenan in sediments. 

8.1. Introduction 

Kerogen, the insoluble fraction of organic matter present in sediments (Durand, 1980), 
represents the largest pool of organic matter on Earth and plays a crucial role in the Earth's 
carbon cycle over large time scales. Furthermore, kerogen is considered to be the main source 
of petroleum and gas (Tissot and Welte, 1984) and contains information about the organisms 
that lived in the past and consequently about the paleoenvironment and climate. The retrieval 
of this information relies on understanding the sources of this material and the degradation 
and alteration processes that take place during senescence, transport to the sediment, and 
sediment burial (diagenesis). 

In recent years it has become clear that selectively preserved insoluble non-hydrolysable 
aliphatic biopolymers play an important role in the formation of kerogens (Tegelaar et aI., 
1989; de Leeuw and Largeau, 1993; Largeau and de Leeuw, 1995). Such resistant 
biopolymers in green microalgae (algaenans) seem to be major contributors to sedimentary 
organic matter (Goth et aI., 1988; Tege1aar et aI., 1989; Largeau and de Leeuw, 1995). 
However, as a consequence of the recalcitrant nature of these algaenans, and of kerogens in 
general, it is difficult to establish the real contribution and impact of such biopolymers on 
sedimentary organic matter. 

A new tool to reveal the origin of sedimentary organic matter is isotope-ratio
monitoring gas chromatography-mass spectrometry (irm-GC/MS). This technique enables the 
determination of the stable carbon isotopic composition of individual compounds (Hayes et 
aI., 1990) and has been shown to provide valuable information on the origin of biomarkers 
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and the organisms that biosynthesised these molecules. However, the resistant nature of 
kerogens does not directly allow isotopic measurements of individual macromolecular sources 
that comprise this material and Ol3Cbulk only provides superficial insight into the sources of 
the complete kerogen and not of the individual macromolecular constituents. 

To date a few methods have been proposed to gain isotopic information on 
macromolecular structures in kerogens. Gofli and Eglinton (1996) showed that CuO 
degradation releases lignin building blocks from kerogens that could be analysed by irm
GC/MS in order to reconstruct the ol3C values of this wood polymer. Collister et ai. (1994) 
and Eglinton (1994) determined ol3C values of aliphatic macromolecules in kerogens by 
analysing the aliphatic hydrocarbons generated by pyrolysis using irm-GC/MS. Although the 
latter method allows the determination of Ol3C values of aliphatic material in kerogens, it is 
not specific enough to assign a ol3C value to a particular organism since aliphatic 
biopolymers like algaenans, cutans and suberans (Tegelaar et aI., 1989) all produce n-alkenes 
and n-alkanes upon pyrolysis. 

Previous studies have shown that RU04 degradation is a suitable tool to obtain detailed 
structural information on resistant aliphatic biopolymers like algaenans (Schouten et ai. 
1998a, Blokker et a11998, Gelin et a11997, Blokker et aI., 2000a) and can be used to reveal 
the presence of specific algaenans in sediments (Blokker et al. 2000b). Since RU04 oxidises 
the ether-linkages that cross-link the long-chain monomers of these algaenans, this reagent is 
able to break down the three-dimensional polymeric network into GC amenable fragments. 
RU04 degradation of algaenans from algae of the order Chlorococcales produces a family
specific fingerprint composed of a series of dicarboxylic acids, which are generated upon 
oxidation of the ether-linked C3o-C34 ro-hydroxy fatty acid building blocks (Blokker et ai. 
1998, Blokker et ai. 2000a,b). Since to date no other biopolymer is known to provide such a 
specific RU04 degradation product signature, this suggests that the compounds generated 
upon RU04 degradation of Chlorococcal algeanans are sufficiently specific to allow for the 
determination of the isotopic composition of these polymeric materials in sediments. To test 
this hypothesis, algaenans obtained from cultures of the green microa1gae T. minimum and P. 
boryanum and sediments containing their fossil counterparts were investigated by RU04 
degradation and stable carbon isotopic analysis of the products released. 

8.2. Experimental 

8.2.1. Culture conditions and algaenan isolation 
p. b01yanum (Turpin) Meneghini (SAG 87.81) and T. minimum (A. Braun) Hansgirg (SAG 
44.81) were obtained from the Sammlung von A1genculturen at the University of Gottingen 
(SAG), cultured in a medium aired with CO2-enriched air (Blokker et aI., 1998) and worked
up as previously described (Blokker et aI., 1998). 

8.2.2. Sample description 
The sediments used in this study originate from the Messel shale (Schnitt 5, age ~48 Ma) near 
Darmstadt (Germany) and from Fuquene II from Valle de Ubate-Chinquinquini, Colombia 
(core 19, 468.75-475.00 cm, age ~10 Ka) (van Geel and van der Hammen, 1973). Both 
samples were ground, extracted with MeOH (3x), DCM (3x), hexane (3x) and decarbonated 

with HCl (2M). 
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8.2.3. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported earlier (Blokker et aI. 1998). In short, 
the final residue (ca. 5 mg) was ultrasonically suspended in a mixture of I ml chloroform, I 
ml acetonitrile and 2 ml of an aqueous solution of NaI04 (0.2 M, pH 3-4). After addition of 6 
mg Ru(III)Cb the two phase system was allowed to react in an ultrasonic bath. After 4 h, 3 ml 
water and 2 ml hexane were added. The residual material was removed by centrifugation and 
the organic layer was transferred into methanol (MeOH) (0.5 ml). The aqueous layer was 
extracted with 2 ml hexane (Ix) and 2 ml dichloromethane (DCM) (2x) and these organic 
layers were transferred to the first organic extract. The black Ru-salts were precipitated from 
the organic layer by centrifugation. The remaining supernatant was washed with 0.5 ml 
Na2S203 solution (5% in H20). The extract was dried over Na2S04, evaporated to dryness 
under a nitrogen flow and derivatized with diazomethane prior to analysis. 

8.2.4. GC/MS, GC;jlame ionisation dectection (FID) and Curie-point py-GC/MS 
GC/MS, GC/FID and py-GC/MS equipment and conditions were as previously described 
(Blokker et al. 1998). For the analysis of the RU04 product mixture the following temperature 
program was used: 1 min at 40°C and subsequently heated to 320°C at 4°/min. The final 
temperature was held for 10 min. 

8.2.5. lrm-GC/MS 
The DELTA-C irm-GC/MS-system was equipped with a fused silica capillary column (25m x 
0.32mm) coated with CP Sil-5 (film thickness = 0.4 11m) with Helium as a carrier gas. The 
irm-GC/MS conditions were identical to those described by Schouten et aI. (1998b). All 
measurements were performed in duplicate. The error of the obtained values is approximately 
± 0.5%0. 

8.2.6. Bulk stable carbon isotopes 
Stable carbon isotopic compositions of the extant and fossil algaenans were determined by 
automated online combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry (Fisons optima; Fry et aI., 1992) 

8.2.7. Calculation of (PC value 
The (PC value of the algaenans was calculated from the weighted average of the ol3C value 
of the C21, C23 and C25 dicarboxylic acids. The 013C value of the individual dicarboxylic acids 
was corrected for the presence of the methyl ester CH3 originating from BF3/MeOH (013C = 
46.2%0) used for derivatisation ofthe carboxyl groups. 

8.3. Results and discussion 

To investigate if the RU04 degradation products of algaenans are representative for the 
complete polymeric material, RU04 degradation products of algaenans obtained from cultures 
of the green microalgae T. minimum and P. bOlyanum were analysed by irm-GC/MS and 
compared with their S13CbUlk value. To test if this method is applicable to sedimentary organic 
matter it was used on sediments containing T. minimum and P. boryanum microfossils. The 
algaenan-specific C21-C25 dicarboxylic acids generated by RU04 degradation are formed upon 
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oxidation of vicinal ether-linkages at the 0)9 position of the C3o-C34 w-hydroxy fatty acid 
building blocks of these algaenans (Blokker et aI., 1998, Blokker et al., 2000a,b). A weighted
average of the b13C values of these C21, C23 and C25 dicarboxylic acids provides the bl3C 
value of the complete algaenan. The bl3C value of the long-chain dicarboxylic acids, fatty 
acids and the calculated algaenan bl3C values are plotted in Figure 8.1 as a difference from 
the b13Cbulk value of the algaenan or TOC of the sediment. Comparison of these values with 
the calculated b13C values of the algaenans allows an estimation of the isotopic heterogeneity 
of the samples and an evaluation of the usefulness of this method to determine the bl3C value 
of algaenan in sediments. 
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Figure 8.1: Stable carbon isotopic compositions of the algaenan-specific dicarboxylic acids and the fatty acids 
generated upon RU04 degradation of extant (a, c) and fossil (b, d) T. minimum and P. boryanum algaenans vs. 
the bulk li13C value. The dotted line represents the li l3C value of the algaenan calculated from the li l3C value of 
the C21 -C25 dicarboxylic acids. The histograms show the relative amount of the individual compounds in the 
product mixtures. 

8.3.1. Extant algaenans 
The most dominant compounds in the RU04 degradation product mixture of P. boryanum 
algaenan are the long-chain C2\ and Cn dicarboxylic acids (see inset in Fig. 8.1a). The 
calculated bl3C value that is obtained from B13C values of the long-chain dicarboxylic acids is 
similar to that of the bulk material (Fig. 8.1 a). This illustrates that the products generated 
upon degradation are representative of the bulk B13C value of this algaenan and that this 
method can probably be applied to sedimentary organic matter to determine the B13C value of 
fossil algaenans. 

Upon degradation of T. minimum algaenan both dicarboxylic and fatty acids are 
released (see inset Fig. 8.1b). In contrast to P. boryanum, the calculated value, based upon the 
b13C values of the C21 , C23 and C25 dicarboxylic acids, differs c. 4%0 from the B13Cbulk value 
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(Fig. 8.lb). Although the fatty acids display the same (5BC value as the 813Cbulk, they are only 
minor components released from the periphery of the polymer upon disruption of the polymer 
matrix by RU04 (Blokker et aI., 1998), and consequently we did not consider them in the 
calculation. 

There may be a number of explanations for the differences between the bulk and 
calculated value for this algaenan. First of all, it is possible that a fractionation effect occurs 
during chemical degradation by RU04 itself. However, this does not appear likely since such 
an effect is not observed in the case ofP. boryanum algaenan. Furthermore, fractionation will 
only take place at the carbons of the C-C bond oxidised by RU04; the other 20-24 carbon 
atoms of the dicarboxylic acids are unaffected and will strongly buffer this, minimising the 
effect on the total molecule. Another possibility is that the T. minimum algaenan was not 
chemically pure and residual BC-enriched cell material is still present. However, the work-up 
procedure used has been shown before to provide an algaenan that was virtually void of 
extractable and non-hydrolysable cell materials like proteins and carbohydrates (Blokker et 
aI., 1998) and only the small amount of residual long-chain fatty acids were found trapped in 
thc polymer matrix. Consequently, the algaenan itself must be composed of building blocks 

Table 8.1: The average ol3e values ofRu04 degradation products of sedimentary organic matter. 

Degradation product Fuguene Messel 
C24 fatty acid -20.1 ± 0.2 -30.0 ± 0.2 
C26 fatty acid -24.4 ± 0.9 -31.0 ± 0.4 
C28 fatty acid -24.4 ± 0.1 -30.0± 0.3 
C30 fatty acid n.a. a -32.6 ± 0.1 

C2l dicarboxylic acid -18.2 ± 1.1 -33.2 ± 0.5 
CZ3 dicarboxylic acid -16.8 ± 0.4 -35.6 ± 0.3 
CZ5 dicarboxylic acid -17.2±0.1 -34.4 ± 1.1 

(a) not applicable 

that cover a large range of OBC values. Due to a less efficient removal by RU04 degradation 
of the BC-enriched part of the algaenan, the calculated value shows a deviation towards the 
more depleted values. This may be the consequence of relatively more ether cross-links in the 
case of the more enriched material, making it harder to degrade by RU04 relative to the less 
cross-linked depleted material. These differences in ether cross-link density and concurrent 
BC-enrichment are most likely due to different growth conditions and moment of culture 
harvesting. In batch cultures it is possible that the alga experiences different growth 
conditions at the end of the log growth phase than at the beginning of this growth phase. 
Especially in the case of T minimum, which can grow to extremely high cell densities, this 
can result in changes in the culture medium such as increasing pH. A consequence of higher 
pH is a lower dissolved COz concentration, which possibly induces active uptake of HC03' by 
the alga resulting in less BC-depletion at the end of the log-growth phase. In addition, the 
increased cell density and less favourable growth conditions at the end of the log-growth
phase will also have an effect on the biochemical properties of the algae and algaenan. Most 
likely the alga produces a cell wall that provides an even better protection against the 
increasing hostility of the environment by improving the chemical resistance of its algaenan, 
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which can be accomplished by increasing the amount of ether cross-links. Accordingly, the 
I3C-depleted algaenan produced at the beginning of the log phase will be less densely cross
linked and consequently yield relatively more RU04 degradation products and bias the 

algaenan 1)13CTable 8.2. The bulk 1) 
1
3e of sedimentary organic matter and calculated value. 

thee calculated weight-average ol3e of the algaenans present Since P. boryanum reaches its 
in these sediments stationary phase at much lower cell 

Fuquene Messel densities, changes in the in the 
Bulk value (%0) -18.4 -28.3 culture medium will be less 

Calculated value (%0) -17.4 -34.3 significant here. 

8.3.2. Fossil algaenans 
The C21 , C23 and C25 long-chain dicarboxylic acid generated upon RU04 degradation of the 
kerogen from the Fuquene and Messel kerogens both reveal the algaenan specific chain
length distribution (see insets Fig. 8.1c and d; Blokker et ai., 2000b). If the 1)13C value of these 
specific dicarboxylic acids are used to reconstruct the o13C value of the algaenan in Fuquene, 
a value of -17.4%0 for the P. boryanum algaenan is obtained (Table 8.2). This value is 
significantly higher than the algaenan value of -34.3%0 (Table 8.2) obtained for the Messei. 
This could be an effect of differences in cell geometry (Popp et ai., 1998), growth-rate (Laws 
et ai., 1995), pH, or even be the consequence of the lower amount of CO2 available to the P. 
boryanum in lake Fuquene due to its high altitude of 2580 meters and because pC02 was 
lower during the last glacial than in the Eocene (Berner, 1992). The Fuquene calculated 
algaenan isotope ratio is approximately similar to that of the bulk kerogen (Fig. 8.1c). This 
suggests that this kerogen is isotopically homogenous and possibly predominantly composed 
of the algaenan as already suggested by the paleontological data of van Geel and van der 
Hammen (1973). The long-chain fatty acids in the product mixture of Fuquene most likely 
originate from a source other than P. boryanum, since the extant algaenan RU04 product 
mixture does not contain these and in addition they are strongly I3C-depleted compared to the 
calculated o13C value. 

The T. minimum algaenan in the Messel facies investigated here has a weighted-average 
013C value of -34.3%0. The difference of c. 6 %0 between the isotope ratios of the calculated 
and bulk value is notable and in agreement with the findings of Eglinton (1994). This author 
observed the same discrepancy of about 6%0 between the o13C value of the bulk organic 
matter and weighted-average value calculated from the isotope ratios of the thermally 
generated n-alkenes and n-alkanes upon pyrolysis. Based on these results Eglinton (1994) 
proposed a 013C value of -34.6%0 for the T. minimum algaenan present in that particular 
sample, which is virtually identical to our value of -34.3%0. The difference between the 
013Cbulk value and 013C value of the algaenan suggests that the kerogen must contain 
constituents that are relatively enriched in 13C. It is possible that this is the effect of changing 
growth conditions of the alga according to the rationale for the differences between the 
OI3Ccalculated and the 013Cbulk value of the extant algaenan of T. minimum. However, it is 
possible that the kerogen contains additional insoluble constituents from sources other than T. 
minimum. Such sources may be aromatic macromolecules that are completely oxidised by 
RU04 such as lignins and consequently do not appear in the product mixture. Furthermore, it 
is possible that other aliphatic biopolymers like cutan and suberan (Tegelaar et aI., 1989) 

contributed to the aliphatic material in the Messel kerogen. Earlier studies showed that the 
pyrolysate of the Messel kerogen studied here (Blokker et ai., 2000b), which is most likely 
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from a different facies than the samples investigated by Goth et a!. (1988) and Eglinton 
(1994), is dominated by n-alkenes and n-alkanes. Since cutan and suberan also generate these 
hydrocarbons upon pyrolysis it is difficult to attribute the complete aliphatic signal to 
algaenan. However, Schouten et a1. (1998a) and Boom (unpublished results) have shown that 
cutan produces long-chain fatty acids upon RU04 degradation. Although the C24-C28 fatty 
acids are also present in the extant T. minimum algacnan degradation product mixture and 
display the same differences of c. 4%0 with the 013Ccalculated value, these long-chain fatty acids 
are obviously not algaenan-specific and therefore can also originate from other sources. If 
such a source is a resistant aliphatic biopolymer like cutan the o13C value of the fatty acids in 
the RU04 product mixture might indicate that this polymer contributes, at least partially, to the 
higher 013Cbulk value of the Messel, although this remains speculative. 

8.4. Conclusions 
The 013C values of the calculated algaenan and bulk TOC of P. boryanum illustrate that the 
method used in this study can be applied to determine the 013C value of the P. boryanum 
algaenan in Fuquene, suggesting a value of -17.4%0 for this material. Since the Fuquene 
013Cbulk value is virtually similar to that of the ol3C value of algaenan in this sediment this 
suggests that the kerogen is rather homogenous, in agreement with the palynological data of 
van Geel and van der Hammen (1973). Although the results obtained for the extant T. 
minimum algaenan are more equivocal than those for P. boryanum, they indicate that the T. 
minimum algaenan in the Messel Shale has a stable carbon isotope ratio of -34.3%u. This value 
is considerable lower than the o13Ctoc of -28.3%0, suggesting that not all the organic matter in 
this facies originates from the algaenan. These results are in good agreement with the data 
reported by Eglinton (1994), who obtained the same value for the aliphatic material in the 
Messe1. The results presented in this study illustrate that RU04 degradation in combination 
with irm-GCIMS can be used to determine the ol3C value of species-specific algaenans. 
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CHAPTER 9 

Evidence for oxidative polymerization of unsaturated fatty acids as a 
mechanism for production of refractory carbon in sediments 

Burial of organic matter in sediments is an important sink for the Earth's carbon cycle, but the 
mechanisms of preservation in the sedimentary record are still poorly understood. The 
selective preservation of organic carbon in the form of specific biopolymers and the natural 
sulfurization of bio-organics are important mechanisms for long-tenn carbon burial. Other 
pathways cannot be discounted but the chemical processes involved here are still ambiguous. 
Here we show that the excellent chemical preservation of Eocene dinoflagellate microfossils 
from the Pakistan Jatta Gypsum Formation indicates an up to now unrecognized pathway of 
carbon preservation through an oxidative polymerization mechanism. The dinoflagellate 
fossils are morphologically unique in the sense that they represent the casts of the living 
organism as shown by detailed electron microscopical examination. Chemical investigations 
of these "dinocasts" reveal that they are entirely composed of oxygen cross-linked fatty acid 
building blocks. Although the results of this study challenges the commonly accepted ideas 
about microfossil preservation they, above all, provide the first evidence for an up to now 
unrecognized route towards the accumulation of sedimentary organic matter. 

9.1. Results and discussion 

The depositional environments of the Pakistan Jatta Gypsmn (Meissner et aI., 1968; Gee, 
1945) ranged from shoreline-lagoonal to lacustrine (possibly hypersaline) (Wood et aI., 1997). 
Microscopical examination of the Jatta Gypsum reveals a virtually monotypic assemblage of 
rather peculiar algal microfossils, which based on their morphology and the presence of 
transversal and longitudinal furrows (Fig. 9.1) can be unequivocally identified as 
dinoflagellate remains. To date, the only organic microfossils from the mostly planktonic and 
unicellular dinoflagellates are the cell walls of their benthic resting stages. These so-called 
cyst walls are nowadays produced by about 10% of the dinoflagellate species and are 
intensively studied for stratigraphical, environmental and palaeoclimatic reconstructions. It is 
generally accepted that such dinoflagellate cyst walls are selectively preserved because they 
are composed of a non-hydrolysable insoluble biopolymeric material (Tyson, 1995; Loeblich, 
1987; Kokinos et aI., 1998). Surprisingly, transmission electron microscopy (TEM) on the 
Pakistan dinoflagellate remains show no preserved cell walls but indicate that the microfossils 
consist of an amorphous to vesiculate infill, which obviously retained the morphology of the 
inside of the cell or cyst wall, like a cast reflecting the impression of the outer wall 
morphology. The material composing these casts most likely originates from the 
dinoflagellate itself and must have been originally present in the living organism in high 
amounts. Since there are no reports of algae containing non-hydrolysable insoluble 
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biopolymers in their cytoplasm this would 
indicate that a post-mortem 
polymerization of cytoplasm compounds 
occurred resulting III diagenetically 
resistant cell casts. 

Chemically these dinocasts are 
resistant to acid or base hydrolyses and are 
insoluble in common organic solvents. 
This seriously hampers structural 
determination of their macromolecular 
building blocks. Thermal cracking of the 
isolated dinoflagellate fossils in an inert 
atmosphere by means of flash pyrolysis 
reveals a series of n-alkenes and n-alkanes 
(Fig. 9.2a) upon gas chromatographic 
analysis, indicating a highly aliphatic 
nature. This is further confirmed byFigure 9.1: TEM showing a latta Gypsum dinocast 

specimen. Scale bar = 10 Il111 Fourier Transform Infrared spectroscopy 
(FTIR) which shows strong aliphatic 

absorptions at 2925, 2852, 1455 and 720 cm'l. FTIR also exposes the presence of carboxylic 
acid groups by broad absorptions at 1700 and 1250 cm'l pointing towards a fatty acid-like 
nature of the polymeric material. Moreover, the presence of methyl ketones and mid-chain 
ketones amongst the pyrolysis products suggest the involvement of ether cross-links between 
the aliphatic, possibly fatty acid building blocks (Hartgers et aI., 1995; Gelin et aI., 1994), 
which in turn could explain the wide variety of C-O stretch vibrations in the FTIR spectrum. 

Additional evidence for the involvement of fatty acids as building blocks of the fossil 
casts comes from flash pyrolysis with in situ methylation using tetramethylamoniumhydroxide 
(TMAH). TMAH has been shown to methylate fatty acids during the pyrolysis process, in this 
way preventing secondary reactions like decarboxylation (Challinor, 1991; McKinney, D. E. 
et aI., 1996), the process that is possibly responsible for the generation of n-alkenes and n
alkanes upon direct flash pyrolysis (Hartgers et aI., 1995). Consistent with the former results 
the main compounds generated are Cr CI8 fatty acids (Fig. 9.2b). Although thermal 
fragmentation into smaller compounds still takes place under these conditions the dominance 
of the CI6 and CI8 fatty acids in the TMAH pyrolysis product mixture imply that these 
compounds are probably important building blocks of the macromolecule. 

Chemical degradation has been applied as an alternative approach to depolymerise 
dinocast constituents into GC-amenable fragments. Ruthenium tetroxide (Ru04), which 
breaks down macromolecules by oxidation of e.g. ether cross-links, has been shown to 
provide valuable information on resistant aliphatic biopolymers (Schouten et al., 1998; 
Blokker et aI., 1998). Degradation of the latta Gypsum dinocasts with Ru04 provides a 
mixture of primarily fatty acids up to and dominated by chain length 18. Furthermore the 
presence of CI6 and CI8 oxo-fatty acids generated in addition to these compounds confirms 
that oxygen cross-links indeed were present in the polymer as expected from the flash 
pyrolysis and FTIR results. 
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and CI8 fatty acid-based 
triacylglycerols globules are 
omnipresent in algal cells and 
especially in dinoflagellates 
(Crawford and Dodge, 1974; van 
den Hoek, 1995), we suggest that 
the Jatta Gyspum dinoflagellate 
casts are composed of the lipids 
from these globules in an 

Figure 9.2: Gas chromatograms of the (a) flash pyrolysate and (b) oxidatively polymerised form. 
TMAH pyrolysate of the isolated dinocasts. Circles indicate n Oxidative polymerisation of 
alkeneln-alkane doublets, rectangles indicate fatty acids and triacylglycerols is a well known 
numbers carbon chain length. 

phenomenon from for example 
hardening of linseed oil-based paints (Lazzari and Chaintore, 1999) and probably in this case 
allowed the triacylglycerols to escape mineralisation while other cell materials like 
polysaccharides and proteins are degraded. Although it is not known to what degree of cross
linking is required to prevent diagenetical degradation and which exact conditions were 
responsible for the formation of the dinocasts, they clearly illustrate that preserved 
microfossils are not per se the remains of resistant cell wall biopolymers and exemplifies that 
it is possible to conserve low-molecular-weight compounds in sedimentary material even if 
they are considered to have a low preservation potential. It furthemlore implies that small 
individual lipid globules often present in micro-organisms or even a few individual 
triacylglycerols as already suggested by Harvey et al. (1983), could give rise to the formation 
of small polymer particles. These particles can contribute to the amorphous organic matter 
that is often observed in sediments and sediment traps and be an explanation for the presence 
of the acid resistant bodies that are sometimes found associated with preserved cell walls of 
dinoflagellates cysts. The unique combination of the high amount of lipid globules originally 
present in the Jatta Gypsum dinof1agellates, the specific morphological features of these algae 
and the relative immaturity of the sample enabled us to recognise this novel pathway and 
provide the first direct evidence for an oxidative polymerisation preservation pathway to 
accumulate sedimentary organic matter. 
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9.2. experimental 

9.2.1. Compound specific analysis 
The samples were HCl/HF demineralized and the dinocast-containing fraction was obtained 
by heavy liquid (ZnBrz) separation and subsequently sieving over a 10 11m filter. The 
dinoflagellate-rich >10 11m fraction was used for further analysis. Pyrolysis-gas 
chromatography/mass spectrometry, FTIR and Ru04 degradation conditions were analogous 
to those reported earlier (Blokker et al., 1998). For in situ methylation the sample was applied 
to a ferromagnetic wire (Curie temp. 510°C), dipped in a TMAH-so1ution (25%) and left at 
room temperature in the dark for 12 hours. The gas chromatograph was programmed from 
O°C (10 min) to 320°C (hold time 15 min) at 3°C/min. 

9.2.2. Electron microscopy 
Specimens for SEM were mounted onto a negative film from a water droplet following the 
methods described by Moore et al. (1991) for modern pollen. Specimens for TEM were 
incorporated into an agar pellet by centrifugation and the pellet was embedded in Spurr resin. 
Sections 60 nm thick were cut using a Reichert-Jung ultracut microtome, No fixatives and no 
staining were used in order to examine the material as close to the chemically analysed 
conditions as possible. 

9.2.3. Bulk analysis 
Total organic carbon (14%), hydrogen index (640), oxygen index (38) and Tmax (427) were 
determined by means of Rock Eval hydrous pyrolysis analysis with a Delsi RockEval II + 
TOC instrument. Fourier TransfOlm Infrared spectroscopy was performed with a Bruker 
IFS28 scanning over a frequency range of 400 cm- l to 4000 cm-] using KBr tablets containing 
1 mg of dry concentrated microfossils. 
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CHAPTER 10 

The chemical structure of Gloeoeapsomorpha prisea microfossils:
 
Implications for their origin
 

Two Estonian Kukersites (Ordovician) and two samples from the Guttenberg Member 
(Ordovician) of the Decorah formation (North America) containing botryoidal aggregates of 
Gloeocapsomorpha prisca were investigated by RU04 chemical degradation, FTIR, and flash 
pyrolysis-GC/MS to obtain information about the chemical structure of the polymeric 
material that comprises these microfossils. The products formed upon oxidation by RU04 
were analysed by GC/MS and revealed the presence of a wide range of carboxyl and/or 
carbonyl moiety containing compounds with carbon skeletons ranging from Cs to C20 . The 
Estonian Kukersites reveal the presence of a unique set of mono-, di- and tricarboxylic acids. 
These compounds suggest that the Estonian Kukersites are composed of a polymer with 
mainly C21 and C23 n-alkenyl resorcinol building blocks. Although the tricarboxylic acids are 
not present in the Ru04 degradation product mixtures of the Guttenberg Member samples, all 
compounds can also be explained by such a poly(n-alkyl resorcinol). The higher thermal 
maturity is most likely responsible for the different chemistry and morphology of the G. 
prisca microfossils in these samples. Since compounds like n-alkenyl resorcinols are known 
to polymerise under oxygenated conditions even in an aqueous environment, it is not per se 
necessary that these microfossils are composed of a selectively preserved biopolymeric cell 
wall. It is also possible that G. prisca microfossils are composed of a cell wall or sheath 
component that polymerised during senescence or diagenesis of the organism. 

10.1. Introduction 

The origin and chemical compositIOn of G. prisca has long been a topic of debate in 
geochemistry and palynology and many researchers have focussed on this subject since the 
recognition of these microfossils in Ordovician sediments (Zalessky, 1917). Despite 
numerous investigations the biological affinity of G. prisca is still uncertain (Fowler, 1992 for 
review). For example, Reed et a1. (1986) suggested a non-photosynthetic, prokaryotic, 
benthonic, mat-forming organism while Hoffmann et a1. (1987) concluded that the organism 
was phototrophic planktonic, and possibly eukaryotic. Foster et a1. (1989, 1990) proposed 
based on investigations of G. prisca in Estonian samples that it must have been a mat-forming 
cyanobacteria similar to Entophysalis major from an intertidal environment. They described 
three morphotypes designated as type I, II, and III. Stasiuk and Osadetz (1990) and Stasiuk 
(1991) suggested that the microfossils probably originate from a photosynthetic cyanophyte 
with a complex three-stage life cycle. Derenne et a1. (1990, 1992) suggested that the G. prisca 
microfossils are the selectively preserved algaenan cell walls of a green microalgae like 
Botryococcus braunii. 
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To date it is generally accepted that ancient microfossils are often composed of 
selectively preserved non-hydrolysable and insoluble biopolymers. In recent years it has 
become evident that resistant biopolymeric materials are more common in Nature than 
previously thought, and especially green microalgae from the order of the Chlorococcales 
have quite a few members that biosynthesise such a diagenetically resistant material 
(algaenan) (Blokker et aI., 1998; Largeau and de Leeuw, 1995). A number of resistant 
biopolymers in green microalgae have been elucidated on a monomeric level. For example, B. 
braunii algaenan seems to be composed of mainly C32 a,ffi-dialdehydes (Bertheas et aI., 1999; 
Gelin et aI., 1994; Metzger et aI., 1991), algaenans from Pediastrum, Scenedesmus, 
Sorastrum, Coelastrum and Tetraedron are composed of even, unsaturated C3o-C34 ffi-hydroxy 
fatty acids (Blokker et aI., 1998; Blokker et aI., 2000), and Nannochloropsis algaenan is 
composed of C2S-C36 diols and C30 and C32 alkenols (Gelin et aI., 1997). Since it was shown 
that the isolation procedure for resistant materials can give rise to the formation of artefacts 
(Allard et aI., 1997) the discovery of resistant biopolymers in cyanobacteria (Chalansonnet et 
aI., 1988) has become questionable. Consequently, the cell walls of green microalgae seem to 
be one of the most important sources of selectively preserved biopolymers especially in the 
lacustrine environment. 

Due to the presence a resistant algaenan in the green microalga B. braunii and some 
morphological similarities between this alga and G. prisca, B. braunii or a related alga was 
suggested as a possible source organism for the G. prisca microfossils (e.g. Traverse, 1955; 
Glikson et aI., 1989; Derenne et aI., 1992). However, Burns et al. (1982) suggested that such 
resemblance is only superficial and probably erroneous. Derenne et ai. (1992) observed that 
upon increasing salinity of the B. braunii culture medium a significant phenolic component 
was biosynthesised. Since the presence of phenolic compounds like n-alkyl-phenols and n

alkyl-resorcinols in the pyrolysates of G. prisca is one of the most striking chemical features 
of these microfossils (Derenne et aI., 1990; Derenne et aI., 1992) these findings are in favour 
of the B. braunii origin theory. Although B. braunii was shown to grow under more saline 
conditions, this microalgae is principally a freshwater organism, while the deposition of G. 
prisca occurred in a marine environment as indicated by intercalated limestones containing 
the remains of typical marine fauna, indicating a marine origin for this organism (Foster et aI., 
1989; Bekker, 1921). 

Although to date it is still unknown if the bitumen fraction of G. prisca-rich rocks is in 
some way representative of the kerogen fraction, it typically reveals an exceptional 
distribution of odd-over-even n-alkanes ranging between C9 and C19 in carbon number and n
alkylcyclohexanes exposing a similar distribution (Fowler, 1992 and references cited therein). 
Although much chemical information has been obtained from G. prisca microfossils over the 
years, research was mainly focussed on the bitumen associated with these microfossils and 
details about the polymeric structure are still scarce. However, new improved techniques have 
refined the knowledge of polymeric materials in organisms and kerogen (e.g. Eglinton 1994; 
Largeau and de Leeuw, 1995; Blokker et aI., 2000) which may assist in obtaining new 
information about G. prisca microfossils. In this study RU04 degradation is used as a tool to 
obtain additional chemical information about the polymeric substance making-up the G. 
prisca microfossils. This technique allowed a detailed look at the complex chemistry of these 
microfossils and sheds new light on their biological affinity. 
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10.2. Geological setting 

Both Estonian samples are from the Kohtla quarry, North-East Estonia. The section in this 
quarry represents the lowermost part (the Kivioli Member, Viivikonna Fm.) of the Kukruse 
Stage. This age assesment is based on the palynology (undertaken by Dr. Zwier Smeenk) and 
other known markers. This section is part of Graptolite zone N. gracilus (Middle Landeilo 
Earliest Caradoc Epoch; Middle Ordovician). Kukersite II comes from a real kukersite layer 
(bed D in this quarry) denoted as an argillaceous kukersite with sparse and few skeletal debris 
(TOC 25-50 %). This sample was collected 20 cm above Kukersite I, which is from a 
kukersineous limestone (TOC 5-25%; bed CID in this quarry) characterised as a kukersineous 
fine-grained argillaceous skeletal wackestone. 

The North American samples are taken from the Guttenberg member of the Decorah 
Formation obtained from the Cominco SS-9 core (205.4 m and 206.6 m), Millbrook Farms, 
Jackson, Co., LA. The Guttenberg Member is composed predominantely of carbonate 
mudstones with occasional skeletal wackestone and packstone lenses interpreted as tempesite 
beds (Ludvigson et aI., 1996). In general CaC03 content ranges from ca. 40 to 80% and thin 
(ca. 1 m) brown-coloured G. prisca-rich partings are common and associated with a high 
TOC content. The TOC values in the Guttenberg member range from 0.5-40%. Especially the 
organic-rich layers are associated with the presence of G. prisca microfossils (Jacobson et aI., 
1988). In the Guttenberg member the organic matter is represented by stromatolitic as well as 
disseminated A maceral based on the classification of Stasiuk et al. (1993). No "closed 
(phenol-rich)" morphotype (Derenne et aI., 1992) and disseminated B maceral (Stasiuk et aI., 
1993) have been reported in these samples (Pancost et aI., 1998). 

10.3. Experimental 

10.3.1. Determination ofhopanoid epimerisation 
The G. prisca-rich rocks were ground with a mortar and subsequently extracted with 
DCM/hexane (4x, 1:1) and hexane (2x). After evaporation of the solvent the apolar 
hydrocarbon fractions were obtained from the extracts by column chromatography on 
activated AI02 using hexane as an eluent (elution volume = 4 times column volume). These 
fractions were analysed by GCIMS. The 22S/(22S+22R) C31 and C32 17a,21~(H)

homohopane ratios were determined from the integrated peak areas in the TIC-trace. 

10.3.2. G. prisca microfossil preparation 
After grinding the sediments the samples were ultrasonically suspended in dichloromethane 
(DCM) and centrifuged for 1 min. at 3000 rpm. The DCM float consisted of pure G. prisca 
microfossils as shown by light microscopy and was used for further analysis. To simulate the 
effect of increased temperature on G. prisca the Kukersite I sample was heated under an Nz 
atmosphere at looac for 10 hrs. 

10.3.3. Microscopy 
Light microscopy examination was performed on an Olympus BH microscope. Specimens for 
SEM were mounted onto a negative film from a water droplet following the methods 
described by Moore et a1. (1991) for modem pollen. Specimens for TEM were incorporated 
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into an agar pellet by centrifugation and the pellet was embedded in Spurr resin. Sections 60 
nm thick were cut using a Reichert-lung ultracut microtome, no fixatives and no staining 
were used in order to examine the material as close to the chemically analysed conditions as 
possible. 

10.3.4. Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy was performed on a Broker IFS28 scanning over a 
frequency range of 400 cm-l to 4000 cm-l using KBr tablets containing 2 mg of dry sample. 

10.3.5. Ruthenium tetroxide treatment 
This treatment was modified from a procedure reported earlier (Blokker et aI., 1998). Briefly: 
ca. 5 mg of microfossils was ultrasonically suspended in a mixture of 1 ml chloroform, 1 ml 
acetonitrile and 2 ml of an aqueous solution ofNaI04 (0.2 M, pH 3-4). After addition of 6 mg 
Ru(III)Cb the two phase system was allowed to react in an ultrasonic bath. After 4 h, 3 ml 
water and 2 ml hexane were added. The organic layer was removed and quenched with 
methanol (MeOH) (0.5 ml). The aqueous layer was extracted with 2 m1 hexane (Ix) and 2 ml 
dichloromethane (2x) and these organic layers were transferred to the first organic extract. 
The black Ru-salts were precipitated from the organic layer by centrifugation. The remaining 
supernatant was washed with 0.5 ml Na2S203 solution (5% in H20). The extract was dried 
over Na2S04, evaporated to dryness under a nitrogen flow and derivatized with diazomethane 
prior to analysis. 

10.3.6. GCIMS, GCIFID and Curie-point py-GCIMS 
GC/MS, GC/FID and py-GCIMS equipment and conditions were as previously described 
(Blokker et aI., 1998). For the analysis of the apolar fractions the GC column temperature was 
programmed from 70 DC to 130 DC at 20 DC/min followed by 4 DC/min to 320 DC with a final 
isothermal period of 10 min. For the analysis of the RU04 product mixture the following 
temperature program was used: 1 min at 40 DC and subsequently heated to 320 DC at 4 D/min. 
The final temperature was held for 10 min. Of all the compound series identified here, with 
the exception of compounds 8 and 12, a reference mass spectrum was available in the NIST 
database. The relative retention time and mass spectrometric characteristics were used to 
identify other members of these series. Compound series 7, 8, 9, 11 and 12 were quantified by 
integration of the peak areas in the mass-chromatograms ofmlz 58 and 88. The obtained peak 
areas were multiplied by a response factor compensating for differences in mass spectral 
responses. This response factor was determined from the relative intensity of the ion used for 
mass chromatography in the mass spectrum of a well-resolved peak of the homologue series. 

10.4. Results 

10.4.1. Thermal maturity 
The thermal maturity of the samples as determined from the biomarkers and biomarker ratios 
indicate that the organic matter of the Kukersites was exposed to less thermal stress than the 
Guttenberg saulples. This is expressed by the presence of a C31 1713,2113(I-I)-hornohopane in 

the Kukersites and 22S/(22S+22R) C3l and C32 17a,21p(H)-homohopane ratios of 0.3. The 
Guttenberg samples lack the presence of a C3l l7p,21p(H)-homohopane and display ratios of 
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0.6, which suggests a thermal maturity equal to or greater than the onset of oil generation 
(Seifert and Moldowan, 1986). 

Figure 10.1: SEM and TEM of G. prisca specimens from the Estonian sample I (a,b) and Guttenberg sample II 
(c,d). Scale bars = 10 /lm. 

10.4.2. Microscopy 
Light microscopic examination of the microfossils that were isolated from the sediment by 
preparing a DCM float showed that this material consisted of virtually 100% G. prisca 
remains in all samples. The G. prisca microfossils in the Estonian Kukersites are yellowish to 
brown. 
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Although the size of the microfossils is quite variable, they generally range from 10 to 80 11m. 
SEM (Fig. 1O.la) shows that the particles consist of budding colonies revealing a smooth 
surface. TEM (Fig. 10.1b) shows that the colonies are comprised of concentrical layers of 
organic matter around what seem to be cell voids. The Guttenberg Member G. prisca 
microfossils are comprised of some larger brown aggregates and are more homogenous in 
colour. SEM (Fig. 10.lc) illustrates that only some remnant morphology has been retained. 
TEM (Fig. 10.1d) shows that the spherical bodies composing the colonies are amorphous 
solid masses with only minor changes in image density, which are possibly the remains of the 
layers observed in the Kukersites. 

10.4.3. FTiR 
The FTIR spectra of all four samples are virtually identical and all display absorption bands 
at: ~3650 em'! (small, broad, shoulder), ~3340 cm'! (strong, very broad), 2927 cm'! (strong), 
2851 cm'l (strong), 1710 cm'! (medium), ~1610 cm'! (medium, broad), 1457 cm'l (medium, 
broad), -1375 em'! (medium, broad), 1283 cm'l (medium, broad), 1200 cm'! (medium, 
broad), 1094 em'! (medium, broad), 974 em'! (medium, broad shoulder), 837 cm'l (small), 
720 em'! (small). The samples from the Guttenberg Member contain an additional strong 
absorption at 1025 em'!. 

10.4.4. Flash pyrolysis 
The total ion current (TIC) traces of Estonian Kukersitc I and Guttenberg II pyrolysates are 
shown in Figure 10.2. Especially the total ion current-traces of the Kukersite pyrolysates are 
dominated by a large unresolved complex mixture (UCM) (Fig. 10.2a). An important 
constituent of the UCM are phenolic compounds such as n-alkyl and n-alkenyl resorcinols (5
n-alkyl-benzene-l,3-diol) as revealed by the m/z 124 mass chromatogram (Figs. 1O.2b). For 
Kukersite Tthis mass chromatogram reveals some mono-, diunsaturated and saturated C21 and 
C23 n-alkyl resorcinols, which were not found in any of the other samples but were reported 
before in Kukersite pyrolysates by Derenne et aL (1990, 1992). All samples also display a 
series of n-alkenes and n-alkanes ranging for C7 to C20. These compounds are especially 
dominant in the Guttenberg pyrolysates (Fig. 10.2c). In the TIC traces of the Guttenberg 
pyrolysates the UeM is much less pronounced, although the mass chromatogram of m/z 124 

(Fig. 10.2d) still reveals the contribution of n-alkyl resorcinols. 

10.4.5. RU04 degradation 
Degradation of polymeric substances with RU04 is based upon oxidative cleavage of cross
links such as ether-bonds, which are known to give aliphatic biopolymers like algaenans their 
structural integrity (Blokker et aI., 1998, 1999; Schouten et aI., 1998; Gelin et ai., 1997). 
Upon RU04 degradation aromatic moieties like n-alkyl benzenes are oxidised resulting in the 
generation of fatty acids containing one more carbon atom than their aliphatic chains (e.g. 
Trifilieff et ai., 1992). G. prisca microfossils are degraded with RU04 within one hour and no 
final residue was left after the complete reaction time of 4 hours. 
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Figure 10.3 shows the TIC traces of the RU04 product mixtures of the four G. prisca 
microfossil samples. Close examination of these traces shows the presence of a number of 
homologous series of sometimes coeluting compounds. Mass chromatograms of m/z 74, 88, 
58, characteristic for compounds containing a carboxyl, a 2-carboxyl and a carbonyl function, 
respectively, reveal the presence of these compounds in the Estonian Kukersite I (Fig. 10.4). 
The Estonian Kukersites yield the most complex mixtures of compounds, which can be 
subdivided into three major groups on the basis of the number of carboxyl moieties (Fig. 
10.5). Group I contains the compounds with one carboxyl moiety, group II has two carboxyl 
moieties, and group III has three carboxyl moieties. The relative abundances of these 
components in the RU04 degradation product mixtures of the four samples are plotted as bar 
diagrams in Figures 10.6 and 10.7. The compounds displayed in Figures IO.6a and 1O.7a 
show a strong odd-over-even carbon number predominance, especially in the higher 
molecular weight area. All compounds in Figures 10.6b and 10.7b except the dicarboxylic 
acids (6) display an even-over-odd carbon number predominance, which is particularly 
evident for the higher carbon numbers. 
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Figure 10.5: Compounds generated upon RuG. degradation of the G. prisca microfossils. The compounds are 
grouped on the basis of the number of carboxyl moieties. x and yare variable and the total chain length of the 
molecules are mentioned in the text and in Figures 10.6 and 10.7. 

10.4.5.1 Estonian Kukersites 
Of the series of compounds displayed in Figure 10.5 only 1 and 5 are not present in the RU04 

product mixtures of the Estonian Kukersites. From group I only the fatty acids (2) display a 
broad range of carbon numbers, ranging from CS-C 1S with an even-over-odd carbon number 
predominance in the CWC 1S area. Although these normal fatty acids are not abundant in the 
product mixtures, their counterparts containing a carbonyl moiety are present in higher 
relative concentrations. Both wl-oxo- and ffill-oxo-fatty acids (3 and 4, respectively) reveal a 
strong even-over-odd predominance in the CWC1s area. Although the carbonyl moiety of 
series 4 is present at multiple positions as illustrated by the broad peaks in the m/z 58 mass 
chromatogram (Fig. 10.4), the oxo-fatty acids are dominated by the wI and w9-oxo 
counterparts. 

Figure 10.6: Bar diagrams representing the relative concentration of compounds in the RU04 product 1l11xtures of 

the Estonian Kukersites. Diagrams a contain the compounds showing an odd-over-even predominance and b 
even-over-odd predominance. The abundance of the most ample compound is set at 100%. The height of the bars 
representing the dicarboxylic acids has been multiplied by a factor of 0.5. The inset shows the relative amount of 
the compound groups from Figure 10.5 in the product mixtures. 
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Compounds from group II (Fig. 10.5) can all be found in the RU04 degradation product 
mixtures of the Kukersites. The dicarboxylic acids (6) represents the most dominant series in 
these product mixtures and are found in the range of Cs to Cl4 with a maximum at C9. In 
contrast to the other compound series, the dicarboxylic acids do not show a specific odd or 
even carbon number predominance and display a preference for the lower carbon numbers. 
The wlO-carboxy wl-oxo-fatty acids (7) and wI I-carboxy w9-oxo-fatty acid (8), both contain 
an additional carboxyl moiety in comparison to compounds 3 and 4 (group I). Selies 7 
displays a restricted carbon range C17-C19, dominated by the C19 member. Series 8 is only 
represented by the CI9 member. The position of the mid-chain carboxyl moiety was 
determined to be at wlO for all members of series 7, while 8 contains an w11 carboxyl moiety. 
Since no reference mass spectrum was available for compound 8, this identification remains 
tentative and is only based on its mass spectrum (Fig. 1O.8a) and relative retention time. The 
last series within the dicarboxylic acid group are the 2-methyl dicarboxylic acids (9), which 
range from Cs to CI9 in Kukersite II and from Cs to C14 in Kukersite I. Like the former two 
compound series, the carbon number distribution of the 2-methyl dicarboxylic acids in 
Kukersite II maximises at C17 and CI9 . 

The last group in the Estonian Kukersite RU04 degradation product mixtures contains 
compounds with three carboxyl moieties (Group III in Fig. 10.5). Series 10, like the previous 
three groups, exhibit a strong odd-over-even carbon number predominance and in both 
Kukersites' product mixtures is dominated by the C17 member. The mid-chain carboxyl 
moiety of this series is predominantly at the wlO position. The same holds for the series of 2
methyl tricarboxylic acids (11), containing the mid-chain carboxyl at the 10 position. In 
contrast to all other compound series, series 11 shows a carbon number preference of CIS and 
Czo in both Kukersites' product mixtures. The last compound eluting in the chromatograms of 
the Kukersite product mixtures is the 8-carboxy-9-oxo-nonadecanedioic acid (12). Since no 
reference mass spectrum is available for this compound, this structure is only identified on the 
basis of its relative retention time and interpretation of the mass spectrum (Fig. 1O.8b). The 
shorter C17 and C16 homologues of this compound are present in the Kukersite product 
mixtures, but only in very low concentrations. 

10.4.5.2 Guttenberg Members 
Compared with Kukersites, the RU04 product mixtures of the isolated G. prisca microfossils 
from the Guttenberg Members do not show such a strong dominance of certain compounds 
nor a strong preference for odd or even carbon numbers. Most of the compounds observed in 
the product mixtures display a broad distribution resulting in a series of coeluting peaks as 
displayed in Figure 10.3. Most striking is the fact that no compounds could be found in the 
product mixture that contained a mid-chain carboxyl moiety as observed in compound series 
7, 8, 10-12 (group III) in the Kukersite product mixtures. However, in addition to the series 
present in the Kukersites, a series of methyl ketones (1) and 2-methyl fatty acids (5) are 
observed. Since the concentration of methyl ketones is low and because they virtually coelute 
with some other compounds they can only be revealed by the m/z 88 mass chromatogram. 
They are found in the product mixtures ranging from C12 to C19 exhibiting a odd-over-even 
predominance. 

Figure 10.7: Bar diagrams representing the relative concentration of compounds in the Ru04 product mixtures of 
the Guttenberg Members. Diagrams a contain the compounds showing an odd-over-even predominance and b 
even-over-odd predominance. The abundance of the most ample compound is set at 100%. The height of the 
bars representing the 2-methyl fatty acids has been multiplied by a factor of 10. The inset shows the relative 
amount of the compound groups defmed in Figure 10.5 in the product mixtures. 
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From group I (Fig. 10.5) the fatty acids are one of the most dominant series in the 
product mixtures, especially in the Gutterberg I sample. In both Gutterberg samples they are 
observed in the carbon number range of C7 up to CIS displaying a slight even-over-odd 
predominance. In contrast to the Kukersites, the col-oxo- and con-oxo-fatty acids (3, 4) occur 
in a very broad range of carbon numbers from C9 to CIS with a much less pronounced, but still 
present, even-over-odd predominance. Consistent with the Kukersite RU04 product mixtures 
the carbonyl moiety of the con-oxo-fatty acids is present at multiple positions, but is most 
prominently present at co9. 2-Methyl fatty acids (5) are like series 1 unique for the Guttenberg 
product mixtures. They can be found with carbon numbers ranging from Cs to C20, revealing 
an even-over-odd predominance above C\2. 
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The dicarboxylic acids (6) are as important as the fatty acids in the Guttenberg G. prisca 
RU04 degradation product mixtures. They range from C6 to CIS, maximising at eWcll . As in 
the Estonian Kukersite product mixtures the dicarboxylic acids do not display a preference for 
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odd or even carbon numbers. The only other member from compound group II present in the 
RU04 degradation product mixtures are the 2-methyl dicarboxylic acids (9). These also 
display a wide range of carbon numbers generally from C6-CI9. Especially for the longer 
chain-length members there is a preference for the odd carbon numbers. 

10.5. Discussion 

10.5.1. Chemical structure ofG. prisca microfossils in Estonian Kukersites 
Studies using flash pyrolysis have revealed that n-alkyl resorcinols are important compounds 
of G. prisca microfossils (Derenne et aI., 1990, 1992). In the pyrolysates of the Estonian 
Kukersites (Fig. 10.2a,b) these compounds show a broad distribution ranging from C7 to Czo 
maximising at C14. The broad distribution indicates that these pyrolysis products are probably 
derived from larger polymer building blocks that are thermally degraded. Kukersite I reveals 
the presence of Cn and CZ3 n-alkyl resorcinols (Fig. 10.2), thus containing an n-alkyl side 
chain comprised of 15 or 17 carbon atoms. This specific distribution, only displaying the odd 
homologues, could indicate that these resorcinols represent fragments that did undergo only 
minor structural changes upon thermal cracking during pyrOlysis. Furthermore, since they are 
also present as the mono- and diunsaturated homologues (see also Derenne et aI., 1990, 1992), 
this could suggest the presence of intermolecular linkages on the n-alkyl side chain in the 
polymer that were thermally cleaved resulting in the formation of a double bond at the 
cleavage position. Consequently, if we consider the CZI and C23 n-alkyl resorcinols as 
important building blocks of the polymer, the shorter saturated and unsaturated n-alkyl 
resorcinols are most likely fragments from a thermal cleavage at a mid-chain position of the 
alkyl side chain, possibly due to the presence of a linkage to another monomer at this position. 
Since these shorter homologues are dominated by the CI4 saturated and unsaturated n-alkyl 
resorcino1s, this suggests that such a cross-link is positioned around the 8 position on the alkyl 
side-chain. 

Upon RU04 degradation of CZ1 and C23 n-alkyl resorcinols, the resorcinol moieties of 
these compounds will be oxidised to a carboxyl moiety generating products that contain the 
C15 and C17 n-alkyl chain and the additional carbon from the carboxyl moiety, thus C16 and 
CIS fatty acids, respectively. However, although fatty acids are present in the RU04 product 
mixtures, they are only minor components (Fig. 10.6). The dominant compounds in the RU04 
product mixture of the Estonian Kukersites are series 7, 8 and 10 (Fig. 10.5), which all 
contain a mid-chain carboxyl moiety and have a chain-length preference of C17 and CI9 
instead ofCI6 and CIS. This shift in distribution by one carbon number seems the consequence 
of the additional mid-chain carboxyl moiety, which most likely is a remnant of a C-C linkage 
between an n-alkyl resorcinol and another moiety. Such a moiety linked at the mid-chain 
position of the n-alkyl chain of the original n-alkyl resorcinol is most probably a resorcinol 
unit from another monomer. More specifically, the compounds of series 7 were probably 
linked to two other n-alkyl resorcinols via a C-C bond and a C-O-C bond generating a 
carboxyl moiety and a carbonyl moiety, respectively (Fig. 1O.9a). The specific distribution of 
compound series 10 suggests that these also originate from the oxidative linkage of an n-alkyl 
resorcinol linked via a C-O-C and a C-C linkage (Fig. 1O.9b). In case of cornpound 8 the C-O

C bond between the resorcinol unit and the alkyl chain was positioned at the 10 position and 
the C-C linkage at the 8 position (Fig. 10.9c). Although the carboxyl and carbonyl moieties of 
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compound 8 may originate from two different monomers linked to the alkyl chain, it is also 
possible that a chroman-like structure as in Figure IO.9c is responsible for this particular 
degradation product. 
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Figure 10.9: RU04 degradation of a C-C linkage between the resorcinol unit and alkyl chain of two n-alkyl 
resorcinols (a) and a C-O-C linkage between the resorcinol unit and alkyl chain of two n-alkyl resorcinols (b). 

On the basis of the former information and considerations a polymer structure for an n
alkyl resorcinol-based polymer can be proposed (Fig. 10. lOa). The rolO-carboxy rol-oxo-fatty 
acids (7) may be generated upon RU04 degradation of unit e and the roll-carboxy ro9-oxo
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fatty acid (8) from n-alkyl resorcinol a. Tricarboxylic acids (10) are most likely formed upon 
degradation of a monomer (n) linked at a mid-chain position to a carbon of another n-alkyl 
resorcinol and at the terminal carbon of the n-alkyl via an ether linkage. Not only these former 
compounds are explained by this model, the formation of all other compounds in the RU04 
product mixtures can also be explained by this polymer model (Fig. 10.lOa). Fatty acids (2) 
can be formed from RU04 degradation of terminal n-alkyl resorcinols (b, m), providing the 
long-chain fatty acids with a predominance at C16 and C18. The shorter homologues can, for 
example, be formed upon cleavage of a vicinal set of ether-linkages (n-alkyl resorcinol unit 
(g). wI (3) and wn-oxo fatty acids (4) may originate from cleavage of n-alkyl resorcinols 
containing a single ether cross-link at the alkyl chain (c, I, 0, p), although they also may 
originate from n-alkyl resorcinols units containing a carbonyl moiety (h). Long-chain 
dicarboxylic acids (6) can be formed upon degradation of n-alkyl resorcinol f, while the 
shorter homologues may originate from cleavage of a vicinal set of ether-linkages (g). 2
Methyl dicarboxylic acids (9) are formed upon oxidation of for example n-alkyl resorcinol (i) 
linked via a C-C bond at the wI position to another resorcinol unit. RU04 can generate 2
methyl tricarboxylic acids (11) from an n-alkyl resorcinol (k) linked to two resorcinol 
moieties via C-C linkages at a mid-chain and wi position. The 8-carboxy-9-oxo
nonadecanedioic acid (12) is possibly formed from a unit such as d, which is linked to three 
other monomeric units by an ether- and a C-C bond. Considering that the Kukersites were 
completely degraded by RU04 degradation, we can regard all the degradation products to be 
representative of the entire polymer, which suggests that the G. prisca microfossils in the 
Kukersites are completely composed of n-alkyl resorcinols like in Figure 10.1 Oa. 

FTiR analysis of Estonian Kukersite microfossils also supports the polymer structure 
presented above. The FTiR data obtained in this study are comparable to those of G. prisca 
microfossils reported by Derenne et al. (1990, 1994) and Stasiuk et al. (1993). In all FTIR 
spectra the oxygen functionalities are expressed as absorptions at ~3340 cm'l (hydroxyl 
groups), 1710 em-I (non-conjugated carbonyl groups), 1200 em-I (probably phenolic or alkyl 
aryl ether moiety), and the area between 1094 cm l and 974 cm-! consisting of a combination 
of peaks and shoulders (possibly alkyl aryl ethers). The bands at 2927 em-I, 2851 em-I, 1457 
cm'l and 720 cm-I are due to the presence of alkyl CH2. The peak broadening at 2927 em-I, 
2851 cm-1 can be ascribed to the presence of CH3 stretching absorptions. The final group of 
absorptions originates from the C-H of benzene moieties. Since these absorptions are 
generally rather weak and can be found in areas around 3000 cm-i, ~1650-1400 cm'l and 
between 1200-400 cm'l they overlap with some other broad signals in these spectra, which 
makes it difficult to assign absorption bands to these moieties. Although some of these are 

lconsequently double assigned, the 974 cm- , 837 cm'l and 720 cm-I may reflect 1,3,5
substituted benzene together with those at ~ 1610 em-I. However the latter can also result from 
some carboxylate moieties, which would explain the ~1375 cm'! absorption. 

Also the 13C-NMR data presented by Derenne et al. (1990) agree with the polymer 
model in Figure 10.10. Their spectrum clearly shows the dominant aliphatic signal at 29 ppm 
and some smaller and broader peaks at chemical shifts 155, 142, 108, 103, 60 and 15 ppm. 
The first four of these peaks can be ascribed to an aromatic resorcinol moiety and the latter is 
the chemical shift of the CH3. The chemical shift at 60 ppm most likely corresponds to the 
aliphatic carbon of the ether-linkages that form the cross-links between the monomers. 
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Figure 10.10: Generalised and simplified reconstruction of the proposed n-alkyl resorcinol based polymer 
composing the G. prisca microfossils from the Kukersites (a) and from the Guttenberg (b). The numbers refer to 
compounds generated from thesc polymeric moieties upon RuO. degradation shown in figure 10.5. 

10.5.2. Relation between G. prisca microfossils in Kukersites and the Guttenberg member 
The FTIR spectra of the Guttenberg G. prisca microfossils are virtually identical to those of 
the Kukersites, indicating that these are probably also composed of a poly(n-alkyl resorcinol). 
Although the Guttenberg samples display an additional absorption at 1025 cm- l this can most 
likely be ascribed to some inorganic residues in these samples (see also Derenne et aI., 1994). 
Upon flash pyrolysis of the Guttenberg G. prisca microfossils a clear n-alkyl resorcinol series 
is observed next to the series of n-alkenes and n-alkanes (Fig. 10.2 c,d). Although the 
concentration of n-alkyl resorcinols generated is lower and displays some relative differences 
between the n-alkenyl and n-alkyl resorcinols compared with the Estonian samples, the 
distribution is very similar to that observed in the Kukersite pyrolysates (Fig. 10.2 a,b). Not 
only do the FTIR spectra and pyrolysates of the two different sets of samples display similar 
features; also upon RU04 degradation identical compound series are observed (Fig. 10.7). 
Compound series 2, 6 and 9 in the Guttenberg RU04 product mixture display virtually the 
same broad distribution as those in the Kukersite product mixtures. In addition series 3 and 4 
are also present, displaying a preference for carbon numbers C16 and CIS like their 
counterparts in the Kukersite product mixtures. Although compound series 2, 6 and 4 are not 
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specific G. prisca RU04 products and can be found amongst the degradation products of 
algaenans (though having a different chain-length distribution) (Blokker et aI., 1998a, 1999), 
series 3 and 9 have never been observed in RU04 degradation products before and can be 
considered to be highly specific degradation products of G. prisca microfossils. 

The presence of these compounds in the Guttenberg G. prisca RU04 product mixture, 
together with the other data obtained for these samples suggests that the Guttenberg 
microfossils are composed of a similar polymer as found in the Kukersites. However, there 
are some important chemical differences between the RU04 product mixtures of the 
Guttenberg Member samples and Estonian Kukersites. For example series 3 and 4 display a 
broader carbon chain length distribution in the RU04 product mixtures of the Guttenberg 
Member samples. The most striking difference is the lack of compounds bearing a mid-chain 
carboxyl moiety (pie diagrams, Figs. 10.6 and 10.7) and the presence of two additional 
compound series 1 and 5 in the Guttenberg product mixture. Considering that the polymer as 
presented in Figure 10.1 Oa forms the basis of also the Guttenberg microfossils, these 
differences must be the consequence of cleaved C-C bonds at a mid-chain position. Such 
cleavages could be the consequence of the higher thermal maturity of the Guttenberg samples 
as implied by the hopanoid epimerisation ratios, which indicate that these samples have 
reached the early stage of oil generation. Simulation experiments with the more immature 
Kukersite I sample revealed that upon heating of this sample for 10 hours at 100°C under an 
inert atmosphere, the pyrolysate changed, resulting in the loss of C2\ and C23 n-alkyl 
resorcinols and a decreased abundance of the DCM. These changes in pyrolysate composition 
illustrate that upon minimal thermal stress indeed chemical changes occur that would 
ultimately result in a material with the same chemical properties as the Guttenberg G. prisca 
microfossils. Although this is a simplified representation, Figure I0.10b illustrates that early 
catagenetic cleavage of the thermally labile C-C bonds ~ to the resorcinol moieties linked at a 
mid-chain position, will result in the loss of series 7, 8, 10-12 in the RU04 degradation 
mixture. Furthermore, the moieties generated by this process will be responsible for the 
formation of series 1 and 5 upon RU04 degradation, although the long-chain homologues of 
these series are more difficult to explain by this process. Another effect of such C-C bond 
cleavages is that all compounds generated upon RU04 degradation will show a more broad 
carbon chain length distribution for compound series 3 and 4. 

Since thermal maturity apparently has had an important impact on the chemistry of the 
Guttenberg Member samples, this process also should have affected the morphology of G. 
prisca microfossils in these samples. Although the Guttenberg Member contains G. prisca 
morphotypes that superficially resembles the Estonian Kukersite G. prisca microfossils (Fig. 
lO.1a), these do not have such a smooth surface texture (Fig. 1O.1c). More important, TEM 
shows that, in contrast to the Kukersites (e.g. Derenne et aI., 1992), the Guttenberg G. prisca 
microfossils do not have discernible cell voids (Fig. 10.ld) and only a faint renmant of the 
concentricallayers can be observed (Fig. 10.ld). This type of morphological transformation 
upon thermal stress has been simulated under laboratory conditions by Stasiuk and Osadetz 
(1993), who showed that G. prisca microfossils display a type of melting phenomenon upon 
heating up to 290°C. 

Although the G. prisca microfossils in the Kukersites and Guttenberg Members are 
morphologically and chemically distinct, the results presented here indicate (hat buth the 

chemical and some of the morphological differences can be explained by post-depositional 
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thermal processes. The data illustrate that both Kukersites and Guttenberg G. prisca 
microfosssiis are composed ofthe same n-alkyl resorcinolic-based polymeric material. 

10.5.3. Biological occurrence ofresorcinols 
n-Alkyl resorcinols (S-n-alkyl-benzene-I,3-diol) are quite common in Nature and the C2\ and 
C23 members can be abundant in some higher plants such as the Ginkgoaceae and 
Anacardiaceae (Kozubek and Tyman, 1999 for a review). Recently the occurrence of 
resorcinol lipids has been demonstrated in an increasing number of tissues and organisms 
including fruits, seeds, bacterial cysts, bacterial vegetative cells and senescent organs or cells 
(Kozubek and Tyman, 1999). A series of unique resorcinolic lipids were found in the green 
microalga B. braunii involving C31 , C33 and C35 n-alkenyl resorcinols linked via a resorcinolic 
C-O linkage to long-chain n-alkenes, n-alkadienes and n-alkatrienes forming high molecular 
weight molecules (Metzger and Largeau, 1994). However, in most cases the reported alkyl 
resorcinols occur as C2l and Cn homologues, generally having different degrees of 
unsaturation (Kozubek and Tyman, 1999 and references therein). The localisation of the 
double bonds in n-alkenyl resorcinols are observed at positions ranging from the ro-position 
up to the 3 position, but most often at positions O)S, ro7 and 0)9, strongly suggesting the 
participation of known plant desaturases (Kozubek and Tyman, 1999 and references cited 
therein). 

The function of alkyl resorcinols in Nature is only partially known. However, it is clear 
that this family of compounds plays an important role in organism-organism interactions. For 
example, the toxicity of these compounds serves an antimicrobial and antiparasitic function 
and they can act as growth regulators in host-parasite relationships (Kozubek and Tyman, 
1999 and references therein). The amphiphillic nature of alkyl resorcinols also makes them 
suitable for the stabilisation of, for example, phospholipid bilayers and especially the 
unsaturated homologues can increase membrane permeability. Sensitivity towards oxidation 
is also an important feature of n-alkyl resorcinols and enables them to protect membranes 
from oxygen damage. It was shown that long-chain S-n-alk(en)ylresorcinols prevents Fe2 

+

induced peroxidation of fatty acids and phospholipids in liposomal membranes as well as 
autoxidation processes in triglycerides and fatty acids (Kozubek and Tyman, 1999). This 
chemical sensitivity towards oxygen allows them to react with each other making them 
especially useful in the polymer industry. For example the resorcinol lipid-rich cashew nut 
shell liquid (CNSL) is the main source for polymers used for example in the automobile 
industry as clutch linings (Tymann, 1991). 

Some plants like the oriental lacquer trees (e.g. Toxicodendron vernicifluum, Rhus 
vernicifera) contain types of compounds very similar to n-alkyl resorcinols namely n-alkyl 
catechols (3-n-alkyl-benzene-I,2-diol) with carbon numbers of predominantly C21 and C23 . 

These n-alkyl catechols are the main constituents of the sap that has been used as natural 
varnish and adhesive for more than SOOO years (Du et ai, 1984, Kumanotani, 1998). It was 
shown that two main mechanisms are involved in the polymerisation of these compounds: a 
coupling of the catecholic units producing diphenyls and dibenzofurans and a reaction of the 
catechol unit with the unsaturation on the alkyl chain. The observed dimeric structures as 
proposed by Kumanotani (199S, 1998) clearly illustrate that the type of linkages expected in 
the G. priscu microfossils deduced from the RU04 degradation products in Figure 10.5 are 

formed upon polymerisation of such compounds. 
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Although to date we can only guess what kind of polymerisation mechanism was 
exactly involved in case of G. prisca, it seems possible that some kind of radical mechanism 
initiated the polymerisation process in parallel to the peroxidase induced radical 
polymerisation of the phenolic units in lignins (Freudenberg and Neish, 1968) and aerobic 
oxidative or laccase-eatalysed polymerisation of urushiol (Kumanotani, 1995). The 
polymerisation of both lignin and urushiol starts with the abstraction of an H radical from a 
phenolic hydroxyl group, upon which the activated species can react with other moieties. In 
the case of G. prisca probably the resorcinol moiety of the n-alkyl resorcinols did undergo 
such H radical abstraction and reacted with the other monomers, which probably contained 
one or more unsaturations on the alkyl chain. Consequently most of the intermolecular 
linkages will involve the resorcinol as illustrated in Figure 10.11, showing that both carbon
carbon bonds and ether-linkages can be created this way. Although this mechanism is 
tentative, the structures expected from such a polymerisation are in perfect agreement with the 
proposed polymer structure (Fig. 10.10a). 
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Figure 10.11. Proposed catalytic radical polymerisation mechanism of alkyl resorcinols and fonned dimeric 
structures and their RuO. oxidation products. 

10.5.4. Implications for the origin ofG. prisca 
Although the inference that the G. prisca microfossils are composed of a poly(n-alkyl 
resorcinol) is an important contribution to the knowledge of these microfossils, it still remains 
unclear if the poly(n-alkyl resorcinol) is a biopolymer or a structure that is formed from free 
n-alkyl resorcinols after the organism died. The inner morphology of the Kukersite G. prisca 
microfossils clearly shows the voids of the original cells (Fig. 10.1b) embedded in 
concentrically layers of organic matter. Derenne et a1. (1992) interpreted these layers as the 
remnants of the cellular matrix of a B. braunii-like organism, thus composed of the 
biopolymer algaenan. Since B. braunii also makes resorcinolic lipids, though having much 
longer alkyl-chains of 25-29 carbon atoms instead of 15-17 as observed in the G. pnsca 
polymer, a relation between these organisms seems obvious (Metzger and Largeau, 1994). 
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Algaenan containing algae like Tetraedron minimum, Pediastrum boryanum normally 
release their daughter cells from the algaenan containing mother cell wall via a fissure at a 
specific position in the wall (van Hoek et aI., 1995) and B. braunU daughter cells grow out of 
the mother cell cup (Bums, 1982). In this way these algaenan-containing algae avoid being 
trapped inside their polymeric algaenan cell wall. Although Derenne et al. (1992) clearly 
illustrated that the morphology of B. braunii becomes more G. prisca-like under increased 
salinity, the inner morphology observed for the Kukersite microfossils, in which the daughter 
cells stay within the mother cell, is unlikely for organisms having an algaenan-containing cell 
wall, since this rigid polymeric structure would obviously restrict cell division and growth. 
Furthermore, in case of B. braunU the resorcinolic lipids are not the main building-blocks of 
the algaenan cell walls, which is composed of linear polyaldehyde (Metzger et aI., 1993; 
Gelin et aI., 1997; Bertheas et aI., 1999). In G. prisca microfossils, a poly(n-alkyl resorcinol) 
forms the basis of the polymeric structure and no evidence is found for the presence of a 
linear polyaldehyde or other aliphatic polymer structure. 

Although compounds such as unsaturated n-alkyl resorcinols can be polymerised by 
enzyme catalysis as illustrated by urushiol (Kumanotani, 1995) and most likely also by the 
resorcinolic lipids in B. braunU, the sensitivity of these compounds towards polymerisation 
suggests the possibility that G. prisca microfossils consist of a polymer formed after the 
organism died. It is possible that G. prisca lived under conditions which required protection 
by the excretion of sheath-containing n-alkyl resorcinols as anti-microbial agents, anti
oxidants and/or UV-filters. To date only some bacteria are known to excrete n-alkyl 
resorcinols upon encystment as a response to unfavourable conditions (Kozubek and Tyman, 
1999; Kozubek et aI., 1996; Reusch and Sadoff, 1983). If G. prisca excreted n-alkyl 
resorcino1s for this purpose the specific chemical properties of these compounds could have 
resulted in polymerisation during senescence or after death. The polymerisation of n-alkyl 
catechols in an aqueous emulsion of glycoproteins and polysaccharides in the sap of the 
oriental lacquer trees (Kumanotany, 1998) illustrates that it is possible to polymerise under 
aqueous conditions in a polysaccharidic microenvironment. Oxidative polymerisation of n
alkyl resorcinols could have been catalysed by oxygen itself, trace metals and even lytic 
enzymes released upon senescence of the cells or by certain bacteria thriving on its remains. 

Based on the sheath morphology of some cyanobacteria G. prisca was suggested to be 
closely related to these micro-organisms (Foster et al. 1989, 1990; Stasiuk and Osadetz, 1990; 
Stasiuk et aI., 1991). Cyanobacterial sheaths often contain large amounts of secondary 
protective compounds like the natural UV-filter scytonemin, sometimes in concentrations up 
to 25 mg/g protein (Dillon and Castenholz, 1999). To date not much is known about the 
chemical composition of cyanobacterial sheaths, but it is known that this mucus can be 
readily preserved (Boon and de Leeuw, 1987; de Leeuw and Largeau, 1993) and is even 
reported to partially polymerise under certain conditions (Hmnm and Wicks, 1987). 
Cyanobacterial sheaths probably do not have intrinsic resistant properties like algaenan 
containing cell walls, but fossilisation obviously does occur due to the specific preservation 
conditions (de Leeuw and Largeau, 1993). Since the water-containing sap of oriental lacquer 
trees resembles to a certain degree the sheath of a cyanobacteriwn (Humm and Wicks, 1987), 
maybe such sheaths serve a suitable microenvironment for the polymerisation of excreted n
alkyl resorcinols under certain conditions. Although this theory seems to favour the 

cyanobacterial origin of G. prisca, it remains pure speculative since a poly(n-alkyl resorcinol) 
has never been observed in organisms before. 
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10.6. Conclusions 

The results obtained from FTIR, flash pyrolysis and most importantly RU04 degradation 
presented in this study illustrate that the G. prisca microfossils from the Kukersites and the 
Guttenberg Member are composed of a polymeric structure based on unsaturated C2l and C23 

n-alkyl resorcinols. These n-alkyl resorcinols are intermolecularly linked via C-C and CoO 
linkages between resorcinol moieties and the n-alkyl chains. Both the chemical and 
morphological differences between the microfossils from these different settings are due to 
the higher thermal maturity of the G. prisca obtained from the Guttenberg Member, which 
resulted in the cleavage of specific chemical bonds within the polymer. This process disrupted 
the integrity of the polymer allowing the morphological changes that are observed for the 
Guttenberg microfossils. 

Since poly(n-alkyl resorcinols) are unknown from Nature it is not possible to directly 
link the chemistry to a certain organism and answer the question if these microfossils 
represent a biopolymer or a polymer formed during senescence or after the cells died. 
However, the specific chemical, physical and biological properties of n-alkyl resorcinols 
could indicate that they served as a sheath component forming a part of the matrix in which 
the original cells were embedded. In this case polymerisation must have resulted in a resistant 
polymeric substance, which could have been selectively preserved in the sediment in such a 
fashion that the cell morphology was retained in the shape of readily discernible cell voids in 
the immature G. prisca microfossils in the Kukersites. 
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