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Chapter 1
 

Introduction
 

Marcel TJ. van der Meer 

1.1 Microbial mats & Precambrian stromatolites. 

Microbial mats are vertically laminated organo-sedimentary structures developing on solid 
surfaces (Van Gemerden, 1993). They develop under a wide range of environmental conditions, and 
are found in hypersaline coastal lagoons, hot springs, alkaline lakes, and marine intertidal flats (e.g. 
Cohen, 1984, 1989; Jorgensen and Cohen, 1977; Javor and Castenholz, 1981; Bauld, 1984; Stal et 
at., 1985; Giovannoni et at., 1987; De Wit and Van Gemerden, 1988; Ward et at., 1989a; Visscher 
and Van Gemerden, 1991). The lamination of the biologically active layers is often preserved in 
older (deeper) layers. 

Because of morphological similarities microbial mats are considered to be modem 
analogues of stromatolites (e.g. Bauld and Brock, 1973; Doemel and Brock, 1974, 1977; Walter, 
1977; Walter et at., 1992; Margulis et at., 1980; Ward et at., 1989a), the predominant fossils from 
the Precambrian era. A better understanding of microbial communities capable of forming 
stromatolite-like structures might help us interpret the fossil record and possibly our understanding 
of the early evolution of life on Earth. For example, microfossils found in 3.5 Gyr old stromatolites 
from the Warrawoona group, Australia, resemble cyanobacteria suggesting that oxygenic 
photosynthesis may have already evolved at this early stage in evolution (Schopf and Packer, 1987; 
Schopf, 1993). Microbial mats occurring in present day lagoonal settings, resembling coastal 
environments in which most Precambrian stromatolites were formed (Walter, 1977; Walter et at., 
1992), are produced under quite different biological and chemical conditions than were present on 
Earth during Precambrian times. For instance, modem lagoonal mats are grazed upon by animals 
(Gerdes and Krumbein, 1984; Javor and Castenholz, 1984; Gerdes et at., 1985), and commonly 
contain algae such as diatoms, while during most of the Precambrian era eukaryotes were not yet 
present (Schopf, 1978). Also, unlike modem mats, those ofthe early Precambrian period may have 
existed under anoxic conditions (Walker et at., 1983; Walter et at., 1992). 

Microbial mats found in modem hot springs provide examples of the range of mat forming 
communities which might have existed at different times during the Precambrian era (e.g. Schopf et 
at., 1983; Ward et at., 1989a; Walter et at., 1992; Ward et at., 1992). Due to the high temperatures, 
sometimes in combination with elevated hydrogen sulfide levels or acidic conditions, these mats are 
formed almost completely by prokaryotic microorganisms (e.g. Bauld and Brock, 1973; Doemel 
and Brock, 1974, 1977; Castenholz, 1984; Ward et at., 1987, 1989, 1992), and, therefore, might be 
more adequate present-day analogues for Precambrian stromatolites. 

1.2 Yellowstone hot spring microbial mats. 

Hot spring microbial mats are formed under a variety of different environmental settings by 
a number ot dltlerent groups ot organisms (Castenho1z, 1984; Ward er at., 1987, 1989, 1992). The 

most common hot spring microbial mats are formed in neutral to alkaline hot springs by 



Chapter 1 

cyanobacteria. Well studied examples of these types of microbial mats are found in the effluent 
channels of Octopus and Mushroom Spring in Yellowstone National Park, Wyoming, U.S.A. (e.g. 

Bauld and Brock, 1973; Doemel and Brock, 1974, 1977; Ward et al., 1987, 1989). The dominant 
phototrophic organisms in these mats are cyanobacteria and filamentous green nonsulfur bacteria, 
Chlorojlexus relatives, and they form well laminated, centimeters thick microbial mats (e.g. Bauld 
and Brock, 1973; Doemel and Brock, 1974, 1977; Castenholz, 1984; Ward et al., 1987, 1989). 
Since photosynthetic prokaryotes are unable to tolerate pH values below 4.5 (Brock, 1973; 
Castenholz, 1988), microbial mats formed in hot acid environments (pH I to 4), such as in Nymph 
Creek, are formed by a eukaryotic alga Cyanidium caldarium (e.g. Brock, 1978; Ward et al., 
1989a). Although these mats exhibit a vertical zonation of color, they are not well laminated (Ward 
et al., 1989a). 

Thermophilic cyanobacteria are unable to tolerate combined high temperature and elevated 
hydrogen sulfide concentration (Castenholz, 1976, 1977). Thus, at temperatures above 50 to 55°C 
in springs with primary sulfide, mats are formed exclusively by anoxygenic photosynthetic bacteria. 
In the Mammoth Hot Spring area of Yellowstone National Park, anoxygenic mats formed 
exclusively by filamentous green nonsulfur bacteria (Giovannoni et al., 1987) or by a combination 
of purple sulfur bacteria, Chromatium sp., and filamentous green nonsulfur bacteria (Castenholz, 
1977; Ward et al., 1989a) are found. The mats formed by green nonsulfur bacteria show a green 
surface layer with orange laminae underneath, forming well laminated microbial mats (Ward et al., 
1989a). The Chromatium sp. mats have a purple top layer that predominantly consists of short, rod
shaped bacteria and a thin green layer composed of filamentous bacteria underneath, resulting in a 
laminated mat that has been observed to accumulate up to at least 5 mm in thickness (Ward et al., 
1989a). 

1.1.1 Green nonsu/fur bacteria in neutral to alkaline hot springs. 

Chlorojlexus 
aurantiacus can grow 
photoautotrophically, 
photoheterotrophically and 
heterotrophically (if oxygen is 
present) when grown in culture 
(Pierson and Castenholz, 1971; 
Doemel and Brock, 1977). Field 
experiments have shown that 
the Chlorojlexus relatives living 
in the Octopus Spring mat are 
capable of photoautotrophic 
growth when oxygenic 
photosynthesis is inhibited by 
the herbicide 3-(3,4 Figure 1. Schematic drawing of carbon flow from cyanobacteria to 
Dichlorophenyl)-l,l- Chlorojlexus relatives in neutral to alkaline hot spring microbial mats based 
dimethylurea (DCMU) (Bauld on Bateson and Ward (1988) alld No/d and Ward (/990). 

and Brock, 1973; Doemel and Brock; 1974), and that photosynthesis by Chlorojlexus relatives is 
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stimulated by sulfide (Bauld and Brock, 1973). However, Revsbech and Ward (1984) pointed out 
that DCMU could have caused anoxic conditions that could lead to atypical experimental conditions 
(i.e. sulfide in the mid-day photic zone) and thus to an overestimation of the process. Based on 
culture studies (Pierson and Castenholz, 1974; Doemel and Brock, 1977), and radiolabeling studies 
(Sandbeck and Ward, 1981; Anderson et al., 1987; Ward et al., 1987; Bateson and Ward, 1988; 
Nold and Ward, 1996), it was assumed that Chloroflexus-like organisms in mats formed in neutral 
to alkaline hot springs, where Chloroflexus relatives live together with cyanobacteria, grow mainly 
photoheterotrophically. Transfer of photoautotrophically fixed carbon from cyanobacteria to 
Chloroflexus relatives could occur either via photoexcretion of glycolate (Bateson and Ward, 1988) 
in a superoxic illuminated mat (Revsbech and Ward, 1984) or via felmentation of polyglucose by 
cyanobacteria in a dark anoxic mat, which may involve transfer of the majority of 
photoautotrophically fixed carbon from cyanobacteria to Chloroflexus relatives (Nold and Ward, 
1996) (Figure 1). 

1.2.2 Green nonsulfur bacteria in anoxygenic mats. 

Mats formed by Chloroflexus relatives in the absence of 
cyanobacteria are known from some of the Mammoth Hot Springs of 
Yellowstone National Park, and only occur in spring waters that, at 
their source, have temperatures in the range of 50 to 65°C and that Sunlight
have primary sulfide in the range ono to 130 J.!M (Castenholz, 1977; 
Giovannoni et al., 1987). The high sulfide concentration in 
combination with high temperatures inhibits the growth of 
cyanobacteria at the source of these springs resulting in mats formed 
almost exclusively by Chloroflexus relatives (Castenholz, 1976, 1977; 
Giovannoni et al., 1987). Oxygen microelectrode measurements have 
shown that these mats are devoid of oxygen and oxygenic 
photosynthesis (Giovannoni et al., 1987). The incorporation of C4C]
HC03' into mat material was both light and sulfide depended, and 
was inhibited when complete natural light was replaced by far or Chloroflexus spp.
infra-red light, indicating photoautotrophic growth (Giovannoni et al., 

Figure 2. Schematic drawing of 
1987) (Figure 2). Incorporation of labeled acetate was also light carbon fixation by Chlorojlexus 
dependant and was stimulated by, but did not require, sulfide, relatives in sulfidic hot .spring 

microbial mats (Giovannoni etindicating the possibility of photoheterotrophic growth (Giovannoni 
al, 1987; Wardetal, 19890) 

et al., 1987). Unlike Chloroflexus aurantiacus the filamentous 
phototrophic bacteria isolated from these green Chloroflexus mats were incapable of sustained 
growth in the presence of oxygen (Giovannoni et al., 1987). Downstream, where sulfide levels are 
lower, the mat contains a mixture of cyanobacteria and Chloroflexus relatives similar to that found 
in the cyanobacterial mats described above. For anoxygenic mats consisting of Chromatium sp. and 
Chloroflexus relatives it has been reported that Chromatium, which uses the Calvin cycle for CO2 

fixation, apparently cross feeds photoheterotrophically growing Chloroflexus relatives, based on 
similar stable carbon isotopic compositions for the pigments of both organisms (Madigan et al., 
1989). 

3 
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1.3 New vistas for the study of microbial mats. 

1.3.1 Molecular biological studies. 

Originally, microscopic analysis and selective emichment culture results suggested that hot 
spring microbial mats, such as Octopus and Mushroom Spring, were inhabited by a single 
cyanobacterium, Synechococcus lividus (Castenholz, 1973; Castenholz, 1981). Similar evidence 
suggested that a single filamentous green nonsulfur bacterium, Chloroflexus aurantiacus, co-occurs 
and provides physical cohesiveness to the mats (Pierson and Castenholz, 1974). Direct retrieval of 
l6S rRNA sequences from the Octopus 

r---------P,eurocapsa sp. 
Spring mat, however, has shown that the ...-------- Phormidium ectocarpi 

L---------Syllechocystis sp. 

r------ Anabaena cylindrica 
variation among l6S rRNA-defined 
cyanobacterial populations in this mat is 

Spirulina sp. 
similar to that observed for all cultured is r------ OS Type I 

~4 '------ Gscil/atoria amphigranulata cyanobacterial species (Ward and 
"'----- OS Cl IsolateCastenholz, 2000). Cultivation and 
~------Synechococcus sp. 6301 

molecular analysis have shown that at least 34r-------i\1icroco!eus sp. 

21 Oscillatoria sp. 7515 eleven genotypically unique cyanobacterial 
'-------- Osciflatoria limnetica populations have been detected in the 

------ Dscil/aloria sp. 6304 
Octopus Spring mat (e.g. Ward et al., 1990; IL__.q:====~OSType P Isolate 

1(1(1 I Pseudoanabaena go/cala 
L- . Gloeobactel' violaceus 

Weller et al., 1992; Ferris et al., 1996; 

Ferris and Ward, 1997; Ferris et aI., 1997; 

Ward et aI., 1997; Ward and Castenholz, 
,......----OS Type J 

OS Type B' Isolate 
OS Type B Isolate 

OS Type A' , , 
2000) (Figure 3). However, the l6S rRNA 
sequences of two cyanobacterial isolates OS Type A' , 

OS Type A ' from the mat have yet to be detected in the OS Type A 
mat through molecular analysis (Ferris et '---------- OS C9 Isolate 
al., 1996; Ward and Castenholz, 2000). In 
addition to permitting inferences of 

0.01 

Figure 3. Distance matrix phylogenetic tree illustrating
phylogenetic affiliations, l6S rRNA cyanobacterial 16S rRNA sequences detected direct~v in the 
sequences sometimes permit inferences of Octopus Spring microbial mat or in isolates therefor (thick 

lines) relative to representative major lines ufdescent in each phenotypic properties for the organisms 
lineage (thin lines) (from Ward et £If., 1998). Evolutionwy 

contributing them. Since all known distance is indicated by horizontal lines; each bar 
corresponds to 0.0/ fixed point mutations per sequencemembers of the cyanobacterial lineage, 
position.

including chloroplasts and prochlorophytes,
 
have a oxygenic photosynthetic metabolism (Giovannoni et al., 1988; Wilmotte, 1994), it seems
 
logical to infer a similar metabolism for the organisms contributing the cyanobacterial l6S rRNA
 
sequences to the mats.
 

Six of the cyanobacterial populations are closely related, exhibiting less than 3% difference 
in their l6S rRNA sequences, yet are ecologically distinct (e.g. Ward et al., 1998; Ward and 
Castenholz, 2000). Analyses using DGGE suggests that five of these closely related cyanobacterial 
populations occur at different temperatures (Ferris and Ward, 1997; Ward and Castenholz, 2000), 
suggesting that they might be temperature adapted populations. This inference IS strengthened by 
the observation that genetically similar isolates are adapted to different temperatures corresponding 
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to their distribution patterns (Miller and Castenholz, 2000). In the Mushroom Spring mat a highly 
ordered vertical structure, with distinct, possibly light adapted, species occurring within different 
microenvironments in the upper 1 mm depth interval, has been observed (Ramsing et al., 2000). 

As in the case of cyanobacteria, numerous sequences phylogenetically related to those of 
green nonsulfur bacteria were detected in the Octopus Spring mat, but not that of an Octopus Spring 
isolate of C. aUl'antiacus (strain Y-400-fl) (Ward et al., 1998)(Figure 4). Like in the case of the 

Chtorojlexus sp. OK-70-ft 
Chlorof/exus sp. Y-400-t1. 

Ch[orojlexlis al/rantioeus 1-10-tl. 
Chlor~flexus sp. 396-1 

New Pit Ernichment. 
Chtorojlexus sp. HS-7 

Chlorojlexus sp. YI-9 
Chtorojlexus aggregans MD-66 

Oscillochloris sp. R Cluster of 
Oscillochloris sp. BM Chloroflexus 

Oscillochloris sp. A19 relatives
'--__ Oscillochloris trichoides DG6 
r----- halotolerant enrichment P4-I-O (sequence A) 
'----- halotolerant enrichment P4-I-O (sequence B) 

L ---'O-'-'ct-'"oP~~~~;h;i_~~r~~~~~~~l~-L-20 
Octopus Spring DNA clone 8S type C 

Octopus Spring DNA clone OS type e" 
Octopus Spring DNA clone OS type C' ,__L---========-Roseiflexus castenholzii HL08

Herpetosiphon aurantioeus ATCC 23779 

---jC=========n~:;;;;~Dehalococcoides ethenogenesThermomicrohium roseum ATCC 27502 

10% 

Figure 4. Phylogenetic affiliations of Chlorojlexus relalives (from Ulrich Niibel, unpublished 
data). Thirty;five sequences from organisms with variuus phylogenetic affiliations (not shown) 
were used to root the tree. The scale bar indicates 10% estimated sequence divergence. 

cyanobacterial sequences, some green nonsulfur bacterium-like sequences exhibit large differences 
in nucleotide composition, while others, like the type "C" sequences, are very closely related 
(Weller et al., 1992; Ferris et al., 1996; Ferris and Ward, 1997, Ward et al., 1998). For the 
population contributing to the green nonsulfur bacterial sequences the phenotype cannot be directly 
inferred since both anoxygenic phototrophs and aerobic chemoorganotrophic bacteria are found in 
this lineage (Weller et al., 1992; Oyaizu et al., 1987)(Figure 4). 

There are indications from distribution analysis (Ferris and Ward, 1997) and physiological 
ecology studies (Bauld and Brock, 1973) that, as for the cyanobacteria, these closely related green 
nonsulfur bacterium-like sequences represent different temperature adapted populations. 
Oligonucleotide probe hybridization studies, with a 32p labeled probe designed to complement a 
specific region of the 16S rRNA sequence of C. aurantiacus Y-400-fl, have shown that C. 

aurantiacus was present in the mat at higher temperatures or after a low temperature mat was 
incubated at high temperature (Ruff-Roberts et al., 1994; Niibel et al., in prep.). 

1.3.2 Lipid biomarkers and their stable carbon isotopic compositions. 

1.3.2.1 Biomarkers. 

Biomarkers are lipids characteristic for specific organisms or groups of organisms. Although 
lipid biomarkers appear to be much less specific than 16S rRNA sequences, they have a far greater 
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stability over geological time, which makes them useful as "chemical fossils" for recognizing 
specific organisms or groups of organisms in ancient sediments. Sterols, for instance, are 
predominantly produced by eukaryotes (Volkman, 1986) and steranes, the diagenetic products of 
sterols, therefore represent the presence of eukaryotes in the depositional environment (De Leeuw 
and Baas, 1986). More specifically, 4,23,24-trimethyIcholesterol has been to reported to be a major 
sterol in dinoflagellate algae (Nes and McKean, 1977), 4,23,24-trimethyIcholestane in crude oils 
and sediments might therefore represent the presence of dinoflagellate algae in the depositional 
environment (e.g. Boon et al., 1979). Other very general biomarkers are hopanoids, which are 
produced by certain bacteria (Rohmer et al., 1992) and isoprenoid glycerol diether lipids, which are 
typical for Archaea (Koga et al., 1998). More specific biomarkers are, for example, highly branched 
isoprenoid alkenes, which are biosynthesized by several species of diatoms (Volkman et al., 1994) 
and long chain di-and triunsaturated methyl-and ethylketones, which are produced by the 
coccolithophorid Emiliania huxleyi (Volkman et al., 1980) and a few other prymnesiophytes 

(Volkman et ai, 1994). Green sulfur bacteria biosynthesize a number of very specific carotenoids, 
chlorobactene and isorenieratene (Liaaen-Jensen et al., 1964; Van Gemerden and Mas, 1995), the 
latter being specific for the brown strains of the green sulfur bacteria (Overmann et al., 1992) and 
which can be preserved in sediments in different forms (Koopmans et al., 1996). 

1.3.2.2 Stable carbon isotope fractionation. 

Carbon occurs on earth in two natural stable isotopes: 12C (ca. 98.9%) and 13C (ca 1.1%). 
Their relative amounts in organic matter, however, may change slightly trough various physical and 
biochemical processes. To express this small but significant variation in simple terms the amount of 
l3C is divided by the amount of l2C and compared to the ratio of I3C and 12C of a standard (usually 
CO2 produced from the PeeDee belemnite; IZC/I3C = 88.99). The difference in these ratios is 

expressed in %0 and termed: 

s13 C = (RsamPle 1)10 J [1] 
RPDB standard 

where R = 13C/IZC 

Thus, a negative value of 013C of organic matter means that it is depleted in 13C relative to the 

standard. 

The stable carbon isotopic composition of a lipid is determined by both the Ol3C value of the 
carbon source and the physical and biochemical pathways by which it was formed from the carbon 
source. The biochemical pathways usually involve either the cleaving or formation of carbon
carbon bonds. For instance, inorganic carbon fixation by the ribulose bisphosphate carboxylase 
(RuBisCO) catalysed reaction, which feeds COz directly into the Calvin cycle, is the principal 
biochemical mechanism for reducing CO2 to carbohydrates. The Calvin cycle is used for carbon 
assimilation by green plants, algae and many autotrophic bacteria, including cyanobacteria. Because 
of the enzymatic preference for IZCOZ relative to 13COz, this pathway yields organic matter that is 

approximately 20 to 25%0 depleted in 13C (i.e., isotopically "lighter") relative to the ol3C value of 
the CO2 /Tom which it was formed (Madigan et al., 1989; Sakata et al., 1997; Popp et al., 1998). 
Furthermore, processes that depend on the mass of the inorganic substrate, like the diffusion of 
atmospheric C02 into cells, might lead to fractionation effects. The measurement of the 13C content 
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of lipids can thus be used as a tool in unravelling many biosynthetic pathways and other processes 
that involve fractionation effects. For example, the l3C content of the cell material of Chlorobium 
spp., a green sulfur bacterium using the reversed tricarboxylic acid (TCA) cycle for CO2 fixation, 
has been reported to be enriched in l3C relative to the 13C content of cell material from organisms 
using the Calvin cycle (Quandt et aI., 1977, Sirevag et aI., 1977). Indeed, compounds characteristic 
for green sulfur bacteria in sediments were found to be enriched in l3C compared to compounds 
derived from organisms using the Calvin cycle (e.g. Summons and Powell, 1987; Kohnen et al., 
1992; Sinninghe Damste et aI., 1993; Hartgers et aI., 1994; Koopmans et aI., 1996; Grice et al., 1996). 

1.3.2.3 Biomarker and stable carbon isotope observations in Yellowstone microbial mats. 

The major hydrocarbons of hot spring microbial mats containing cyanobacteria usually are 
the C17 n-alkane and mid-chain branched monomethyl alkanes (Dobson et al., 1988; Ward et al., 
1989b; Shiea et al., 1990, 1991; Zeng et al., 1992a,b; Summons et al., 1996), compounds often 
attributed to cyanobacteria (see Shiea et al., 1990 for references). Mats formed by anoxygenic 
photosynthetic bacteria, as well as the isolates Chromatium tepidum and Chlorobium sp., had 
comparatively lower hydrocarbon concentrations. The C17 n-alkane was not predominant and mid
chain branched monomethy1 alkanes were not detected in these mats and cultures (Shiea et al., 
1991). These alkanes were also absent in Chloroflexus aurantiacus (Shiea et al., 1991) and in the 
sulfidic New Pit Spring mat built by Chloroflexus sp.in the absence of cyanobacteria, except for a 
minor amount of the CI7 n-alkane (Ward et al., 1989b). The hydrocarbon fraction from the New Pit 
Spring Chloroflexus mat contained long-chain poly-unsaturated alkenes, dominated by 
hentriacontatriene, as major compounds (Ward et al., 1989b). The same long-chain poly
unsaturated alkenes have been reported to be the major hydrocarbons in Chloroflexus aurantiacus 
(Shiea et al., 1991). Hentriacontatriene has also been found, albeit in relatively low concentration, 
in the Octopus Spring mat (Dobson et al., 1988) and anoxygenic mats containing both Chromatium 
sp. and Chloroflexus sp. (Shiea et al., 1991). All hot spring microbial mats containing Chloroflexus 
relatives contain C28 to C36 wax esters (Dobson et al., 1988, Ward et al., 1989b; Shiea et al., 1991; 
Zeng et al., 1992a,b; Summons et al., 1996) similar to the wax esters found in Chloroflexus 
aurantiacus (Knudsen et al., 1982; Edmunds, 1982; Shiea et al., 1991). There are, however, some 
dissimilarities between wax esters produced by C. aurantiacus in culture and Chloroflexus sp. in 
mats. For example, the dominant wax esters of C. aurantiacus contain almost exclusively CI6 and 
CI8 fatty acids and alcohols, while in mats the predominant moieties were often C15, C17 or C l9 

compounds (Shiea et al., 1991). Another difference is that the wax esters in C. aurantiacus consist 
of saturated and mono-unsaturated wax esters (Knudsen et al., 1982; Shiea et al., 1991), while in 
the mats they consist of straight-chain and iso-branched components (Dobson et al., 1988; Ward et 
al., 1989b; Shiea et al., 1991; Zeng et al., 1992a,b). 

The carbon fixation pathway proposed to function in C. aurantiacus, the 3
hydroxypropionate pathway (Holo and Sirevag, 1986; Strauss and Fuchs, 1993; Menendez et al., 
1999), has also been reported to result in cell material enriched in l3C relative to cell material from 
organisms using the Calvin cycle (Holo and Sirevag, 1986). However, the reversed TCA cycle has 
also been reported to function in at least one C. aurantiacus strain (Ugol'kova and Ivansovsky, 
2000). Compound specific stable carbon isotopic analysis ofthe Octopus Spring mat has shown that 
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wax esters are indeed emiched in l3C relative to the Cl7 n-alkane and mid-chain branched 
monomethyl C l7 alkane (Summons et al., 1996). 

These limited number of studies show that the 13C-contents of lipid biomarkers potentially 
yield information on the carbon acquisition pathways and environmental circumstances under 
which organisms live. Application of compound specific stable carbon isotope analysis to hot spring 
microbial mats might give a better insight in the functioning of mat communities and, therefore, 
assist in interpreting the stromatolite record. 

1.4 Scope and framework of this thesis. 

The investigations presented in this thesis were designed to improve our knowledge on the 
functioning of hot spring microbial mat communities by means of lipid and compound specific 
stable carbon isotopic analysis. Intensive phylogenetic research on these mats has increased our 
current knowledge on which populations occur in the mats and where in these mats they occur, but 
by combining biomarker studies with stable carbon isotopic analysis the question of what the 
populations are doing, or, more to the point, what their carbon acquisition pathways are, may now 
be addressed. 

This thesis is divided in two main sections. Part I (Chapters 2 to 6) deals with the 
investigation of biomarkers and stable carbon isotope fractionation effects of different carbon 
fixation pathways of cultivated organisms. Structural information on Chloroflexus biomarkers could 
facilitate determining the presence of Chloroflexus spp. in modem and ancient ecosystems. Previous 
analyses have shown that Chloroflexus aurantiacus produces a unique C31 :3 alkene which could be a 
suitable Chloroflexus biomarker. Based on gas chromatography (high resolution) mass spectrometry 
analysis, hydrogenation, dimethyldisulfide-derivatized products and by lH and l3C NMR 
spectroscopy this alkene was identified as all-cis hentriaconta-9,15,22-triene (Chapter 2). 
Chloroflexus aurantiacus relatives have been detected in neutral to alkaline hot springs, but around 
60°C the Chloroflexus population of these particular mats is dominated by so-called type "C" 
organisms. To relate lipids found in these microbial mats to their source organism, the lipid 
composition of Roseiflexus castenholzii, a close relative of the type "C" organisms, was analyzed 
(Chapter 3). The total lipid fraction of R. caslenholzii was dominated by novel alkane-l,2-diol 
based glycosides, wax-esters were present, but no long-chain poly-unsaturated alkenes have been 
detected. Similar alkane-l,2-diol based glycosides were detected in the total lipid fractions from 
Octopus and Mushroom Spring microbial mats. 

To obtain a better understanding of the stable carbon isotope fractionation effects of the 
reversed TCA cycle the l3C contents oflipids of a green sulfur bacterium, Chlorobium limicola. and 
of a purple sulfur bacterium, Thiocapsa roseopersicina, were determined (Chapter 4). The effect of 

CO2 fixation through the reversed TCA cycle on .s l3C values of different lipid classes was opposite 
to the effect of CO2 fixation through the Calvin cycle due to a reversed sequence of fractionation 

effects. 
To interpret the compound specific stable carbon isotopic compositions of Chloroflexus 

biomarkers and Chloroflexus derived storage products in hot spring microbial mats a 
photoautotrophically grown C. aurantiacus culture was analyzed for the isotopic composition of 
bulk cell material, both even and odd carbon numbered alkyl lipids, isoprenoid lipids and storage 
products like polyglucose and polyhydroxyalkanoic acids (PHA) (Chapter 5). The pattern of 13C 
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depletion for the 3-hydroxypropionate pathway differs significantly from the patterns reported for 
organisms using the Calvin or reversed TCA cycle. The stable carbon isotopic composition of the 
bulk cell material, different lipid classes and storage products in C. aurantiacus can be rationalized 
on the basis of its proposed C02 fixation and biosynthetic pathways, and provide novel information 
on these pathways. Comparing stable carbon isotopic fractionation in C. aurantiacus with 
fractionation in Metallosphaera sedula could provide additional information on the 3
hydroxypropionate pathway (Chapter 6). M. sedula is a hyperthermophilic crenarchaeon that can 
oxidize reduced metal and sulfur species and hydrogen with molecular oxygen as energy source. So 
far it is the only known crenarchaeon that has been suggested to use a 3-hydroxypropionate-like 
CO2 fixation pathway. The magnitude of stable carbon isotope fractionation by M sedula was 
significantly smaller than reported for organisms using the Calvin cycle. However, the stable carbon 
isotopic fractionation by M sedula was also smaller than has been reported for C. aurantiacus. 

The results described in part I were applied to investigations described in part II through the 
analysis of hot spring microbial mats consisting of Chloroflexus with and without cyanobacteria. 
All mats analyzed contained typical Chloroflexus biomarkers, such as long-chain poly-unsaturated 
alkenes and wax esters, in different relative amounts. All mats with cyanobacteria contained the C l7 

n-alkane, a typical cyanobacterial marker. Compound specific stable carbon isotope analysis 
showed that Chloroflexus-relatives grow, at least partly, photoautotrophically in mats formed by 
Chloroflexus and cyanobacteria (Chapter 7). Since photoautotrophic growth of Chloroflexus results 
in organic matter emiched in 13C relative to organic matter produced by organisms using the Calvin 
cycle, and Chloroflexus is capable of forming laminated stromatolite-like structures, it is 
hypothesized that autotrophic pathways other than the Calvin cycle could have been a significant 
source of isotopically heavy Precambrian organic matter (Chapter 7). To address the possible role 
of carbohydrates produced by cyanobacteria as a source for heterotrophic growth of Chloroflexus 
relatives, the stable carbon isotopic composition of glucose in addition to lipid biomarkers was 
measured in five different hot spring microbial mats (Chapter 8). These analyses provide further 
evidence for substantial photoautotrophic growth by Chlorojlexus relatives in these mats. 
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Abstract 

All-cis hentriaconta-9,15,22-triene (1) has been isolated from Chloroflexus mats, Yellowstone 

National Park (U.S.A.), and identified by GC-(HR)MS analysis of I and its hydrogenated and 
DMDS-derivatized products and by 'H and 13C NMR spectroscopy. 

2.1 Introduction. 

Chloroflexus spp. belong to the phylogenetic lineage of green non-sulfur bacteria, a lineage 
that predates the cyanobacterial lineage (Woese, 1987) and possibly contains some of the first 
photoautotrophic organisms, including Chloroflexus aurantiacus (Woese, 1987; Gupta et al., 1999). 

Structural infonnation on Chloroflexus biomarkers could facilitate detennining the presence of 
Chloroflexus spp. in modem and ancient ecosystems. Previous analyses have shown that it produces 
a unique C31 :3 alkene which could be a suitable Chloroflexus biomarker (Shiea et al., 1991). Here 
we report its identification and discuss its biosynthetic fonnation pathway. 

2.2 Results and discussion. 

The total lipid extracts of a suite of 16 18 20 22 

microbial mats formed by Chloroflexus spp. 15:7 17 19 21 "" 23 

from the Mammoth Hot Spring (±60°C) area 13 14 24 25 

in Yellowstone National Park, U.S.A. contain 11 12 26 27 

long-chain mono-, di- and triunsaturated n- d' 10 I 28 29 

9 

alkenes (C29-C33) as the predominant 30 31 

hydrocarbons, similar to the hydrocarbon Figure 1. Structure and carbon numbering of all-cis 

fraction of the total lipid extract of the hentriaconta-9,15,22-triene. 

phototrophic prokaryote Chloroflexus aurantiacus (Shiea et aI., 1991). The dominant alkene in all 
Chloroflexus mats is a C31 alkatriene (1; Figure 1), representing 70 to 80% of the total hydrocarbon 

fraction, as detennined by gas chromatography (GC) and gas chromatography mass spectrometry 

(GC-MS). Selected mass spectral data for I are: MS (70 eV) m/z 430(8), 303(7), 208(14), 194(12), 
149(10), 135(22), 121(25),95(77),81(86),67(95),55(100). Its carbon skeleton was detennined to 
be hentriacontane by GC-MS after hydrogenation of the double bonds. To establish the double bond 
positions, microblal mat material from several springs was extracted ~ith methanol (3x), 

dichloromethane/methanol (1: 1, v/v, 3x) and dichloromethane (3x) to obtain a total extract, which 
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Exact mass Calculated mass L1M Gras formula 
491.290 491.287 0.002 C"H"S, 
428.434 428.438 0.004 C;IHSb 
397.302 397.296 0.005 C21 H,;S! 
349.214 349.206 0.008 C rS HI'Sl 

s ...------------, 315.225 315.218 0.007 CBH)~S, 
94 269.228 269.230 0.002 C 7 H:"S10 C{)- 67 253.198 253.199 0.001 Cr,H29 S 

219.210 219.211 0.001 C I6 H27 
A 

CH,~ J;I CH3~ J;I CH3~ J;I0 
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Figure 2. Mass spectrum (/17(/ GC-HRMS data for characteristic mass fragments ofDMDS-derivative ofl. 

was separated by column chromatography into a polar and apolar (hydrocarbon) fraction, The 

apolar fraction, containing a high amount ofl, was treated with dimethyl disulfide (DMDS) to form 

DMDS adducts (Carlson et aI., 1989). GC-high-resolution MS analysis (70 eV, m/z 200-550, cycle 
time 2.5 s, resolution 5000) indicated the elemental composition of characteristic mass fragments 

(Rieley ef al., 1998) of the DMDS-adduct ofl, which allowed the assignment of the original double 
bonds at positions 9, IS and 22 (Figure 2). 

The hydrocarbon fractions of several Chloroflexus mats were pooled and subsequently 

separated by thin layer chromatography on silica impregnated with Ag+, using hexane as developer. 

This yielded a fraction (RFO-O.I; 1.1 mg) consisting of 78% of I (the other 22% consisted of a 

mixture ofCw C 33 polyenes, none representing more than 6%). The fraction was analyzed by high
field IH and 13C NMR, which led to complete assignment of carbon chemical shifts (Table 1). The 

IH spectrum revealed 6 olefinic H, 12 allylic H, 34 aliphatic Hand 6 aliphatic protons in CH3 

groups. The APT 13C NMR spectrum revealed the presence of 6 olefinic CH, 6 allylic CH2, 17 
aliphatic CH2 and 2 aliphatic CH3 units. IH_1H COSY and inverse IH_13C correlation experiments 

were used to assign chemical shifts. The chemical shifts of the allylic CH2 units proved the 

stereochemistry of I to be all cis, since the observed allylic CH2 units have chemical shifts at ca. 27 

ppm, which is ca. 3 ppm downfield from the chemical shift for allylic CH2 units for a trans 
geometry (ca. 30 ppm; Silverstein et al., 1991). 

Although I has previously been described as a major lipid of C. aurantiacus based on culture 
and microbial mat studies (Shiea et al., 1991), this is the first rigorous identification of its structure. 

Alkanes and alkenes are usually biosynthesized from fatty acids by decarboxylation (Finnerty, 
1989). However, we have not identified any unsaturated long-chain fatty acids that could have 

served as direct precursors for the long-chain alkenes. Although there is no direct precursor of I in 
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Chloroflexus aurantiacus, formation of Table 1. JHand JJC-NMR data ofl. 

long-chain alkenes from fatty acids via 
chain elongation and decarboxylation is 
known from other organisms (Finnerty, 

1989; Tempelier et al., 1984). I could 
have been formed from more typical 
bacterial fatty acids such as hexa- and 
octadecenoic fatty acids by chain 
elongation and decarboxylation steps 
(Finnerty, 1989; Rieley et al., 1998). 
Long-chain alkenes with a double bond 
at position 9 have also been found in the 
fresh water alga Botryococcus braunii 
(Tempelier et al., 1984) and the marine 
alga Emiliania huxleyi (Rieley et al., 
1998); the latter also contains alkenes 
with double bonds at position 15 and 22. 
Long-chain alkenes ofprokaryotic origin 
have to the best of our knowledge only 
been reported for unknown Antarctic 
marine bacteria (Nichols et al., 1995). 
FUliher research IS thus required to 
elucidate the function of these long
chain alkenes in prokaryotes. 

2.3 Acknowledgements. 

C H-shift (ppm) C-shift (ppm) 
number CH 

0.88 14.10 
1.28 
1.28 

4 1.28 
5 1.28 
6 1.28 
7 1.33 
8 2.03 
9 5.35 
10 5.35 
11 2.03 
12 1.33 
13 1.33 
14 2.03 
15 5.35 
16 5.35 
17 2.03 
18 1.33 
19 1.28 
20 1.33 
21 2.03 
22 5.35 
23 5.35 
24 2.03 
25 1.33 
26 1.28 
27 1.28 
28 1.28 
29 1.28 
30 1.28 
31 0.88 14.10 
a,b,c assignments may be interchanged 

22.68 
31.90 
29.37' 
29.77 
29.52 
29.66 
27.22' 

129.70b 

129.92b 

27.09' 
29.32 
29.32 
27.20' 

130.03b 

130.24b 

27.20' 
29.32 
28.97 
29.32 
27.09' 

129.97b 

129.79b 

27.22.1 
29.66 
29.52 
29.77 
29.38' 
31.90 
22.68 
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Abstract 
Phylogenetic analysis of non-sulfidic hot spring microbial mats from Yellowstone National Park 
has shown that the dominant Chloroflexus relatives in these mats are the so-called type "c" 
organisms. The cultivated Chloroflexus relative most closely related to the type "c" organisms is 
the recently isolated Roseiflexus castenholzii, a thermophilic filamentous photosynthetic bacterium 
which lacks chlorosomes. Here we report the lipid composition of R. castenholzii which is 
dominated by components characterized by alkane-I-ol-2-alkanoate moieties glucosidically bonded 
to a C6 sugar. Similar alkane-l,2-diol based lipids have been detected, albeit in minor amounts, in 
the total lipid extract from non-sulfidic hot spring microbial mats. The type "c" organisms are thus 
a plausible source for these compounds. 

3.1 Introduction. 

The most common microbial mats of hot springs in Yellowstone national Park, Wyoming, 
U.S.A are those in neutral to alkaline springs without primary sulfide, such as Octopus and 
Mushroom Spring (Ward et al., 1989). These well laminated centimeters thick mats consist 
predominantly of cyanobacteria and Chloroflexlls relatives (e.g. Bauld and Brock, 1973; 
Castenholz, 1973; Ward et al., 1989; Weller et al., 1991; Ruff-Roberts et al., 1994; Ferris and Ward 
et al., 1997; Nubel et al., in prep.). The most abundant Chloroflexus relative in hot springs like 
Octopus and Mushroom spring are the so-called "C"-types (Weller et al., 1991; Ruff-Roberts et al., 
1994; FelTis and Ward, 1997; Niibel et al., in prep.). These "C"-types are genetically approximately 
10% different from cultivated C. aurantiacus strains based on their small subunit ribosomal RNA 
(SSU rRNA) sequences (Weller et al., 1991; Ruff-Roberts et al., 1994; FelTis and Ward, 1997). The 
lipid composition of several cultivated C. aurantiacus strains have been analyzed (Knudsen et al., 
1982; Shiea et al., 1991; van der Meer et al., 2001), as well as the lipid composition of the non
sulfidic hot spring microbial mats (Dobson et al., 1988; Shiea et al., 1991; Zeng et aI., 1992,\·8; 
Summons et al., 1996; van der Meer et al., 2000; van der Meer et al., in prep.). Both the microbial 
mats and the cultures contain wax esters ranging from 30 to 37 carbon atoms. However, some 
differences are noted. For example the mats contain both normal and iso-branched wax esters 
(Shiea et al., 1991; van der Meer et al., in prep.), whereas the C. aurantiacus cultures contain 
saturated and mono-unsaturated wax esters, but no iso-branched wax esters (Shiea et al., 1991; van 
der Meer et al., 2001). All C. aurantiacus cultures analyzed, both autotrophically and 
heterotrophically grown, contain long-chain pulyunsaturated alkenes dominated by 
hentriacontatriene (C31 :3 alkene) (Shiea et al., 1991; van der Meer et al., 2001). The non-sultldic hot 
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spring microbial mats contain only trace amounts ofthese long-chain alkenes (Dobson et ai., 1988; 
Shiea et ai., 1991; van der Meer et ai., in prep.). In contrast, the sulfidic hot spring microbial mats 
contain abundant long-chain alkenes (van der Meer et ai., 2000; van der Meer et ai., in prep). The 
ChiorojlexlIs relatives growing in these sulfidic hot springs are only approximately 5% different 
from the cultivated C. aurantiacus strains based on their SSU rRNA sequences (Ward et ai., 1997). 
The genetic differences between the cultivated C. aurantiacus strains and the Chiorojlexus relatives 
in the different springs suggest that the "Chiorojlexus" lipid composition of the different mats 
might reflect species differences. 

To address this hypothesis we have analyzed the lipid composition of the recently isolated 
Chiorojlexus relative, Roseiflexlls castenhoizii (Hanada et ai., 2002). The sequence similarity 
between R. castenhoizii and the uncultivated "C"-type organisms is significantly higher, 95.7%, 
than the similarity between R. castenhoizii and C. aurantiacus and C. aggregans, which are 83.2 
and 82.1%, respectively (Hanada et ai., 2002). We hypothesize that R. castenhoizii contains similar 
lipids as the type "C" organisms. Here we report the lipid composition of R. castenhoizii and 
compare it with the lipid composition of microbial mats containing high amounts of type "C" 
organisms. 

3.2 Material and methods. 

3.2.1 Culture. 

Roseiflexus castenholzii (strain HL08T
) was grown photoheterotrophically under anaerobic 

conditions on 02YE medium (pH 7.5; 50°C), containing 0.2% yeast extract [see Hanada et ai. 
(1995) and Hanada et ai. (2002) for details]. 

3.2.2 Environmental samples. 

The Octopus Spring mat was sampled on the 27th of August 1997 at a temperature of 58 to 
MOC, pH 8.3 and with sulfide concentrations below detection. The Mushroom Spring mat was 
sampled on the 22nd of August 1999 at a temperature of 54°C, pH 8.1 and with sulfide 
concentrations below detection. Mat samples were directly frozen on dry ice. 

3.2.3 Lipid analysis. 

Harvested cells were freeze dried and ultrasonically extracted with methanol (MeOH) Ox), 
dich10romethane (DCM)/MeOH (1:1, v/v mixture) (3x) and DCM (3x). After methylation of the 
fatty acids with diazomethane the extract was dissolved in ethyl acetate and filtered over a SiOr 
column using ethyl acetate as eluent. The alcohols in the fraction were subsequently silylated by 

adding 25 III ofbis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine and heating the mixture 

at 60°C for 20 min. This so-called total lipid fraction was dissolved in ethyl acetate with a final 
concentration of 1 mg mr l . 

An aliquot of the total lipid extract was separated by eluting it over a silica gel column with 
hexanelDCM (1:1, v/v mixture) and ethyl acetate. The fraction eluted with ethyl acetate was 
concentrated and subsequently hydrolyzed in 2N HC] in methanol by keeping it at 85°C for 24 h. 
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After hydrolysis the solution was neutralized by adding BaC03 and subsequently centrifuged, after 
which the supernatant was removed. The BaC03 was repeatedly washed with methanol followed by 
centrifugation. The supernatants were pooled and concentrated to yield the acid methanolysis 
fraction, which was filtered over a SiOz-column using ethyl acetate as eluent, concentrated and 
silylated and finally dissolved in ethyl acetate to a final concentration of I mg mr'. 

Another aliquot of the total lipid extract was hydrolyzed by refluxing in a IN KOH solution 
in 96% methanol and 4% water for Ih. After hydrolysis the solution was neutralized by adding 2N 
HCI in methanol, and the methanol was evaporated under a stream ofNz. The hydrolyzed material 
was dissolved in ethyl acetate, and traces of water were removed with a small sodiumsulfate 
column. Subsequently, the ethyl acetate was removed by evaporation under a stream ofNz, and the 
basic hydrolysis fraction was methylated and silylated, as described above, then dissolved in ethyl 
actetate to a final concentration of approximately I mg mr I

. 

The environmental samples were freeze dried and extracted, methylated and silylated to give 
a total lipid fraction as described above. 

3.2.4 Instrumental. 

The total lipid fractions of both culture and environmental samples and the hydrolyzed 
fractions from the culture were analyzed by gas chromatography (GC) and gas chromatography
mass spectrometry (GC-MS) [see Schouten et al. (1998) for details], 

An aliquot of the total lipid extract was analyzed by HPLC-MS using an HP (Palo-Alto, CA, 
USA) 1100 series LCIMS instrument equipped with an auto-injector and Chernstation 
chromatography manager software. Separation was achieved on an HP Eclipse XDB-C 1S column 
(2.1 x 150 mm, 51lM paricle size), maintained at 40°C. Injection volumes varied from 5 to 20 ilL. 
Fatty glycosides were eluted by a linear gradient from 75% A and 25% B to 50% B in 10 min., 
followed by a linear gradient from 50% B to 80% B in 5 min., and from 80% B to 100% B in 15 
min, where A = 80%methanol and 20% water and B = 100% methanol. Flow rate was 0.6 mL min
I. After each analysis the column was cleaned by back-flushing 100% methanol at 0,6 mL min.-1 for 
10 min. Detection was achieved using atmospheric pressure positive ion chemical ionization mass 
spectrometry (APCI-MS) and a photodiode array detector. Conditions for APCI-MS were as 
follows: nebulizer pressure at 50 psi, vaporizer temperature was set at 400°C, drying gas (N2) flow 
6 L min- I and temperature 200°C, capillary voltage -3 kV, corona 51lA (~3.2 kV), fragmentor ramp 
50 to 150 V for m/z 100 to 1800, respectively. Positive ion spectra were generated by scanning m/z 
100-1000 in 1.9 s, Mass spectra presented typically represent the peak-apex spectrum and are 

corrected for background. 

3.3 Results and discussion. 

3.3.1 Roseijlexus castenholzii lipids. 

The total lipid fraction obtained from the R, castenholzii culture contained hardly any free 
fatty acids and alkanols, but did contain C37 to C40 wax esters, dominated by the normal C3s and C40 

wax esters (Fig. la). The total lipid extract was, however, dominated by unknown compounds, the 
mass spectra of which were dominated by m/z 204 and 217, typical fragment ions for silylated 
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sugars (Kamerling and Vliegenthart, 1989) and the m/z 361 fragment ion, which indicates a 
glycosidically bound sugar moiety (Sinninghe Damste et al., 2001)( Fig. 2a,b). The major fragment 

glycosides 
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(J '" ~ 

u'~> 
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~ u~ ~ 
Q) u> 
~ 1~""""""-L'-'-....L....l\AU.~~~J-~_~· 
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~ o b 
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o 

---- retention time 
Figure 1(a): Partial total ion current chrumatogram of the tutal lipidfraction ji"om R. castenhulzii. The 
compuunds indicated by "glycosides" consist of"diflerent combinations ofalkane-i. 2-diols, ji7tty acids and C, 
sugars. The different symbols representalkane-l-ol-2-alkanoate side chains with different total chain lengths, 

C33 (0 ), C3" (0). C3, (0), C36 (f:" ), C'7 (<> ) and CJ8 (\J). (b): Partial gas chromatogram ofthe total lipid 
extract from R. castenholzii after basic hydrolysis. The compounds indicated by "glycosides" consist of 
different comhinations of alkane-I.2-diols and C6 sugars. dominated by the straight-chain C/9 diol (0). the 

C]o monomethyl diol (0) and straight-chain C2/ diol (f:" ). 

ion at m/z 507, 521 or 535 suggests a homologous series of alkyl chains attached to the sugar 
moiety, likely at the glycosidic bond (Fig. 2a,b). No molecular ions could, however, be discerned. 

To obtain more infol111ation about the structure of these unknown compounds, acid 
methanolysis was perfol111ed to transfol111 alkyl glycosides into methyl glycosides and at the same 
time separate the attached alkyl chain from the sugar moiety (Kamerling and Vliegenthart, 1989; 

Sinninghe Damste et al., 2001). The acid methanolysis fraction contained a and ~ isomers of two 

C6 sugars in both the furanose and pyranose fornl, dominated by a glucose in the pyranose fOI111, 
which were identified based on mass spectra and relative retention times (Kamerling and 
Vliegenthart, 1989). This established the structure of the sugar moieties of the unknown 
compounds. The fraction also contained straight-chain C l9 to C21 alkane-I,2-diols, identified based 
on their mass spectra, relative retention times and co-injection with a hydrolyzed red knot diester 
preen-gland wax fraction containing straight-chain alkane-I,2-diols ranging from CIS to C22 

(Sinninghe Damste et al., 2000). The a1kane-1,2-dio1s were, however, dominated by the C20 

monomethyl a1kane-l,2-diol. Relative retention times showed that the position of the methyl group 
was internal (Kissin et al., 1986). Similar suites of branched and linear alkane-l,2-diols, but with 
slightly different carbon number distributions, have been reported to be present in the acid 
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methanolysis fraction of the total lipid extract from Thermomicrobium roseum (Pond et al., 1986; 
Pond and Langworthy, 1987; Perry, 1992), a distant Chloroflexus relative, and acid hydrolysis 
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Figure 2: Mass spectra ofthe dominant glycosides ofR. castenholzii in the totallipidfraction (a and b), and 
in the total lipid extract after basic hydrolysis (c and di. 

products of purified glycolipids of Thermus spp (Wait et al., 1997), which belong to a different 
bacterial kingdom (Weisberg et al., 1989). The results of the acid methanolysis thus suggests that 
the unknown compounds are comprised of Cl 9 to C21 alkane-l,2-diols glycosidically bonded to C6 
sugars, 

To gain further structural information basic hydrolysis was also performed on an aliquot of 
the total lipid extract. This treatment leaves the glycosidic bond intact but hydrolyses ester bonds. 
This resulted in the release OfC l4 to C20 fatty acids, dominated by the Cl4 and CI6 fatty acids, a C20 

alkanol probably derived from the hydrolysis of the wax esters, and a relatively small amount of 
phytol, possibly derived from bacteriochlorophyll a (Hanada et al., 2002) (Fig. lb). The fraction 
was, however. dominated by alkanediol glycosides (Fig. lb). Their identification is based on the 
fragment ions of m/z 204 and 217 typical for silylated sugars (Kanlerling and Vliegenthart, 1989) 
and a fragment ion of m/z 361 indicating a glycosidically bound sugar moiety (Sinnighe Damste et 
al., 2001) (Fig, 2c,d). The fragment ions at m/z 341 and 355 or m/z 355 and 369, respectively, 
indicate that the side chain consists of a C19 or C20 alkane-l,2-diol, respectively (Fig. 2c,d), as 
expected based on the acid methanolysis results. This also shows that the sugar moiety is attached 
to the alkane-l ,2-diols via the hydroxy group at C-l. The presence offatty acids released with basic 
hydrolysis indicates that they were esterified to a large molecule like the glycosides described 
above, either to a free hydroxyl group of the sugar moiety or the second hydroxyl group of the 
alkane-l,2-diol moiety. The mass spectra of the original unknown compounds in the total lipid 
extract shed more light on this (Fig, 2a,b). The abundant mlz 507 or 535 fragment ions can be 
explained by fragmentation next to an alkane-l,2-diol moiety esterified to a fatty acid (Fig. 2a,b). 
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Thus, the combined evidence indicates that the dominant compounds in the total lipid extract are 
glycosides consisting of an alkane-l-01-2-alkanoate glycosidically bonded to a C6 sugar (Fig. 2a,b). 
The glycoside isomers were dominated by the branched CeO alkane-l,2-dioI/CI4 fatty acid (m1z 507) 
and the branched C20 alkane-l,2-dioIlCI6 fatty acid (mlz 535) combinations (Figs. la and 2a,b). 
However, other combinations of C19, C20 monomethyl or Cn alkane-l,2-diols ester-linked to fatty 
acids ranging from C14 to C19, and possibly different forms ofC6 sugars, are also present, resulting 
in the complex cluster of compounds visible in the chromatogram (Fig. la). 

Similar alkane-l,2-diol based glycosides have been reported for both Thermus spp., based 
on FAB-MS analysis and acid hydrolysis of purified glycolipids (Wait et al., 1997) and for T. 
roseum, based on acid methanolysis of purified glycolipids (Pond et al., 1986; Pond and 
Langworthy, 1987; Perry, 1992). There are, however, differences in carbon number distributions of 
the alkane-l,2-diols and fatty acids between these organisms and R. castenholzii. The long-chain 
diols produced by T. roseum include n-C 19 to n-C24 and branched CI8, C20, Cn and Cn alkane-l ,2
diols, and are dominated by the n-Cn diol. The fatty acids range from C16 to C2o, including mono
and dimethyl fatty acids, and are dominated by normal and monomethyl C,8 fatty acids (Pond et al., 
1986; Pond and Langworthy, 1987; Perry, 1992). Several Thermus spp. produce mainly iso-CIS, 
lower amounts of anteiso-C I8 , and trace amounts of iso-C J7 and iSO-C I9 alkane-l,2-diols while the 
fatty acids range from Cl3 to C20, including normal, iso- and anteiso-fatty acids, and are dominated 
by iso-CIS and CJ7 fatty acids (Wait et al., 1997). These authors suggest that the studied organisms 
produce alkane-l,2-diol based membrane lipids instead of or together with glycerol based 
membrane lipids (Pond et al., 1986; Pond and Langworthy, 1987; Perry, 1992; Wait et al., 1997). 

Glycerol based membrane lipids were not detected in R. castenholzii, suggesting that the alkane
1,2-diol based lipids may also fulfill this role in R. castenholzii. 

In order to extend the 
1~t1:, glycosjd~s 

glucosidically linked to a alkane-l-01-2-alkanoate and ester-linked to a fatty acid (Fig. 4b,c). The 
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carbon position to which the fatty acids are linked has not been determined. However, assuming a 
similar configuration as reported for the monocyclic carotenoid glucoside ester isolated from C. 
aurantiacus based on IH-NMR (Takaichi et al., 1995), the alkane-l-ol-2-alkanoate would be linked 
to the C-l position of the sugar, while the fatty acid would be linked to the C-6 position. Additional 
analyses are necessary to elucidate the exact structure ofthese compounds. 

b 

c 

.l99 
lM-IS'II]5&1 

609I 
I 880 

Figure 4: Atmo:ipheric pressure positive ion chemical ionization mass spectra of (a and b) g~vcosides and 
(c and d) fatty glycosides from the total lipid extract ofR. castenholzii. measured by HPLC-MS. 

3.3.2 Occurrence ofnovel glycosidic lipids in hot spring microbial mats. 

GC-MS analyses of total lipid extracts from hot spring microbial mats containing type "c" 
Chloroflexus relatives, like Mushroom and Octopus Spring microbial mats (Ruff-Roberts et al., 
1994; Nilbel et al., in prep.), indicate that these mats also contain long-chain glycosides similar to 
the alkanediol glycosides found in the R. castenholzii culture, although in relatively small amounts 
(Fig. 5a,b). The acid methanolysis product of the glycolipid fraction from the Octopus Spring 
microbial mat has been reported to contain both straight-chain and monomethyl branched alkane
1,2-diols ranging from CI9 to C21 , dominated by the C20 monomethyl alkane-l,2-diol (Zeng et al., 
1992A 

.
B
), similar to the diol distribution of R. castenholzii. The presence of glycosides in these hot 

spring microbial mats might simply indicate the presence of T roseum or Thermus spp. that are 
known to inhabit these types of microbial mats (Brock and Freeze, 1969; Nold and Ward, 1995; 
Santegoeds et al., 1996; Ward et al., 1998). However, the long-chain diols produced by T roseum 
are dominated by the straight-chain C2l diol at temperatures ranging from 60 to 75°C (Pond and 
Langworthy, 1987), while Thermus spp. produces mainly iSO-C I8 alkane-l,2-diols (Wait et al., 
1997). The distribution of alkane-l,2-diols (Zeng et al., 1992A.B) and glycosides in Octopus and 
Mushroom Spring microbial mats thus suggest that they are produced by R. castenholzii or a closely 
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related organism like the type "c" organisms (Hanada et aZ., 2002), which are the dominant 
ChZorojlexus relatives in the Mushroom and Octopus Spring microbial mats (Weller et aZ., 1991; 
Ruff-Roberts et aZ., 1994; Ferris and Ward, 1997). 

o 

a 

<) 

o b 

1 
o 

retention time 
Figure 5: Partial mass chromatogram of (a) m/z 204 and 217 of the total lipid extract from the Mushroom 
Spring 54°C Inierohial mat and (h) the total lipid extractji-om the Octopus Spring 58 to 64°C Inicrohial mat. 
The symbols represent glycosides alkane-l-ol-2-alkanoate side chains with different total chain lengths, C3• 

(0), C35 f (~ ), C35 (0). C36. f (L1 ). C36 (t::. ), C.il (0 ), C3d*) and C,o (0). 
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The effect of the reversed tricarboxylic acid cycle on the I3C contents of bacterial lipids. 
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Abstract 
Free and esterified lipids of a green sulfur bacterium, Chlorobium limicola, and a purple sulfur 
bacterium, Thiocapsa roseopersicina, were investigated to examine the effect of the reversed 
tricarboxylic acid cycle on the 13C contents of their lipids. The lipids of C. limicola are 2 to 16%0 
enriched in 13C relative to the total cell material, with the isoprenoid lipids 13 to 14%0 depleted in 
13C relative to the straight-chain lipids. Although T roseopersicina mainly uses the Calvin cycle for 
CO2 fixation and only partly uses the reversed tricarboxylic acid cycle, the same trends arc observed 
with straight-chain lipids :2 to 4%0 enriched in l3C relative to the cell material and the isoprenoid 
lipids 7 to 9%0 depleted in 13C relative to the straight-chain lipids. These trends are consistent with 
the (partial) use of the reversed tricarboxylic acid cycle by C. limicola and T roseopersicina, 
resulting in a reversed sequence of fractionation effects on the 13C content of the lipids compared to 
organisms using ribulose bisphosphate carboxylase to fix CO2. 

4.1 Introduction. 

Most inorganic carbon acqmsltlOn by living organisms proceeds by the Ribulose 
Bisphosphate Carboxylase (RuBisCO) reaction, which feeds CO2 directly into the Calvin cycle, the 
principal biochemical mechanism for reducing C02 to carbohydrates (e.g. Eichmann and 
Schidlowski, 1975; Schidlowski et aI., 1984; Schidlowski, 1988; Des Marais et al., 1989, 1992; Des 
Marais and Canfield, 1994; Tabita, 1995). The Calvin cycle is used for carbon assimilation by all 
green plants, algae and most photosynthetic bacteria (e.g. Schidlowski, 1988). Other carbon 
acquisition mechanisms are via phosphoenolpyruvate (PEP) carboxylase, the crassulacean acid 
metabolism (CAM) which can fix carbon by both RuBisCO and PEP carboxylase reactions, the 3
hydroxypropionate pathway (Holo and Sirevag, 1986; Strauss and Fuchs, 1993) and the reversed 
tricarboxylic acid (TCA) cycle (Evans et aI., 1966; Sirevag, 1974; Fuchs et al., 1980a,b) (Fig. 1). 

Stable carbon isotope measurements of the organic carbon of phototrophic organisms can 
help to distinguish between the different COrfixation pathways. For instance, the 13C content of the 
cell material of Chlorobium spp., a green sulfur bacterium using the reversed TCA cycle (Fig. 1), 
has been reported to be relatively enriched in 13C, compared to the 13C content of cell material from 
organisms using RuBisCO/Calvin cycle (Quandt et aI., 1977, Sirevag et aI., 1977). Quandt et al. 
(1977) reported isotope values for cell material of Chlorobium spp. of -15.5 to -18.2%0, which 

resulted in Ll8 13C values (813C of the cell material relative to the 13C content of the C02), of 2.5 to 

5.2%0, whilst Sirevag et al. (1977) reported a Ll8 13C for Chlorobium limicola cell material of 

12.2%0. The Ll8 13C values reported by Quandt et al. (1977) for Chromatium vinosum, 
Rhodospirillum rubrum and Rhodopseudomonas capsulatus, all bacteria using the Calvin cycle, are 
19.6, 12.4 and 10.6%0, respectively. Sirevag et al. (1977) reported Ll8 13C values larger than 20%0 for 
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bacteria using the Calvin cycle. Madigan et al. (1989) reported a L1013C value for 
photoautotrophically grown Chromatium tepidum of20.5%0. 

The ability to distinguish between different 
CO2 fixation pathways and ascribing stable carbon cell material 

O?isotope ratios to groups of organisms is very helpful polysaccharide 

in the reconstruction of paleoenvironments, since the t 
hexose-P 

presence of certain groups of organisms may indicate 
specific environmental parameters. The Ol3C values of r:~: 
bulk organic matter are used for paleoenvironmental PhOStOenOlPYruvat~triose-P 

AUP 

reconstructions, but the bulk organic matter in the 
ATP ? 

sedimentary record is derived from many different pyruvate ~ isoprenoid lipids 

organisms, making the interpretation of their I3C Fd'~ ? 

contents difficult. However, using compound specific = ":J3'"~" ~''''-, ..'" ",,,,
isotope analysis (e.g. Hayes et aI., 1990), certain 
compounds can be ascribed to specific groups of 
organisms with a specific CO2 fixation pathway (e.g. o:r:tate 

iSOCi~ 
Freeman et aI., 1990; Kohnen et aI., 1992). For 
instance, euxinic conditions at the base of the photic 

a-ketoglutarate 
zone III ancient marine enviromnents have been \ 

fumarate
reported based on the presence of green sulfur Fd"~ 

'll 
succinate ---.. slIccinyl-CoA bacterial markers, isorenieratene (brown strains of 

green sulfur bacteria), l3-isorenieratene, and Figure I. The reversed tricarboxylic acid cyclc of 

chlorobactene derivatives, in the sedimentary record Chlorobium as proposed by Evans et al. (J Y66). 

(e.g. Kohnen et a1, 1992; Sinninghe Damste et aI, 
1993; Koopmans et aI, 1996; Grice et at., 1996A 

.
8
). These compounds were ascribed to green sulfur 

bacteria based on their enriched I3C contents compared to those of algal markers (e.g. Summons and 
Powell, 1987; Kohnen et aI., 1992; Sinninghe Damste et at., 1993; Hartgers et al., 1994; Koopmans et 
aI., 1996; Gricc et aI., 19968 

). In addition, 3-isobutyl-4-methy1-1H-pyrro1e-2,5-dione is assigned, on 
structural grounds (Grice et at., 1996A

), an origin from the porphyrin ring of bacterioch10rophylls c, 
d and e of green sulfur bacteria. The origin of this compound has been confirmed by their relative 
enrichment in l3C (Grice et aI., 1996A 

). Famesol is the principal side chain ofbacteriochlorophylls 
c, d and e and enriched I3C contents have been reported for its diagenetic product, famesane (e.g. 
Hartgers et at., 1994; Grice et at., 19968 

). 

However, there is a lack of fundamental data on the biosynthctic effects on the 13C contents 
of lipids (Hayes, 1993). Summons et al. (1994) reported lipids depleted in I3C relative to the 
biomass and l3C depletion of isoprenoid compounds relative to straight-chain lipids in 
methanotrophic bacteria. Sakata et at. (1997) reported lipids depleted in l3C relative to the biomass 
and 13C enrichment of isoprenoid compounds relative to the straight-chain lipids in the 

cyanobacterium Synechocystis UTEX 2470. Schouten et al. (1998) reported 13C depletion of lipids 
relative to the biomass and l3C enrichment of isoprenoid compounds relative to straight-chain lipids 
in different algal species. Furthermore, these authors noted large differences in l3C contents of 
lipids from one organism. To obtain a better understanding of the effects of the reversed TCA cycle 
and an improved interpretation of the stable carbon isotope data of compounds from the 
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sedimentary record, the 13C contents of lipids of a green sulfur bacterium, Chlorobium limicola, and 
of a purple sulfur bacterium, Thiocapsa roseopersicina, were determined and are reported here. 

4.2 Material and methods. 

4.2.1 Cultures. 

Batch cultures of Chlorobium limicola and Thiocapsa roseopersicina were grown in 0.6 L 
serum bottles on mineral medium (van Gemerden and Beeftink, 1978) to which NaCI was added 
(25g/l), a trace element solution, SI-12-B (Imlll; Widdel and Pfennig, 1981) and filter-sterilized 
vitamin B 12 were added after autoclaving. Autoclaved thiosulfate, as electron donor, and carbonate, 

as carbon source, solutions were added at final concentrations of 1.7 and 18.9 mM, respectively. 

Cells were harvested at the end of the exponential growth fase by centrifugation and subsequently 
frozen on dry ice and lyophilized before lipid extraction. 

4.2.2 Lipid analysis. 

Typically, the samples were ultrasonically extracted with methanol (MeOH) (3x), 
dichloromethane (DCM)lMeOH (1:1, v/v mixture) (3x) and DCM (3x) to obtain a total lipid extract. 
The residues were saponified under reflux (I h) with a IN KOHlMeOH solution. After neutralising the 
solution to pH 3, the material was washed with 2 M HCllMeOH, doubly distilled water lMeOH (I: I 
v/v mixture) (Ix), with MeOH (Ix) and with DCM (Ix). The extracts were combined and lipids were 
extracted using DCM in a separatory funnel. 

The total extracts were hydrogenated in ethyl acetate with H2, a few drops of acetic acid and 
Pt02 for I h. Hydrogenated apolar compounds were isolated using column chromatography with Ah03 
as stationary phase and a hexane/DCM 9:1 (v/v) mixture as eluent. To investigate the stable carbon 
isotopic fractionation effects of hydrogenation on lipids, a phytol standard was hydrogenated. The 13C 
content of phytol, corrected for the isotopic change due to the introduction of carbon derived from the 

trimethylsilyl group, was -32.8 ± 0.3%0, with the 013C value of its hydrogenation product phytane 

being -32.8 ± 0.4%0. This indicates that the hydrogenation of phytol has no measurable stable carbon 
isotopic fractionation effect. 

To methylate the fatty acids, the extracts were heated with 2 ml of a 10% BF3 in MeOH
solution at 60°C (5 min). Water was added and the derivatized compounds were extracted with DCM 
(3x). For carbon isotopic correction of the added methyl group a hexadecanoic acid standard, with a 
known carbon isotopic composition (-27.6%0), was derivatized using the same BF3IMeOH mixture. 
The extracts were filtered over a Si02-column using ethyl acetate as eluent. The alcohols in the 

fractions were subsequently silylated by adding 25 III ofBSTFA and pyridine and heating the mixture 

at 60°C (20 min). To correct for the isotopic change due to the introduction of carbon derived from the 

trimethylsilyl (TMS) group, a hexadecanol standard with known isotopic composition (-30.1 %0) was 

silylated with the same BSTFA. By determining the carbon isotopic composition of the derivatized 
standards the carbon isotopic composition of the methyl group and TMS group were calculated. These 
values were used to calculate the carbon isotopic compositions of the parent alcohols and fatty acids 

present in the different fractions. 
The fractions were analysed by gas chromatography (GC), gas chromatography-mass 
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spectrometry (GC-MS) and isotope-ratio-monitoring GC-MS (inn-GC-MS)(see Schouten et al. (1998) 

for details) 

4.2.3 Bulk stable carbon isotopes. 

Stable carbon isotopic compositions of the bacterial cell materials were detennined by 
automated on-line combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry (Fisons optima; Fry et aI., 1992). 

4.3 Results. 

The total lipid extract of C. limicola was dominated by hexadecanoic acid, hexadecenoic 
acid, hexadecenol and mono- and di-unsaturated wax esters (C30:1o C30:2, C32:1 and C32:2). The C30:2, 
C301 , C322 and C321 wax esters consist mainly of hexadecenol esterified to tetradecenoic acid, 
tetradecanoic acid, hexadecenoic acid and hexadecanoic, respectively. The saponified residue 
fraction consisted predominantly of dodecanoic acid, tetradecanoic acid, pentadecanoic acid, 
hexadecanoic acid, hexadecenoic acid and heptadecenoic acid. Knudsen et al. (1982) also reported 
the predominance of hexadecanoic and hexadecenoic acid in lipid extracts of C. limicola, although 
no wax esters were reported. The apolar fraction of the hydrogenated total extract consisted mainly 
of famesane, phytane and chlorobactane. Famesane and phytane are fonned by the hydrogenation 
of bacteriochlorophyll c and a, respectively (Hartgers et aI., 1996), whilst chlorobactane is derived 
from the carotenoid chlorobactene. Famesol is the esterifying alcohol of bacteriochlorophyll c, a 
major pigment in C. limicola and phytol is the esterifying alcohol of chlorophyll a, which is present 
in the reaction centers of green sulfur bacteria as part of the electron transport chain (e.g. Francke et 
al., 1997). Furthennore, chlorobactene is a major carotenoid in C. limicola (e.g. Takaichi et al., 
1997). 

Figure 2a shows the (5
l3C values of different lipids relative to the 13C content of the cell 

material (-26.3%0) of the C. limicola culture. All straight-chain lipids are enriched in l3C relative to 
the cell material, with the largest enrichments in 13C for the saturated fatty acids, hexadecanol and 
wax esters (11 to 16%0) and substantially lower for heptadecenoic acid (ca. 5%0). The isoprenoid 
compounds, however, are much less enriched in l3C relative to the total cell material (2 to 3%0). 
Figure 2b shows the stable carbon isotope composition relative to the 13C content of the free 
hexadecanoic acid, in order to show the differences in 13C contents between the different lipids 
induced by biosynthesis (Schouten et aI., 1998). The free and esterified lipids are within a 3%0 
range similar to the 13C content of the hexadecanoic acid, except for the heptadecenoic acid, which 
is 11%0 depleted in 13C relative to hexadecanoic acid. The isoprenoid compounds are 13 to 14%0 
depleted in l3C relative to hexadecanoic acid. 

The total lipid extract of the T roseopersicina culture consisted predominantly of 
hexadecanoic acid, heptadecanoic acid, hexadecenoic acid, octadecenoic acid and phytol. Imhoff 
and Bias-Imhoff (1995) also reported hexadecanoic, hexadecenoic and octadecenoic acids as the 
major fatty acids in T. roseopersicina. The saponified residue fraction was composed of dodecanoic 
acid, tridecanoic acid, hexadecanoic acid, hexadecenoic acid and octadecenoic acid. The apolar 
fraction of the hydrogenated total extract consisted mainly of phytane, derived from the reduction of 
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Figure 2. Stable carbon isotopic compositions of lipids of c. limicola, (oj relative to the bulk cell material and (bj 
relative to the 13C content of the free n-hexadecanoic acid; stable carbon isotopic compositiollS of lipids of T. 
roseopersicina, (cj relative to the cell material and (d) relative to the lJC content ofthefYee n-hexadecanoic acid Free 
indicates lipids from the total lipid extract, ester-bound indicates lipids from the saponified residue fraction and H2 

indicates lipids from the apolar fraction of the hydrogenated total extract. • indicates straight-chain lipid, and. 
indicates isoprenoid lipids. 

bacteriochlorophyll a (Hartgers et aI., 1996), which is a major pigment in T roseopersicina (e.g. 

Imhoff, 1995; van Gemerden and Mas, 1995) 

Figure 2c shows the Ol3C values of the different lipids relative to the l3C content of the cell 
material of the T roseopersicina culture. Heptadecanoic acid, phytol and phytane are 4 to 5%0 
depleted in DC relative to the cell material. The other lipids, however, are ca. 2-4%0 enriched in 13C 
relative to the cell material. Figure 2d shows the 13C content of the lipids relative to the stable 
carbon isotope composition of the free hexadecanoic acid, All free and esterified lipids, except 

heptadecanoic acid and phytol, have Ol3C values within a 2%0 range of the hexadecanoic acid, The 
heptadecanoic acid and the isoprenoid compounds phytol and phytane are 7 and 9%0 depleted in l3 C 
relative to the hexadecanoic acid, respectively. 

4.4 Discussion. 

The reversed TCA cycle has a significant effect on the stable carbon isotope composition of 
lipids relative to the stable carbon isotope value of the cell material, which is different from 
organisms that use RuBisCO, which feeds CO2 directly into the Calvin cycle, to fix CO2. Lipids in 
c. limlcola are enriched in DC relative to the bulk, whereas in algae the lipids are generally 
depleted in 13C relative to total cell material (e.g, Hayes, 1993; Schouten et aI., 1998). The 
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isoprenoid compounds are slightly enriched in 1JC relative to the cell material (2 to 3%0) but the 
difference is relatively small, suggesting that the 1JC content of isoprenoids can be used as an 

estimate for the ODC value of the cell material. The isoprenoid compounds famesane, phytane and 
chlorobactane, are depleted in IJC relative to hexadecanoic acid (13-14%0), whereas in algae phytol 
is ca. 2-5%0 enriched in IJC relative to the hexadecanoic acid (Schouten et aI., 1998). These results 
are consistent with the use of the reversed TCA cycle as proposed by Evans (1966), in which the 
carbon fixed is used for the biosynthesis of polysaccharides, via acetyJ-CoA, pyruvate and 
phosphoenolpyruvate, respectively (Fig. I). The phosphoenolpyruvate pool will be depleted in DC 
relative to pyruvate. Pyruvate, in its tum, will be depleted in IJC relative to acetyl-CoA. This results 
in relatively isotopically heavy straight-chain lipids from acetyl-CoA, less heavy isoprenoid lipids 
from pyruvate and relatively light polysaccharides. This biosynthetic pathway would result in a 
reversed sequence of stable carbon isotopic fractionation effects on the DC contents of the lipids of 
organisms using the reversed TCA cycle compared to lipids produced by RuBisCO/Calvin cycle 
using organisms (e.g. Hayes, 1993; Schouten et al., 1998). Furthermore, the results show that lipids 
do not need to be generally depleted in IJC compared to biomass (e.g. Hayes, 1993). In contrast, 
organisms using the reversed TCA cycle may have lipids enriched in lJC compared to their 
biomass. 

The DC contents of the lipids obtained from the T. roseopersicina culture show the same 
trend as for the C. limicola lipids, though differences are less extreme. The straight-chain lipids are 
enriched in 1JC relative to the cell material, by 2 to 4%0 which is small compared to the 10 to 16%0 

enrichment observed for C. limicola. Phytol in T. roseopersicina is 8%0 depleted in DC relative to 
the n-hexadecanoic acid, somewhat less than the 14%0 depletion observed for C. limicola. It is 
known for different species of purple sulfur and purple non-sulfur bacteria that significant amounts 
of CO2 are assimilated via alternative (non-Calvin cycle) routes, specifically the reversed TCA 
cycle (Buchanan et al., 1964; 1967; Tabita, 1995 and references therein). T. roseopersicina is an 
organism in which the Calvin cycle is the main biosynthetic pathway for photoautotrophic growth 
(e.g. Ivanovsky, 1985), but the observed ODC values of the different lipid classes suggest an other 
assimilation pathway than the Calvin cycle is also operational. The isotope signatures of the 
different lipids indicate a reversed sequence of fractionation effects comparable with the effect of 
the reversed TCA cycle in C. limicola. Ivanovsky (1985) repOlied the involvement of the reversed 
TCA cycle in the assimilation of acetate in T. roseopersicina. Although this is a different strain of 
T. roseopersicina, the presence of a reversed TCA cycle would explain the observed carbon isotope 
ratios, even though the reversed TCA cycle is not the only biosynthetic pathway like in C. limicola. 

Possibly T. roseopersicina combines both autotrophic pathways for CO2 asimilation. Another 
possibility is that the Calvin cycle is responsible for CO2 fixation and part of the organic matter 
which is excreted is used photoheterotrophically by cells using the reversed TCA cycle. Further 
research, using for example enzymatic essays, are needed to shed more light on the results of T. 

roseopersicina. 

4.5 Conclusions. 

Sedimentary lipids with different DC contents do not necessarily have to originate from 
different organisms. Lipids from a single species may differ in their IJC contents, as has been 
reported for methanotrophic bacteria (Summons et al., 1994), the cyanobacterium Synechocystis 
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(Sakata et al., 1997), different algal species (Schouten et al., 1998) and C. limicola and T 
roseopersicina (this study), members of the green and purple sulfur bacteria, respectively. 

Lipids produced via the reversed TCA cycle are enriched in 13C relative to the biomass. 
Furthermore, isoprenoid compounds are depleted in 13C relative to the straight-chain lipids. The 

effect of CO2 fixation through the reversed TCA cycle on 013C values of different lipid classes is 
opposite to the effect of CO2 fixation through the Calvin cycle (e.g. Hayes, 1993; Schouten et al., 
1998) due to a reversed sequence of fractionation effects. 

Organisms which only partly use the reversed TCA cycle for their biosynthesis can have 
relative 13C contents of lipids that show the effect ofthe reversed sequence of fractionation effects. 

The 13C content of the carotenoids of C. limicola are similar to the 13C content of the C. 

limicola biomass. This validates the assumption that the 013C value of green sulfur bacteria can be 

estimated based on the 013C value of their carotenoids, like isorenieratene (Hartgers et al., 1994; 

Sinninghe Damste and Schouten, 1997). 
The presence of chlorophyll a in the electron transport chain of green sulfur bacteria 

indicates that there might be a prokaryotic origin of phytol and ultimately of phytane in the 
sedimentary record. Francke et al. (1997) reported a bacteriochlorophyll a, chlorophyll a ratio of 
4.8:1, respectively, in the green sulfur bacterium Prosthecochloris aestuarii. The presence of phytol 
in a C. limicola culture confirms the possible prokaryotic origin of phytol. Depending on the 
relative input of green sulfur bacterial organic matter in the sedimentary record, the 13C content of 
phytol (or its diagenetic products) in the sedimentary record may reflect besides the 
RuBisCO/Calvin cycle also the reversed TCA cycle. 
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Abstract 
To assess the effects related to known and proposed biosynthetic pathways on the 13C content of 
lipids and storage products of the photoautotrophic bacterium Chloroflexus aurantiacus, the 
isotopic compositions of bulk cell material, alkyl and isoprenoid lipids and storage products such as 
glycogen and polyhydroxyalkanoic acids have been investigated. The bulk cell material was 13%0 
depleted in l3C relative to the dissolved inorganic carbon. Evidently, inorganic carbon fixation by 
the main carboxylating enzymes used by C. aurantiacus, which are assumed to use bicarbonate 
rather than C02, results in a relatively small carbon isotopic fractionation compared to CO2 fixation 
by the Calvin cycle. Even carbon numbered fatty acids, odd carbon numbered fatty acids and 
isoprenoid lipids were 14, 15 and 17-18%0 depleted in l3C relative to the carbon source, 
respectively. Based on the 13C contents of alkyl and isoprenoid lipids a 40%0 difference in l3C 
content between the carboxyl and methyl carbon from acetyl-coenzyme A has been calculated. Both 
sugars and polyhydroxyalkanoic acid were enriched in l3C relative to the alkyl and isoprenoid 
lipids. To the best of our knowledge this is the first report in which the stable carbon isotopic 
composition of a large range of biosynthetic products in a photoautotrophic organism has been 
investigated and interpreted based on previously proposed inorganic carbon fixation and 
biosynthetic pathways. Our results indicate that compound specific stable carbon isotope analysis 
may provide a rapid screening tool for carbon fixation pathways. 

5.1 Introduction. 

Inorganic carbon fixation by many living organisms commonly proceeds by the ribulose 
bisphosphate carboxylase (RuBisCO) catalysed reaction, which feeds C02 directly into the Calvin 
cycle, the principal biochemical mechanism for reducing CO2 to carbohydrates (Eichmann and 
Schidlowski, 1975; Schidlowski et al., 1984; Schidlowski, 1988; Des Marais et al., 1989; Des 
Marais et al., 1992; Des Marais and Canfield, 1994; Tabita, 1995). The Calvin cycle is used for 
carbon assimilation by all green plants, algae and many autotrophic bacteria. Another well-known 
carbon fixation mechanism uses phosphoenolpyruvate (PEP) carboxylase, as for instance C4 plants 
and many other organisms in anaplerotic reactions compensating any loss of intermediary 
components from the tricarboxylic acid cycle. Also CAM plants, which have a crassulacean acid 
metabolism (CAM), can fix carbon by both RuBisCO and PEP carboxylase reactions. The reversed 
tricarboxylic acid (TCA) cycle is used by green sulfur bacteria and various other bacteria to fix C02 
(Evans et al., 1966; Sirevag, 1974; Fuchs et at., 1980A 

.
B
). The acetyl-eoA pathway or variants 

thereof are used by various anaerobic bacteria and archaea to fix inorganic carbon (Fuchs, 1989; 
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Hafenbradl et al., 1996; Dai et 
al., 1998). Finally, the 3
hydroxypropionate pathway 
(Fig. 1) was proposed to 
function in Chloroflexus o 

HO CH
aurantiacus, a green nonsulfur 

Acetyl-GoA carboxylase Glyoxylater 
bacterium (Holo and Sirevag, 

" 

CO'o SCoA r 
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has been demonstrated in C. co, 0 

aurantiacus (Holo and Sirevag, Propionyl.CoA carboxylase 

1986), and may have an 
anaplerotic function (Menendez 
et al., 1999). Recently, Figure 1. The 3-hydroxvpropionate pathway as proposed by Strauss and 

Fllchs (1993). 
indications have been found for 
the operation of a 3-hydroxypropionate-like pathway in autotrophic Crenarchaeota (Menendez et 
al., 1999). Stable carbon isotope differences between organic carbon synthesized by autotrophic 
organisms and that of the inorganic carbon source used can assist in distinguishing between the 
different CO2-fixation pathways. Because of the preference of RuBisCO for 12C02 relative to 
13C02, the Calvin cycle yields bulk cell material that is approximately 20 to 25%0 depleted in l3C 

(i.e. isotopically "lighter") relative to the 013C value [defined as: oI3C=(RsampleIRPDB stanctarct-l)103
; 

R=13C/12C]ofthe CO2 from which it is formed (Sirevag et al., 1977; Madigan et al., 1989; Sakata et 
al., 1997; Popp et al., 1998). In other words, the stable carbon isotopic fractionation relative to the 

carbon source of photoautotrophic organisms tp [defined as: t=(R:arbon sourcelRtixect carbon- l )103; 

R=13C/12C] using the Calvin cycle is in the range of 20 to 25%0. In contrast, tp of Chlorobium spp., 
green sulfur bacteria using the reversed TCA cycle, has been reported to be only 2 to 12%0 (Quandt 
et al., 1977; Sirevag et al., 1977). Isotopic fractionation by non-phototrophic bacteria using the 
reversed TCA cycle to fix CO2 has been reported to be in the same range as for photoautotrophic 

bacteria [ca. 10%0, (Preu13 et al., 1989)]. There are also indications that the tp related to the 3
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hydroxypropionate pathway is small (ca. 14%0) relative to that of the Calvin cycle (Holo and 
Sirevag, 1986). 

More recently, compound specific isotope analyses (Hayes et al., 1990) have been used to 
ascribe certain sedimentary compounds from modem and ancient ecosystems to groups of 
organisms with a specific CO2 fixation pathway (Freeman et al., 1990; Kohnen et al., 1992). For 
organisms using the Calvin cycle, like micro-algae and cyanobacteria, it has been reported that 
lipids are depleted in 13C relative to the bulk cell material and that isoprenoid compounds are 
enriched in 13C relative to the straight-chain compounds (Sakata et al., 1997; Schouten et al., 1998). 
For organisms using the reversed TCA cycle it has been reported that lipids are enriched in 13C 
relative to the bulk cell material and that straight-chain lipids are enriched in 13 C relative to 
isoprenoid lipids (Van der Meer et al., 1998). Hence, the isotopic composition of lipids may also 
reveal the CO2 fixation pathway that organisms use. So far, no studies have been reported on 
compound specific stable carbon isotopic fractionation effects of the 3-hydroxypropionate pathway. 
Thus, we analyzed a C. aurantiacus culture for the isotopic composition of bulk cell material, both 
even and odd carbon numbered alkyl lipids, isoprenoid lipids and storage products like polyglucose 
and polyhydroxyalkanoic acids (PHA). To the best of our knowledge this is the first report in which 
the stable carbon isotopic compositions of different compound classes, including storage products, 
are directly linked to proposed and known biosynthetic pathways in an organism. 

5.2 Material and methods. 

5.2.1 Cultures. 

Chloroflexus aurantiacus OK-70ft (DSM 636) was grown under phototrophic anaerobic 
conditions on a mineral salt medium supplemented with vitamins in a continuously stirred (200 
rpm) 51 fermenter. The culture was gassed with 250 mllmin of a mixture ofHr C02 (80:20), at 55°C 
and pH 8.3 (Strauss and Fuchs, 1993; Menendez et al., 1999). The inorganic carbon source, 
supplied as CO2, was not limiting. The carbon supply rate was 26 mg C supplied/min, whereas the 
culture, even at the end of cultivation (approximately 5g cell dry mass), consumed S; I mg C/min. 

Cells were harvested during the exponential growth phase by centrifugation and subsequently 
frozen in liquid nitrogen and lyophilized before lipid extraction. The supplied CO2 was trapped as 
carbonate by leading the H2-C02 mixture through a NaOH solution of approximately pH 13, the 
carbonate was precipitated as BaC03 by addition of BaCh (Simon and Floss, 1967). The stable 
carbon isotopic composition of the BaC03 was determined by automated on-line combustion 
followed by conventional isotope ratio-mass spectrometry. From this the isotopic composition of 
the dissolved inorganic carbon (DIC) in the culture medium, which is present mainly as bicarbonate 
and carbonate at pH 8.3 and 55°C, was calculated using the temperature dependent isotopic 
equilibrium equation ofMook et al. (1974). 

5.2.2 Lipid analysis. 

Harvested cells were ultrasonically extracted with methanol (MeOH) (3x), dichloromethane 
(DCM)/McOH (1:1, v/v mixture) (3x) and DCM (3x) to obtain a totallipid extract. To methylate 
the fatty acids, the extracts were heated with 2 ml ofa 10% BF3 in MeOH-solution at 60°C (5 min). 
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Water was added and the derivatized compounds were extracted with DCM (3x). For carbon 
isotopic correction of the added methyl group a hexadecanoic acid standard, with a known carbon 
isotopic composition (-27.6%0), was derivatized in parallel using the same BF3/MeOH mixture. The 
extracts were filtered over a Si02-column using ethyl acetate as eluent. The alcohols in the fractions 

were subsequently silylated by adding 25 f.!l of bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 

pyridine and heating the mixture at 60°C (20 min). To correct for the isotopic change due to the 
introduction of carbon derived from the trimethylsilyl (TMS) group, a hexadecanol standard with 
known isotopic composition (-30.1%0) was silylated in parallel with the same BSTFA. By 
determining the carbon isotopic composition of the derivatized standards the carbon isotopic 
composition of the methyl group and TMS group were calculated. These values were used to 
calculate the carbon isotopic compositions of the parent alcohols and fatty acids present in the 
different fractions. 

To analyze the isotopic composition of phytol, it was converted to phytane. To this end, part of 
the total extract of C. aurantiacus was hydrogenated in ethyl acetate with H2, a few drops of acetic acid 
and Pt02 for 1 h. Hydrogenated apolar compounds were isolated using column chromatography with 
Ah03 as stationary phase and a hexanelDCM 9: 1 (v/v) mixture as eluent (for details see Schouten et al. 

(1998». Lipids were analyzed by gas chromatography (GC), gas chromatography-mass spectrometry 
(GC-MS) and isotope-ratio-monitoring GC-MS (GC-irMS). 

5.2.3 Sugar analysis. 

Approximately 10 mg of Chloroflexus residue after lipid extraction was hydrolysed in 12M 
H2S04 in a closed tube for 2 h at room temperature, followed by 4.5 h at 85°C after dilution of the acid 
to 1M. The hydrolyzed residue was neutralized with BaC03, after centrifugation the water fraction 
was removed and the precipitate was repeatedly washed with double-distilled water. The water 
fractions were combined and subsequently freeze dried. The sugar monomers were derivatized in 0.5 
ml of a 10 mg/ml solution ofmethylboronic acid in pyridine for 30 min. at 60°C. Subsequently, 15 

f.!l BSTFA was added and the solution was kept at 60°C for 5 min. (Van Dongen et al., 2001). The 
carbohydrate fraction was analyzed by GC, GC/MS and irm-GC/MS. 

~24Poryhydro~mkanokaddanary~~ 

Approximately 10 mg of Chloroflexus residue after lipid extraction was used to determine the 
polyhydroxyalkanoic acid (PHA) composition of the cell material. The PHA was transformed by 

methanolysis into its derivatized monomers, the ~-hydroxycarboxylic acid methyl esters, by refluxing 
for 2 h at lOO°C in a solution containing 2 ml of chloroform, 1.7 ml ofmethanol, and 0.3 ml of sulfuric 
acid [modified after (Brandl et al., 1988)]. For carbon isotopic correction of the added methyl group, 
polyhydroxybutyric acid (pHB, Aldrich Chemical Company) with a known carbon isotopic 
composition (-10.3%0), was derivatized in parallel using the same procedure. The hydrolyzed PHA 
fraction was analyzed by GC, GC-MS and GC-irMS. 

5.2.5 Instrumental. 

Stable carbon isotopic compositions of the bulk cell material and BaC03 were determined 
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by automated on-line combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry [Fisons optima(Fry et al., 1992)]. 

The different component fractions were analysed by gas chromatography (GC), gas 
chromatography-mass spectrometry (GC-MS) and isotope-ratio-monitoring GC-MS (GC-irMS) 

(see Schouten et al. (1998) for details). The ~-hydroxycarboxylic acid methyl esters were analyzed 

on a CP Sil-88 column (25m length, 0.22mm internal diameter, 0.181lm film thickness), with He as 
carrier gas, and a constant column pressure of 70 kPa. For GC analysis the detector temperature 

(FlO) was 280°C. The ~-hydroxycarboxylic acid methyl esters were analyzed using a programmed 

temperature increase from 40 (10 min) to 240°C at a rate of 4°C/min. The temperature was held at 
240°C for 20 min. Sugars were analyzed on a DB-170l column (30 m length, 0.25 mm internal 
diameter, 0.25 j.lm film thickness), with He as carrier gas, and a constant gas-flow of 1.15 m1!min. 
The sugars were analyzed using a programmed temperature increase from 70 to 180°C at 4°C/min 
and then to 280°C at lOoC/min at which it was held isothermal for 10 min (Van Dongen et al., 
2001). 

5.3 Results. 

The stable carbon 
isotope compOSitIOns of the 
bulk cell material and inorganic 
carbon source of a Chloroflexus 
aurantiacus OK-70ft culture 

II 
grown under photoautotrophic Verrucosan-2D-ol Hentriaconta-9,1522-triene 

conditions were determined. In 
addition the stable carbon 

CH'OH 
isotopic compositions of 1lI 

Phytaneindividual compounds from OH H OH 

different lipid fractions were OH~OH ~ 
analyzed as well. The residue IV H V OH 

left after lipid extraction was Phytol aiD-Glucose 

partly used for sugar analysis, 
CH,OH 

and partly for 0y-'y0H °lloH
polyhydroxyalkanoic acid ciH '" OH ~OH 

VI ~ VII 
(PHA) analysis. 3-Hydroxyvaleric acid 3-Hydroxybutyric acid H X OH 

aJ~-Xylose 

5.3.1 Lipid analysis. HOi['i01T(H 
The total lipid extract of Vlll IX 

C. aurantiacus contained fatty Dimer (butyric-valerie acid) Oimer (valerie-butyric acid) 

acids ranging from CIS to C20 Figure 2. Structures ofcompounds as discussed in the text. 

including C16• C18, C l9 and C20
 
mono-unsaturated fatty acids and was dominated by hexadecanoic acid and octadecanoic acid.
 
Besides fatty acids the total lipid extract contained verrucosanol [1: Fig. 2 (Hefter eT at., 1993)], C17


19 alkenols, long-chain poly-unsaturated alkenes and wax esters (Knudsen et al., 1982; Shiea et al., 
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1991). The long-chain poly-unsaturated alkenes ranged from C29 to C32 with 1,2 or 3 double bonds, 
and were dominated by hentria-9, 15,22-contatriene [II: Fig. 2 (Shiea et al., 1991; Van der Meer et 
al., 1999)]. The wax esters ranged from C31 to C38, including mono-unsaturated C34-36 wax esters, 
and were dominated by 
saturated C34-36 homologs 
(Shiea et al., 1991). The 
hydrogenated total extract 
fraction was dominated by 
phytane (III: Fig. 2), produced 
by the reduction of phytol [IV: 
Fig. 2 (Hartgers et al., 1996)], 
the esterified alcohol of one of 
the C. aurantiacus pigments, ibacteriochlorophyll c (Pierson 
and Castenholz, 1974). 

retention time 

5.3.2 Sugar and PHA analysis. Figure 3. Partial gas chromatogram olthe sugar Factioll i?l a Chloroflexus 
aurantiacus OK-70ft culture 

The sugar fraction contained both Cs and C6 sugars and was dominated by glucose (V: Fig. 
2, Fig. 3). The hydrolyzed PHA fraction contained mainly 3-hydroxyvaleric acid (VI: Fig. 2), 3
hydroxybutyric acid (VII: Fig. 2), di- and trimers consisting of 3-hydroxy butyric and/or valerie 
acid units (VIII, IX: Fig. 2) and ;; 

_ 

fatty acids ranging from C IS to 
C20 (Fig. 4). The presence of di .£ 
and trimers could be due to a '" i:i .smethod artifact since the 
methanolysis method used is an 
equilibrium reaction. Excess 
methanol will shift the 
equilibrium towards the imethylated monomers, but the 
conversIOn will not be II I 
complete, and consequently	 _ 
some di- and trimers may	 Figure 4. Partial gas chromatogram of the PHA Faction of a Chlorojlexus 

aurantiacus OK-70jl culture. Roman numbers correspond with structuresremam. 
shown in .figure 2. 

5.3.3 13C analysis. 

The stable carbon isotopic compOSitIOn of the DIC in the medium was -35.9%0, as 
calculated based on the isotopic composition of the CO2 supplied to the culture using the 
temperature dependent isotopic equilibrimTI equation of Mook et al. (1974). The bulk cell material 
of the Chloroflexus culture was 13%0 depleted in l3C relative to the DIC, while straight-chain lipids, 
like fatty acids, alcohols and wax esters were consistently 13 to 15%0 depleted relative to the DIC 
(Table 1). Fatty acids with an even carbon number, such as the CI6 and CI8 fatty acids, were 

retention time 
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approximately 14%0 depleted relative to the DIC, while the odd carbon numbered fatty acids, such 
as the Cl7 and C19 homologs, were approximately 15%0 depleted in 13C relative to the DIC (Table 
1). The isoprenoid lipids, i.e, phytane and verrucosanol, were 17 and 18%0 depleted in 13C relative 
to the DIC, respectively. Isotopic analysis of glucose (C6 sugar) showed a 6%0 depletion relative to 
the DIC, while xylose (Cs sugar) was approximately 2%0 depleted in 13C relative to the DIC (Table 
1). Finally, 3-hydroxyva1eric acid is approximately 12%0 depleted in 13C relative to the DIC (Table 
1). 

5.4 Discussion. 

5.4.1 Overall fractionation effect. 

In this study &p of the C. aurantiacus 
culture was 13.7%0, calculated as described by 
Hayes (1993) and based on the isotopic 
composition of the bulk cell material and the 
dissolved inorganic carbon in the culture 
medium. Holo and Sirevilg (1986) also 
reported C. aurantiacus OK-70ft bulk cell 
material to be 13.7%0 depleted in 13C relative 
to the carbon source. The results of both this 
study and the work of Ho10 and Sirevag 
(1986) indicates that stable carbon isotope 
fractionation by the 3-hydroxypropionate 
pathway is reduced compared to the Calvin 
cycle operating in autotrophic organisms as 
well as the isotopic fractionation of CO2 by 
RuBisCO as determined in vitro [ca. 27%0 
(Sakata et al., 1997; Popp et al., 1998)]. The 
explanation for the reduced fractionation of 
the 3-hydroxypropionate pathway could be 
that both inorganic carbon fixing enzymes 
proposed to be used by C. aurantiacus 
(acetyl-CoA and propionyl-CoA carboxylase) 
fix bicarbonate instead of CO2 (Strauss and 
Fuchs, 1993). It is known that bicarbonate 
incorporation by PEP carboxylase, which is 
known to be present in C. aurantiacus and 
may have an anaplerotic function (Menendez 

Table l. Stable carbon isotopic compositions of DIC, bulk 
cell material, alkyl and isoprenoid lipid~ and storage 
products such as sugars and PHA, and their 13C content 
relative to the carbon source (DIe]. of a Chloroflexus 
aurantiacus OK-70jl culture in %0 relative to the PDB 
standard. 

supplied CO, gas 
dissolved inorganic carbon* 
bulk cell material 

~llipids

C 16 fatty acid 
C 17 fatty acid 
C IS.1 fatty acid 
CIS fatly acid 
CIS alcohol 
C" fatty acid 
C30 :3 alkene 
C3I ,J alkene 
C32 :3 alkene 
CD waxester 
CJ4 waxester 
C35 waxester 
C36 waxester 
C37 waxester 
Average alkyl lipids 

~oprelloid lipids 
phytane 
verrucosanol 
Average isoprenoid lipids 

5!!fLars 
arabinose (C,) 
xylose (Cs)
 
rhamnose (C 6)
 

glucose (C,,)
 

I a'3 c (sO) L'>a"c (DIil-

I ~"
 (0091
-35.9
 
-48.9 (0.04)
 -13.0 

-49.7 (0.4) -13.8 
-507 (0.8) -14.8 
-48.4 (0.5) -12.5 
-49.5 (0.3) -13.6 
-48.5 (0.1) -12.5 
-50.5 (0.7) -14.6 
-49.7 (0.5) -137 
-48.4 (0.1) -12.5 
-48.9 (1.2) -13.0 
-50.9 (0.4) -15.0 
-50.3 (0.5) -14.4 
-50.4 (0.3) -J4.5 
-49.6 (0.2) -13.7 
-50.7 (0.2) -14.8 

-49.6 -13.7 

I 

-52.5 (0.1) -16.6 - 

-53.5 (0.4) -17.6 
-53.0 -17.1 

I 

-45.7 (0.2) -9.8 
-37.8 (0.3) -1.9 
-45.1 (0.4) -9.2 
-41.6 (0.1) -5.7 

Polyhydroxyalkanoic acids (PHA) 
3-hydroxyvaleric acid -48.0 (0.6) -12.1
 
dimer (3-0Hbutyriclvaleric)
 -45.9 (0.9) -10.0 

* Calculated based on the isotopic composition of the CO2 supplied 
to the cultnre using the temperature dependent isotopic equilibrium 
equation of Mook et 01. (30). 

et al., 1999), results in no or hardly any stable carbon isotopic fractionation (Goericke et al., 1994). 
The fractionation effects of the carboxylating enzymes in the 3-hydroxypropionate pathway, acetyl

CoA and propionyl-CoA carboxylase (Fig. I), are not known. However, the relatively small Gp 

indicates that they either have a relatively small fractIOnation effect compared to C02 fixation 
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catalyzed by the enzyme RuBisCO, or, less likely, that a major part of the cell material has been 
fixed by PEP carboxylase in C. aurantiacus. 

5.4.2 Alkyl vs. isoprenoid lipids. 

Even carbon numbered alkyl lipids are ca. 14%0 depleted in l3C relative to the DIC, while 
odd numbered alkyl and isoprenoid lipids were more depleted in 13C relative to the DIC, 15 and ca. 
18%0, respectively. The carbon chain of even numbered fatty acids is most likely formed from 
multiple acetyl-coenzyme A (CoA) units by chain elongation via malonyl-CoA. For example, 
acetyl-CoA is carboxylated to form malonyl-CoA, and one acetyl-CoA unit plus seven malonyl
CoA units form a Cl 6 fatty acid with the release of the seven carbon atoms used to form malonyl
CoA (Schweizer, 1989). If it is assumed that this synthesis of short-chain alkyl lipids with an even 
carbon number does not result in a large fractionation, then the isotopic composition of acetyl-CoA 
should be rather similar to that of the Cl6 and CI8 fatty acids (Monson and Hayes, 1982), i.e. ca. 
49.5%0. Labeling studies have shown that venucosanol, a cyclic C20 isoprenoid (I: Fig. 2), contains 
8 carboxyl carbon atoms and 12 methyl carbon atoms originating from acetyl-CoA (Rieder et aI., 
1998), indicating that isoprenoid lipids in C. aurantiacus are formed via the mevalonate pathway 
(Rieder et aI., 1998). In this pathway the precursor for isoprenoid biosynthesis, 6 3-isopentenyl 
pyrophosphate (IPP), is formed from three acetyl-CoA units via mevalonic acid, which is 
decarboxylated. In comparison, the C 16 fatty acid contains 8 carboxyl and 8 methyl carbon atoms 
originating from acetyl-CoA. Based on the stable carbon isotope values of both venucosanol and 
the C l6 fatty acid we can calculate the difference in I3C content between the methyl and carboxyl 
carbon atoms in acetyl-CoA presuming that they are formed from the same acetyl-CoA pool 
(Hayes, 1993). Two simple equations with two unknown parameters then yield a carbon isotope 
value for the methyl carbon, i.e. -70±4%0, and for the carboxyl carbon, i.e. -30±4%0. Surprisingly, 
this difference in I3C content between the carboxyl and methyl carbon of acetyl-CoA is relatively 
large, ca. 40%0, compared to the differences reported for acetyl-CoA in Escherichia coli, although 
there are large differences between different reports lca. 6%0 (Monson and Hayes, 1982) and ca. 
25%0 (Blair et aI., 1985)]. Acetyl-CoA in E. coli is formed via the Embden-Meyerhofpathway, i.e. 
the breakdown of sugars via glyceraldehyde-3-phosphate and pyruvate to acetyl-CoA. Acetyl-CoA 
is finally oxidized to CO2 in the TCA cycle. The difference in stable carbon isotopic composition of 
the carboxyl and methyl carbon in acetyl-CoA from E. coli is explained by a fractionation effect 
occurring when pyruvate is oxidatively decarboxylated to give acetyl-CoA (Monson and Hayes, 
1982; Melzer and Schmidt, 1987). The breaking of the carbon-carbon bond in pyruvate results in a 
13C depletion of the carboxyl carbon in acetyl-CoA, while the methyl carbon retains the original 
stable carbon isotopic signature of the sugar (Monson and Hayes, 1982; Melzer and Schmidt, 1987). 
However, Blair et al. (1985) suggested that fractionation may also occur downstream from acetyl
CoA, and reported that the carboxyl carbon can become more enriched in I3C relative to the methyl 
carbon of acetyl-CoA in E. coli. The difference in stable carbon isotopic composition of the 
carboxyl and methyl carbon in acetyl-CoA from C. aurantiacus is not only larger than reported by 
Blair et al. (1985), but it is also the reverse of what others have reported for E. coli (Monson and 
Hayes, 1982; Melzer and Sclnnidt, 1987). A possible explanation for the relative "c depletion of 
the methyl carbon in C. aurantiacus could be a fractionation effect related to the breaking of the C2
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C3 bond of malyl-CoA by the fully reversible malyl-CoA lyase resulting in acetyl-CoA and 

glyoxylate (Fig. 1). If so, the residual malyl-CoA, and products formed thereof, would be enriched 
in 13C. The carboxyl carbon of acetyl-CoA is not only enriched in 13C relative to the methyl carbon, 
but is even somewhat enriched in l3C relative to the DIC, although this might be within analytical 
error. 

The I3C depletion of odd carbon numbered fatty acids relative to even carbon numbered 
fatty acids can be explained by the large difference in lJC content between methyl and carboxyl 
carbon in acetyl-CoA. Though it is not clear how odd numbered fatty acids are fonned in C. 

aurantiacus, a possibility might be an a-oxidation reaction, i.e. the anaerobic a-hydroxylation of an 

even numbered fatty acid followed by decarboxylation (Schweizer, 1982; Emmanuel, 1974; Yano et 
al., 1970). The removal of an isotopically heavy carboxyl carbon would result in a calculated 
isotope value of -50.7%0 and -50.6%0 for C l7 and CI9 fatty acids, respectively, which compares 

favorably with the measured isotope value for C l7 and Cl9 fatty acids, -50.7%0 and -50.5%0, 
respectively. Another possibility is chain elongation starting from propionyl-CoA. However, the 
formation of propionyl-CoA from acetyl-CoA would include a carboxylation step, and assuming 
that the added carbon atom has a similar isotopic composition as the DIC, this would result in odd 
carbon numbered fatty acids enriched in I JC relative to even carbon numbered fatty acids. Although 
the exact mechanism is not known, the isotope data again seem to suggest that the carboxyl carbon 
is enriched in IJC relative to the methyl carbon of acetyl-CoA, and that 0 

this enrichment is relatively large. The even carbon numbered long-chain 0oJlCH3 
n-alkenes have isotopic compositions similar to the C1b and CIS fatty 0 

acids, which is expected if n-alkenes are formed from fatty acids by Pyruvate 

chain elongation and reduction of carboxyl groups. The odd carbon 1 
numbered n-alkene, hentriacontatriene, is enriched in l3C relative to the 

oCI6 and CIS fatty acids. It may either be formed by chain elongation from 0 11 o--p-o0 
an odd carbon numbered fatty acid, or by chain elongation and I 

decarboxylation from an even carbon numbered fatty acid. Both 0 0 . i
I( ~CH2

biosynthetic pathways include a decarboxylation step, which would o 
2X Phosphoenolpyruvate result in a 13C depletion of the n-alkene relative to the C16 and CIS fatty 

acids. The 13C enrichment of hentriacontatriene may possibly be ~ 
explained by an isotope effect related to its biosynthetic pathway, as
 
indicated by the l3C enrichment of the unsaturated CIS fatty acid relative '" J: J:?~
O~ 'I "-V -OH 

to the saturated CIS fatty acid. OH 

Glucose 

5.4.3 Sugars. 
}-. CO2 

Both C6 and Cs sugars are enriched in 13C relative to the bulk cell o OH 

~I J..?~ 
-..ymaterial and lipids. However, glucose is 6%0 depleted in 13C relative to 'OH 

the DIC, while xylose (X: Fig. 2) is only ca. 2%0 depleted. Sugars in C. OH 
Xylose 

aurantiacus are probably synthesised via the reversed Embden-Meyerhof 
pathway (Holo and Grace, 1987), which forms glucose from 2 Figure 5. Simplified pathway 

phosphoenolpyruvate (PEP) molecules (Fig. 5). Labeling studies have for glucose biosynthesis 
based on Strauss et al.

indicated that the C1, C2, C5 and C6 from glucose are most likely (1991). 
derived from acetyl-CoA, while the C3 and C4 of glucose are mainly 
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derived from newly fixed inorganic carbon (Holo and Grace, 1987; Strauss et aI., 1992; Eisenreich 
et aI., 1993). Labeling studies with l3C labeled substrates other than acetate suggest that glucose 
may be formed from malate via oxaloacetate and pyruvate (Strauss et aI., 1992). If we assume that 
the newly fixed carbon atoms in glucose are similar in isotopic composition to the DIC, the 
calculated isotope value for glucose is ca. -45%0. The difference between the measured (ca. -42%0) 
and the calculated isotope value (-45%0) indicates that the newly fixed carbon atoms are possibly 
more enriched in l3C than the DIC. Assuming that glucose (ca. -42%0) consists of two acetyl-CoA 
units (-49.5%0, see above) and two newly fixed carbon atoms, the stable carbon isotopic 
composition of the newly fixed carbon atoms is calculated to be ca. -26%0, which compares 
favourably with the isotopic composition calculated for the carboxyl carbon of acetyl-CoA. 

The measured l3C enrichment of xylose relative to glucose can be explained by the removal 
of an isotopically light carbon atom from glucose. Based on the measured isotope value of glucose 

and the calculated isotope value of the methyl carbon (-70%0, see above), the Ol3C value for xylose 
can be estimated to be ca. -36%0, which is approximately 2%0 enriched in l3C relative to the 
measured carbon isotope composition for xylose (-37.8%0). The difference between the calculated 
and measured isotopic composition of xylose could be attributed to scrambling of carbon atoms 
(Holo and Grace, 1987; Strauss et al., 1992; Eisenreich et al., 1993). In contrast arabinose, also a Cs 
sugar, which is as much depleted in l3C as xylose is enriched in 13C relative to glucose (4%0 [Table 
1]), which could be explained by the removal of an isotopically heavy carbon atom from glucose. 
Although the biosynthetic pathways for xylose and arabinose in C. aurantiacus are currently not 
known, their isotopic compositions suggests that they are formed via different biosynthetic 
pathways. 

5.4.4 Polyhydroxy alkanoic acid. 

PHA in C. aurantiacus consists mainly of 3-hydroxyvaleric acid, a Cs compound. 3
Hydroxyvaleric acid is enriched in l3C relative to the alkyl lipids. Assuming that PHA's are formed 

by polymerisation of acetyl-CoA (Fuller, 1995), the Ol3C value for 3-hydroxyvaleric acid suggests 
that in the synthesis of this Cs compound an isotopically "light" carbon atom is removed. The 
isotope value for 3-hydroxyvaleric acid calculated on the basis of 3 acetyl-CoA molecules and the 
removal of a methyl carbon (-70%0, see above) is -45.5%0, which is 2.5%0 different from that of the 
measured value (-48%0). Another possibility is the carboxylation of acetyl-CoA to form a C3 
compound and subsequent reaction with another acetyl-CoA to give a Cs compound. Based on the 
calculated isotope value for acetyl-CoA (see above) and the DIC isotopic composition, assuming 

that the additional carbon atom is coming from the DIC, the Ol3C value for 3-hydroxyvaleric acid 
would be -46.8%0, which is close to the measured carbon isotope composition for 3-hydroxyvaleric 
acid (-48%0). This indicates that 3-hydroxyvaleric acid is probably synthesized from a C3compound 
and acetyl-CoA rather than from 3 acetyl-CoA units and subsequent decarboxylation. Our results 

show that the carbon isotopic composition of storage products such as PHA and polyglucose can 
have a large effect on the carbon isotopic composition of the bulk cell material relative to the 
carbon isotopic composition of lipids. Since the amount of storage products formed by organisms 
depends largely on the growth conditions, the difference in isotopic composition between the bulk 
cell material and lipids can also vary with growth conditions. Many organisms produce storage 
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products and this effect should be taken into account when the isotopic composition of the bulk cell 
material is used as reference value for the isotopic composition of lipids. 

5.5 Implications. 

To the best of our knowledge this is the first report on the stable carbon isotopic 
composition of storage products as well as bulk cell material and alkyl and isoprenoid lipids of a 
single organism. The stable carbon isotopic composition of the bulk cell material, different lipid 
classes and storage products in C. aurantiaclis can be rationalized on the basis of its proposed CO2 

fixation and biosynthetic pathways, and possibly indicates novel information on these pathways. 
The pattern of l3C depletion for the 3-hydroxypropionate pathway differs significantly from 

the patterns reported for organisms using the Calvin or TCA cycle (20, 27, 28). For organisms using 
the Calvin cycle it has been reported that lipids are depleted in l3C relative to the bulk cell material 
and that straight-chain compounds are depleted in 13C relative to isoprenoid compounds (20,27). In 
contrast, for organisms using the reversed TCA cycle it has been reported that lipids are em-iched in 
l3C relative to the bulk cell material and that straight-chain lipids are em-iched in 13C relative 
isoprenoid lipids (28). We have shown for C. aurantiacus, which uses the 3-hydroxypropionate 
pathway that lipids are depleted in DC relative to the bulk cell material, and that straight-chain 
lipids are em-ielled in DC relative to the isoprenoid lipids. This report indicates that compound 
specific stable carbon isotope analysis can be a useful rapid screening tool for inorganic carbon 
fixation and biosynthetic pathways in autotrophic organisms. 
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Abstract 
The stable carbon isotopic compositions of the inorganic carbon source, bulk cell material and 
isoprenoid lipids of the hypertherrnophilic crenarchaeon Metallosphaera sedula, which uses a 3
hydroxypropionate-like pathway for autotrophic carbon fixation, have been measured. Bulk cell 
material was approximately 3%0 enriched in l3C relative to the dissolved inorganic carbon, and 2%0 
depleted in l3C relative to isoprenoid membrane lipids. The isotope data suggested that M sedula 
uses mainly bicarbonate rather than CO2 as inorganic carbon source, which is in accordance with a 
3-hydroxypropionate-like carbon fixation pathway. To the best of our knowledge this is the first 
report of 13C fractionation effects of such a hyperthermophilic crenarchaeon. 

6.1 Introduction. 

Stable carbon isotope measurements of the organic carbon of autotrophic organisms and 
their inorganic carbon source can help to distinguish between different CO2-fixation pathways. 
Because of the enzymatic preference for 12C0 2 relative to l3C02 the Calvin cycle yields organic 
matter that is approximately 20 to 30%0 depleted in l3C (i.e., isotopically "lighter") relative to the 
CO2 from which it was formed (Sirevag et aI., 1977; Madigan et aI., 1989; PreuB et aI., 1989; 
Sakata et aI., 1997; Popp et aI., 1998). Stable carbon isotope fractionation by the reductive 
tricarboxylic acid (TCA) cycle has been reported to be relatively small compared to fractionation by 
the Calvin cycle (Quandt et aI., 1977; Sirevag et aI., 1977; Preul3 et aI., 1989). Quandt et at. (1977) 
showed isotope fractionation values of bulk cell material relative to the dissolved inorganic carbon 
(DIC) source l~(5l3C (5l3CDlC - (5l3Ccell material)] for Chlorobium spp., green sulfur bacteria using a 

reductive TCA cycle, of 2 to 5%0, while Sirevag et al. (1977) reported a ~(5I3C for Chlorobium 

limicola cell material of ca. 12%0. Preul3 et al. (1989) showed a stable carbon isotope fractionation 
of ca. 10%0 for Desulfobacter hydrogenophilus, an anaerobic sulfate reducing bacterium, and a 
fractionation of ca. 8%0 for Thermoproteus neutrophilus, a hypertherrnophilic crenarchaeon, both 
using the reductive TCA cycle. Cell material from Desulfobacterium autotrophicum and 
Acetobacterium woodii, both bacteria using the reductive acetyl-CoA pathway, is reported to be 
350/00 and 15 to 27%0 depleted in l3C relative to the DIC, respectively (preuB et al. 1989). For 
Chloroflexus aurantiacus, a phototrophic bacterium probably using the 3-hydroxypropionate 
pathway for inorganic carbon fixation, isotopic fractionation relative to the inorganic carbon source 
has been reported to be smaller than for organisms using the Calvin cycle. Cell material from C. 
aurantiacus has been reported to be ca. 14 depleted in l3e relative to the DIC (Holo and Sirevag. 
1986; Van der Meer et aI., 2000). 
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Since the bulk cell material consists of a mixture of isotopically heterogeneous compound 
classes, compound specific isotope analysis (Hayes et aI., 1990) has been used to ascribe certain 
compounds to specific groups of organisms with a specific CO2 fixation pathway (Freeman et aI., 
1990; Kohnen et aI., 1992). To obtain information on biosynthetic effects on the 13C contents of 
lipids of autotrophic organisms, several micro-algae cultures (Summons et aI., 1995; Bidigare et aI., 
1997; Schouten et aI., 1998), a cyanobacterial culture (Sakata et aI., 1997), a Chlorobium culture 
Van der Meer et aI., 1998), and a C. aurantiacus culture (Van der Meer et aI., 2000) have been 
studied. For organisms using the Calvin cycle, like micro-algae and cyanobacteria, it has been 
reported that the bulk cell material is enriched in 13C relative to isoprenoid lipids (Sakata et aI., 
1997; Schouten et aI., 1998). For organisms using the reductive TCA cycle it has been reported that 
the bulk cell material is depleted in 13C relative to isoprenoid lipids (Van der Meer et aI., 1998). For 
C. aurantiacus, which probably uses the 3-hydroxypropionate pathway, it has been reported that the 
bulk cell material is enriched in 13C relative to isoprenoid lipids (Van der Meer et aI., 2000). 

Metallosphaera sedula, a hyperthermophilic crenarchaeon that can oxidize reduced metal 
and sulfur species and hydrogen with molecular oxygen as energy source, is a crenarchaeon that has 
been suggested to use a 3-hydroxypropionate-like CO2 tixation pathway (Menendez et aI., 1999). 
Comparing stable carbon isotopic fractionation in C. aurantiacus with fractionation in M sedula 
could provide additional information on the carbon fixation pathway used by M sedula. Therefore, 
we analysed a culture of M sedula for the isotopic composition of inorganic carbon, bulk cell 
material and lipids. 

6.2 Material and methods. 

6.2.1 Cultures. 

Metallosphaera sedula TH2 (DSM 5348) was grown microaerobically on Allen mineral 
medium (Segerer and Stetter, 1992) with a gas phase of Hz-COz-02 (18:19:3; 250 kPa), at 65°C and 
pH 2 (Huber et aI., 1989; Huber et aI., 1992). Cells were harvested during the exponential growth 
phase by centrifugation and subsequently frozen in liquid nitrogen and lyophilized before lipid 
extraction. The supplied CO2 was trapped as carbonate by leading the Hz-C02 mixture through a 
NaOH solution of approximately pH 13, the carbonate was precipitated as BaC03 by addition of 
BaCh (Simon and Floss, 1967). 

6.2.2 Bulk isotopes. 

Stable carbon isotopic compositions of the bulk cell material and BaC03 were determined 
by automated on-line combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry (Fisons optima (Fry et aI., 1992). 

6.2.3 Lipid analysis. 

To release the ether-bound lipids the residue of M sedula after lipid extraction was refluxed in 
56% (~wt) HI (in H 20) for 1 h to cleave ether bonds, subsequently the alkyliodides formed were 

reduced to hydrocarbons with LiAl~ in dioxane (Kohnen et aI., 1992). This hydrocarbon fraction was 
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analysed by gas chromatography, gas chromatography-mass spectrometry and isotope-ratio-monitoring 
GC-MS (see Schouten et al. (1998) for details) 

6.3 Results and Discussion. 

The stable carbon isotopic compositIOns of the supplied CO2, of bulk cell material and 
isoprenoid membrane lipids of the hyperthermophilic crenarchaeon Metallosphaera sedula were 
measured (Table 1). The 

Table 1. Stable carbon isotopic compositions ofsupplied CO2, bulk cell material. 
stable carbon isotopic isoprenoid membrane lipids, and their 13C content relative to the DIC and the 
composition of the carbon calculated isotopic composition ofbicarbonate of 11 Metallosphaera sedula TH2 

source used to grow M culture in 9"00 relative to the Peedee Belemnite (PDB) standard. SD=standard 
deviatioll.sedula was --43.1%0, while
 

the bulk cell material of this Carbon analysed S"C (SD,
?=-----
-43.1 (0.4) culture is about 3%0 enriched supplied CO, 

in 13C relative to the bicarbonate * -38.3 4.8 

supplied CO2. Most enzymes bulk cell material -40.2 (0.2) 2.9 -1.9 

are assumed to have a 
preference for 12C, and thus 
every enzymatic alteration Isoprenoid lipids 

involving C-C bond biphytane (C", isoprenoid) -37.6 (0.3) 5.5 0.7 

formation would result in a monoeye!ie biphytane -38.0 (0.5) 5.\ 0.3 

product that is more depleted 
1" dieyclie biphytane -38.2 (0.2) 4.9 0.1 

in °c than its precursor 
(Hayes, 1993). Since the M. Average isoprenoid lipids -38.0 5.1 0.3 

sedula culture was grown at 
pH 2, the dissolved * Calculated after Mook et al. (1974) 

inorganic carbon (DIe) pool contained mainly CO2 (99.98%) and only a small fraction of 
bicarbonate (0.02%). Hence, the stable carbon isotopic composition of the supplied C02 represented 
the isotopic composition of CO2 in the culture medium. If CO2 was the inorganic carbon source 
used by M sedula, then this would imply that there was an overall positive fractionation, which is 
in contradiction with the commonly assumed enzymatic preferences for l2c. However, the 
calculated 13C contents of bicarbonate in the M sedula medium, based on the temperature 
dependent isotope equilibrium equation of Mook et al. (1974), was -38%0. This would mean that 
the 13C content of the bulk organic carbon was approximately 2%0 depleted relative to bicarbonate. 
Hence, the isotopic enrichment of bulk cell material to the DIC suggested that M sedula used 
bicarbonate rather than CO2 as inorganic carbon source for autotrophic growth. This fits with the 
assumption that the proposed carboxylating enzymes used in the 3-hydroxypropionate pathway, 
acetyl-CoA and malonyl-CoA, fix bicarbonate rather than C02 (Strauss and Fuchs, 1993). It is 
unclear whether M sedula transports the bicarbonate directly from the medium or that it uses 
bicarbonate formed inside the cell from transported C02. 

The magnitude of stable carbon isotope fractionation by M sedula was significantly smaller 
than repOlied for organisms using the Calvin cycle (Sirevag et a!., 1977; Madigan et a!., 1989; 
PreuJ3 et aI., 19~9; Sakata et aI., 1997; Popp et aI., 1998), suggesting non-Calvin cycle carbon 

fixation. However, the stable carbon isotopic fractionation by M sedula was also smaller than has 
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been reported for C. aurantiaclIs (Holo and Sirevag, 1986; Van der Meer et a!., 2000), a bacterium 
using the 3-hydroxypropionate pathway. Possible explanations for the difference in stable carbon 
isotopic fractionation between M. sedula and C. aurantiacus might be differences in culture 
conditions, which are known to effect isotopic fractionations in organisms using the Calvin cycle by 
several %0 (Popp et a!., 1998). Possibly there are differences between the 3-hydroxypropionate-like 
pathway used by M. sedula (Segerer and Stetler, 1992) and the 3-hydroxypropionate pathway used 
by C. aurantiacus for carbon fixation (Holo and Sirevag, 1986). Another explanation may be the 
highly efficient use of the small fraction of bicarbonate present in the medium, in case bicarbonate 
and not CO2 is transported into the cells. The efficient use of bicarbonate would result in a reduced 
isotope fractionation. 

The total lipid extract of M. sedula contained mainly tetraether membrane lipids (Hopmans 
et a!., 2000). Upon ether bond cleavage by treatment with HI (Kohnen et aI., 1992), acyclic and 
mono-, di- and tri-cyclic biphytanes (Fig. 1), characteristic for hyperthermophilic archaea (DeRosa 
and Gambac0l1a, 1988), were released. The isoprenoid lipids from the M. sedula culture were ca. 
2%0 enriched in 13C relative to the bulk cell material, which is similar to previous reports for the 
reductive TCA cycle (Van der Meer et aI., 1998), but different from C. aurantiacus, a bacterium 
using the 3-hydroxypropionate pathway, where isoprenoid lipids were depleted in I3C relative to the 
bulk cell material. However, M. sedula does not express key enzymes of the reductive TCA cycle 
(Menendez et a!., 1999). The 
isotopic difference between 
isoprenoid lipids of M. sedula 
and C. aurantiacus may be due 
to the fact that the isotopic 
composition of the cell material 
of C. aurantiacus (ca. -49%0) is 
mainly determined by the lipidic 
storage product 
polyhydroxyalkenoic acid (PHA; 
ca. -48%0) (Van der Meer et aI., 
2000). The lack of PHA as 
storage product in this M. sedula 
culture could thus explain why 
its cell material was depleted in 
l3C relative to its lipids even 
though it is thought to use a 
similar carbon fixation pathway 
to C. allrantiacus. time 

Figure 1. Partial gas chromatogram of the ether-bound lipids after HI 
treatment. 
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Autotrophy of green nonsulfur bacteria in hot spring microbial mats: biological explanations 
for isotopically heavy organic carbon in the geological record. 
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Abstract 
Inferences about the evidence of life recorded in organic compounds within the Earth's ancient 
rocks have depended on l3C contents low enough to be characteristic of biological debris produced 
by the well-known COz fixation pathway, the Calvin cycle. "Atypically" high values have been 
attributed to isotopic alteration of sedimentary organic carbon by thermal metamorphism. We 
examined the possibility that organic carbon characterized by a relatively high l3C content could 
have arisen biologically from recently discovered autotrophic pathways. We focused on the green 
nonsulfur bacterium, Chloroflexus aurantiacus, which uses the 3-hydroxypropionate pathway for 
inorganic carbon fixation and is geologically significant as it forms modem mat communities 
analogous to stromatolites. Organic matter in mats constructed by Chloroflexus sp. alone had 
relatively high l3C contents (-14.9%0) and lipids diagnostic of Chloroflexus that were also 
isotopically heavy (-8.9 to -18.5%0). Organic matter in mats constructed by Chloroflexus in 
conjunction with cyanobacteria had a more typical Calvin cycle signature (-23.5%0). However, 
lipids diagnostic of Chloroflexus were isotopically enriched (-15.1 to -24.1 %0) relative to lipids 
typical of cyanobacteria (-33.9 to -36.3%0). This suggests that, in mats formed by both 
cyanobacteria and Chloroflexus, autotrophy must have a greater effect on Chloroflexus carbon 
metabolism than does photoheterotrophic consumption of cyanobacterial photosynthate. 
Chloroflexus cell components were also selectively preserved. Hence, Chloroflexus autotrophy and 
selective preservation of its products constitute one purely biological mechanism by which 
isotopically heavy organic carbon could have been introduced into important Precambrian 
geological features. 

7.1 Introduction. 

(Sl3C values of sedimentary organic matter that are considered to be characteristic of 
biological COz fixation are based on the assumption that the major COz fixation pathway is that 
used by cyanobacteria, algae and plants, the Calvin cycle. Because of the enzymatic preference for 
IZCOZ relative to l3COz, this pathway yields organic matter that is approximately 20 to 25%0 

depleted in l3C (i.e., isotopically "lighter") relative to the (Sl3C value of the COz from which it was 

formed (Madigan et al., 1989; Sakata et al., 1997; Popp et al., 1998)(Table I). Hence, depending on 

the (S l3C value of the substrate, sedimentary organic matter with an isotopic signature between -20 
to -35%0 is usually considered to be Calvin cycle-derived (Schidlowski, 1988; Mojzsis et al., 1996). 
Organic matter relatively more enriched in l3C (i.e., isotopically "heavier") has heen considered an 

artifact of metamorphic alteration of Calvin cycle-derived organic matter (Hayes et al., 1983; 
Schidlowski, 1988). A classic example is the Earth's oldest organic matter from the lsua formation 

59 



Chapler 7 

(Greenland), which has a bulk 1) 
13C value of -13±4.9%0 (Schidlowski, 1988). Recent]y, however, the 

extent of metamorphic effects has been questioned (Des Marais, 1997; Watanabe el at., 1997). 

Furthermore. indications of isotopically light carbonaceous inclusions (Mojzsis et al., ] 996) and 

isotopically heavy organic carbon that has not been extensively altered by metamorphism (Rosing, 

1999) suggest the possibility of multiple origins of organic carbon in the ]sua formation. 

We examined the hypothesis that isotopically heavy organic matter might relate to 

differences in autotrophic pathways. Phylogenetic analysis has revealed that some anoxygenic 

photosynthetic bacteria, notably green nonsulfur bacteria, had a unique evolutionary history and 

could have been more primordial than the oxygen-producing cyanobacteria (Woese, 1987; Oyaizu 

el al.. 1987; Gupta el at., 1999). Furthermore, Chloroflexus auranliaclIs, a filamentous green 

nonsulfur bacterium found in hot spring microbial mats, fixes inorganic carbon using the 3

hydroxypropionate pathway, which produces organic carbon enriched in i3C relative to the Calvin 

cycle (ca. 14%0 lighter than the inorganic 

carbon from which it was fonned (Holo and 

Sirevag, 1986; Strauss and Fuchs, 1993» 

(Table I). Hence, Chlorojlexus, or its 

phylogenetic relatives could have been a 

significant source of isotopically heavy 

Precambrian organic matter, especially from 

microbial mat communities, which are well

preserved as stromatolites in the geological 

record. 

Hot spring microbial mats provide an 

excellent opportunity to test the hypothesis that 

the novel autotrophic pathway of Chlorojlexus 

impatts a heavy isotopic composition to mat 

organic carbon that can be linked to well

," 

A B 
~ 

"!s.?hoc"::.".".. 

preserved features in the geological record. Mat 
Figure 1. Typical hal spring microbial mals formed bycommunities constructed solely by 
c:mnobaeteria in con/unCiion lI'ilh Chloro(lexus (Ocropus 

Chlorojlexlls spp. are well represented in the Spring. OJ. Or by Chiaro/lexus alone ("Nell,' Pil Spring ", bj. 
bOlh of lI·'hic/] are considued modern analogs oJMammoth Terraces Group, Yellowstone 
slrommolileS, and microscopic images of lheir principal 

National Park, where elevated sulfide phololrophic microorganisms (e and d, respeClivel.u. [from 
concentrations inhibit cyanobacteria and Ward el 01., 1989]. 

promote non-02-evolving photoautotrophy 

(Castenholz, 1973; Giovannoni, 1987; Ward el at., 1989). Like mats formed by both cyanobacteria 

and Chloroflexus in low-sulfide hot springs (Fig. la), Chloroflexlls mats are sometimes well 

laminated (Fig. I b), and it has been suggested that they are also modern analogs of stromatolites 

(Castenholz, 1973; Brock, 1973; Walter el at., 1992: Ward el al., 1989). Stromatolites are, of 

course, the predominant fossils of the Precambrian Era. 
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7.2 Material and methods. 

7.2.1 Sampling sites. 

Samples were taken on the 5th of December 1995 from "New Mound Annex", an ephemeral 
spring situated between Bath Lake and White Elephant Back Spring (Castenholz, 1977) in the 

Mammoth Terraces hot spring area of Yellowstone National Park, Wyoming, USA, which has since 
become naturally plugged. At the time of sampling the source water had a temperature of 58.9 °C, 
pH 6.10 and a sulfide concentration of 133.1 ).tM; the water above the downstream mat had a 
temperature of 56.3 °C, pH 6.42 and a sulfide concentration of 19.2 ).tM (Cline, 1969). The 
Octopus Spring mat, sampled on the 27th of August 1997 had a temperature of 58 to 64°C, pH 8.3 
and sulfide was below detection. The Octopus Spring and "New Pit" Spring mat samples used for 
pyrolysis were collected on the 8th of August and the 31 st ofJuly, 1991, respectively. 

7.2.2 Lipid analyses. 

Samples were directly frozen on dry-ice and were kept frozen until lyophilization and lipid 
extraction (Schouten et al., 1998). The total lipid fractions were analysed by gas chromatography 
(GC) and gas chromatography-mass spectrometry (GCIMS) (Schouten et al., 1998). The 013C values 
of the different lipids were measured using isotope-ratio-monitoring gas chromatography-mass 
spectrometry (GC-irMS) (Schouten et al., 1998). The stable carbon isotope compositions are reported 
in the delta notation against the PDB 13C standard. 

7.2.3 Bulk isotope analyses. 

Bulk stable carbon isotopic compositions of the samples were determined by automated on
line combustion (Carlo Erba CN analyser 1502 series) followed by conventional isotope ratio-mass 
spectrometry (Fisons optima (Fry et al., 1992)). The stable carbon isotope compositions are reported 
in the delta notation against the PDB 13C standard. 

7.2.4 Pyrolysis analyses. 

Pyrolysis-gas chromatography traces of culture samples (c. aurantiacus strain Y-400-fl and 
S. lividus strain Y-7c-s) and mat samples C"New Pit" Spring mat and Octopus Spring mat, 10 to 
13mm depth interval) were obtained by Curie-point pyrolysis-gas chromatography-flame ionisation 
detection (Py-GC-FID) and Curie-point pyrolysis-gas chromatography-mass spectrometry (Py-GC
MS) using FelNi wires with a Curie temperature of 610°C (Boon, 1984). Analyses were done on 
sample residues after extraction by the Bligh and Dyer method (Bligh and Dyer, 1959), and 
saponification by reflux (lh) with IN KOH/MeOH, followed by acidification and extraction of the 
esterified lipids (Schouten et al., 1998). 
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7.2.5 Pigment analyses. 

Pigment content of the samples was analyzed by use of a Waters Associates liquid 
chromatograph HPLC, comprised of a 600 E gradient module with system controller and a Model 
991 photodiode array detector. The column used was a Bio-sil CI8 HL 90-5-S column (150*4.6 
mm, partical size 5 }lm) from Bio-Rad (Kraay et al., 1992). Compounds were identified based on 
retention times and their adsorption 
spectra. 

7.3 Results and discussion. 

We compared a mat found in the 
sultidic source pool of "New Mound 
Annex" (NMA) spring to a mat found 
downstream in the effluent channel of 
the same spring, where the sulfide ~. 

concentration was low enough to permit " .g
the growth of cyanobacteria. The source ~ 

pool mat contained predominantly .~ 

filamentous bacteria resembling 
~ 

Chlorojlexus spp., whereas the 
downstream mat contained, in addition 

a Nl\L\ source mat (Chlorojlex1/s) 

Phaeophyllll 
BaCl'::rJochlorophyll c dcnvatlves 

".:: 
] 
~ 

ft 
ChlMophyll {/ 

] Bacteria
§ 
~ 

..,,/-""'_- ----... 

chlorophy II c 
Denvatlves 

__...."IJvJ\N\j, 
retention time 

Figure 2. Pigment analysis of the "New Mound Annex" Spring 
to Chlorojlexus, sausage-shaped source pool (a) and downstream (b) mats. Solid line: absorption at 

cyanobacterial cells (Synechococcus 668 nm, dotted line: absmption at 430 nm. 

spp.) that were absent in the source pool 
mat (as in Fig. IC,d). The dominance of Chlorojlexus in the source pool mat and it's co-occurrence 
with cyanobacteria in the downstream mat were confirmed by pigment analysis (Fig. 2). The source 

pool mat contained only bacteriochlorophyll c and p-carotene, typical of Chlorojlexus aurantiacus 

(Pierson and Castenholz, 1971, 1974; Halfen et al., 1972). In contrast, the downstream mat 
contained, in addition, chlorophyll a and a variety of carotenoids typical of cyanobacteria 
(Palmisano et al., 1989). 

The bulk l3C content of the NMA source pool Chlorojlexus sp. mat is -14.9%0 (Table I). 
Madigan et aI. (1989) reported carbon isotopic compositions for dissolved inorganic carbon in 
similar Mammoth Terrace hot springs of -2 to --4%0. Based on the temperature and pH in the NMA 
source pool the calculated isotope value of HC03', the carbon source thought to be used by 
Chlorojlexus (Strauss and Fuchs, 1993), should be 0 to 2%0 (Mook et aI., 1974). Thus, the stable 
carbon isotopic fractionation relative to the carbon source (12.9 to 14.9%0) is as expected based on 
pure culture studies of Chloroflexus (13.7%0, Holo and Sirevag, 1986). Because we have previously 
studied the lipids of Chlorojlexus aurantiacus (Shiea et al., 1991), it was possible to determine the 
stable carbon isotope signatures of specific Chlorojlexus biomarkers using gas chromatography 

isotope-ratio-monitoring mass spectrometry (GC-irMS) (Table I, Fig. 3). For example, the Ol3C 
values for biomarkers hentriacontriene (C3U alkatriene) and C31 -36 wax esters are -8.9 and -17.4 to 
18.5%0, respectively. These values are clearly related to the bulk isotope signature. 
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Table 1. l3C contents of bulk samples of hot spring microbial mats constructed by Chlorojlexus alone or in 
combination with cyanobacteria. Standard deviation between brackets. For comparison, the isotope values (813C) and 
the isotopic fractionation (I'J.EPc: difference between the fPC values of CO2 and organic products) for the Calvin 

CO2 fixation pathways and mat samples Principal phototrophs tJ.813C (%0) Bulk 1513c Key biomarkers (5De (%0) 
(%.) 

Cyanobacteria Chloroflexus Cyanobacteria! Chloroflexus 

n C17 alkane C31 ,3 alkene Wax esters 
Calvin cycle 20 to 25 -20 to -35 
3-hydroxypropionate pathway 13.7 ? 

"New Mound Annex" Spring, source -14.9 (0.0) N.D. -8.9 (0.3) -17.4 to -18.5 (0.6) 
"New Mound Annex" Spring, downstream -23.5 (0.5) -36.3 (0.2) -15.1 (0.1) -21.9 to -24.1 (0.8) 
Octopus Spring, total -16.9 (0.4) -34.1 (0.8) N.D. -17.8 to -18.4 (0.5) 
Octopus Spring, layers (depth (mm)) 

0-0.5 -19.3 (0.1) 
0.5-5 -14.9 (0.2) 
5-10 -13.8 (0.1) 

10-12.5 -17.7 (1.3) 
12.5-15 -16.3 (0.1) 

>15 -16.6 (0.0) 

In contrast, the bulk l3C content of the NMA downstream mat is -23.5%0 (Table 1). Typical 
cyanobacterial biomarkers n-C17 alkane and n-C16 and n-C 18 fatty acids have Ol3C values of -36.3, 
34.5 and -33.9%0, respectively, much lighter than the bulk value (Table 1, Fig. 3). Assuming the 
dissolved inorganic carbon isotopic composition reported by Madigan et aI., (1989) for the 
downstream mat, the isotopic composition of CO2, the carbon source used by cyanobacteria, at this 
slightly cooler and more alkaline site should be approximately -6.6 to -8.6%0 (Mook et aI., 1974). 
Thus, the fractionation for cyanobacterial biomarkers (-25 to -30%0) is typical of the Calvin cycle. 
We were surprised to find that in the downstream mat the Chloroflexus biomarkers, C31 :3 alkatriene 

and C31 to 36 wax esters, have Ol3C values of -15.1 and -21.9 to -24.1%0, respectively (Table 1, Fig. 
3). Previous experiments suggested that Synechococcus spp. are mainly responsible for CO2 fixation 
in mats where they co-exist with Chloroflexus (Bateson and Ward, 1988). It was hypothesized that 
the cyanobacteria crossfeed low molecular weight organic compounds to Chloroflexus, which 
mainly grows by using light energy to assimilate them (Ward et al., 1987). This hypothesis was 
based on photoassimilation of suspected cyanobacterial products (Sandbeck and Ward, 1981; 
Anderson et al., 1987; Bateson and Ward, 1988) and the greater propensity for photoheterotrophic 
than photoautotrophic growth of Chloroflexus in pure culture (Pierson and Castenholz, 1992). If 
this were true, both cyanobacteria and Chloroflexus should have an isotopic signature typical of the 
Calvin cycle. For example, in geothermal mat systems where the Calvin cycle-utilizing purple 
sulfur bacterium, Chromatium tepidum, apparently cross feeds photoheterotrophically growing 
Chloroflexus, the pigments of both organisms had similar isotopic compositions (Madigan et aI., 
1989). In the NMA downstream mat, the difference in carbon isotopic compositions between the 
cyanobacterial and Chloroflexus lipids is 12 to 21 %0, which is similar to the expected difference in 
13C content between the Calvin cycle- and the 3-hydroxypropionate pathway-derived organic matter 
(Table 1). This is much larger even than the difference in carbon sources thought to be used by 
these two kinds ofphototrophs (i.e., difference between CO2 and HC03- should be approximately 6 
to 8%0 (Mook et aI., 1974)). Our results suggest that inorganic carbon fixation, presumably driven 
by sulfide oxidation in such high-sulfide springs, must represent a significant part of the carbon 

metabolism of Chloroflexus in the downstream mat. 
We (Table 1) and others (Summons et al., 1996) have found similar results for the 

nonsulfidic Octopus Spring mat, which is also constructed by both cyanobacteria and Chloroflexus. 
As in the NMA downstream mat, both major phototrophs are present as evidenced by the 
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abundance of their pigments (not shown) and by microscopy (Fig. 1C). Here, the extent of 

Chloroflexus HC03- fixation must also be great, since the bulk 8B C value for the top 

photosynthetically active layer was -19%0, much heavier than the cyanobacterial biomarker (
34.1%0) (and cyanobacterial biomass, which can be as much as 8%0 enriched in B C relative to 
lipids, resulting in a B C content for the biomass of ca. -26%0 (Sakata et al., 1997)). Earlier 
measurements of photoautotrophic activity in the presence of 3-(3,4-Dichlorophenyl)-1,1
dimethylurea (DCMU), a herbicide that inhibits oxygenic photosynthesis, suggested Chloroflexus 

photoautotrophy in mats like that in Octopus Spring (Bauld and Brock, 1973; Doemel and Brock, 
1977). Revsbech and Ward (1984) pointed out that DCMU could have caused anoxic conditions 
that could lead to atypical experimental conditions (i.e. sulfide in the mid-day photic zone) and thus 
to overestimates of the process. However, microsensor measurements made in this study suggested 
that sulfide might be available in the Octopus Spring mat at low-light periods (Revsbech and Ward, 
1984). Evidence from current microsensor studies of possible electron donors for Chloroflexus 

photoautotrophy in nonsulfidic mats confirms this. In fact, hydrogen may also be available in the 
morning and evening (A. Wieland and M. Kiihl, personal communication), likely as a product of 
fermentation (Anderson et al., 
1987; Nold and Ward, 1996). 

Clearly, mats formed a. NMA source pool mat (Chloroflexus) -17.7 

exclusively by Chloroflexus w 
~-17.9 

~ w-17.4 

can have isotopic signatures 
heavier than expected for the 
Calvin cycle. But, because of 
BC03 fixation by 

Chloroflexus, even mats that 
are formed by both 
cyanobacteria and ChIoroflexus 
can have an isotopic signature 
that is heavier than expected 
for the Calvin cycle. It was 
previously proposed that 
consumption of most of the ~ 

CO2 diffusing into such a mat 
(i.e. C02 limitation) might 
explain why mat-associated 
organic matter is isotopically 
heavier than expected for 
organisms using the Calvin 
cycle (Des Marais et aI., 1989). 

-345 b. NMA downstream mat (Chloroflexus + cyanobacteria) 
~ 

'" o -32.7 

() s: w 

,..11 
-8.9 -177 w -18.0 

.;,,: u.; $:-18.2 w 

~ ~ G ~ ~ -1~70, \8 G ~ w 
WW ._. M 5: 
5:5 0 8 

retention time That is, if all CO2diffusing into 
the mat is fixed, mat organic	 Figure 3. Gas chromatography trace of the total lipid extract fraction of the 

"New Mound Annex" (NMA) Spring source pool mat (a) and downstream matter should have the same 
mat (b). Stable carbon isotope values are reported above the peaks

isotopic signature as CO2 . representing the compounds. (alk; alkane/alkene,' FA: fatty acid; OH: 

However, the cyanobacterial alcohol; WE: wax ester and 1.S: internal standard). 

biomarker n-C 17 alkane, and n
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C16 and n-C 18 fatty acids, show a l3C content typical of the Calvin cycle in both NMA and Octopus 
Spring mat systems, suggesting that CO2 limitation cannot be the explanation for our observations. 
The 13C-enriched organic matter can, however, be explained by non-Calvin cycle autotrophy by 
Chlorojlexus coupled with the selective preservation of its biomass. This was demonstrated by 
pyrolysis of the residue remaining after extraction of readily biodegradable lipids contained within 
mat samples and pure cultures. For example, the deeper layers of the Octopus Spring mat contain a 
strong carbohydrate signature typical of Chlorojlexus aurantiacus (Fig. 4a,d) and Chlorojlexus mats 
(Fig. 4c), but not of the hot spring cyanobacterium Synechococcus lividus (Fig. 4b). Consistent with 
the selective preservation of Chlorojlexus constituents, the deeper layers of the Octopus Spring mat 
are enriched in 13e relative to the surface layer (Table 1). Furthermore, remains of filamentous 
bacteria dominate in deeper mat layers (Doemel and Brock, 1977) and stain with anti-Chlorojlexus 
antiserum (Tayne et al., 1987). Chlorojlexus has been observed in mats containing cyanobacteria as 
principle phototrophs in other ecological settings, such as hypersaline habitats (Palmisano et al., 
1989; D'Amelio et al., 1990). Thus, 
Chlorojlexus autotrophy can be expected to a. Chloro.flexus aUJoantiacus 

have a general effect on the isotopic character 
of stromatolitic organic carbon. 

Some Precambrian stromatolitic 
formations have isotopic signatures that 

b. SynecllOcoccUS lividusmight have resulted from biological 
mechanisms like the one we have discovered 
(e.g., the lnsuzi group (-18%0; 3 Gyr) and the 
Rocknest fonnation (-12 to -14%0; 1.9 Gyr) 
(Strauss et al., 1992)). Enrichments in 13e of ~ 

.~ 

organic matter on the order 2-3%0 due to .5 
metamorphism have been suggested (Des 
Marais, 1997; Watanabe et al., 1997) leading 

to predicted ol3e values of -20 to -21 and -14 
to -17%0 for these formations, respectively, 
similar to the 13e contents of degraded 
Chlorojlexus mat organic matter. The Earth's 
oldest organic matter, found in the Isua 
formation is not stromatolitic, but is of 
interest since it is characterized by high bulk 

o13e values (Schidlowski, 1988; Rosing,	 Figure 4. Pyrolysis-gas chromatography~flame ionization 
trace 0/ the residue after lipid extraction and saponification of

1999). Detailed studies of Isua organic matter a Chlorojlexus aurantiacus culture (a), a Synechococcus 
have revealed the existence of organic matter lividus culture (b), the "New Pit Spring" Chlorojlexus mat (c) 

and a layer 10 to 13mm beneath the su~race of the Octopus with both low (-30±3%0(Mojzsis et al., 1996)) 
Spring mat. which is constructed by both cyanobacteria and 

and high l3e content (Rosing, 1999) Chloroflexus (d). Numbers refer to identical carbohydrate 
compounds identified by GC-MS that were found in different indicating the possibility of multiple 
samples.autotrophic pathways. Especially interesting 

is the recent report of isotopically heavy organic matter (-19%0) that has apparently not been 
significantly altered by metamorphism (Rosing, 1999). The full extent of the isotope shift due to 
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metamorphism is unknown, but, it seems likely that autotrophic pathways other than the Calvin 
cycle account for part of the observed isotope data. If Chloroflexus did evolve before cyanobacteria, 
an isotope shift might be expected during a transition from a non-Calvin cycle dominated to a 
Calvin cycle dominated Earth. No clear evidence for such a major transition of autotrophic 
pathways in the Precambrian organic geochemical record has been reported (Schidlowski, 1988; 
Mojzsis et al., 1996; Rosing, 1999). This could be due to the scarcity of rocks of early Archaean 
age. If life evolved on Mars in a similar way as on Earth, its rock record might contain well
preserved information of this type (Walter and Des Marais, 1993). Alternatively, photoautotrophy 
by Chloroflexus might not have predated cyanobacterial photosynthesis. Molecular evidence 
suggests that lateral gene flow might have caused a relatively recent evolution of Chloroflexus 
photoautotrophy (Blankenship, 1992). 

Isotope signatures of organic matter in the geological record that are heavier than that which 
is typical of the Calvin cycle might reflect ecologically unique habitats with microorganisms 
utilizing autotrophic pathways other than the Calvin cycle. Though metamorphism and other 
physiochemical explanations (e.g. diffusional limitations) may have effects on the stable carbon 
isotopic signature of Precambrian organic matter, by exclusively focusing on the Calvin cycle as the 
major autotrophic pathway throughout space and time, the full isotopic diversity of biological 
processes may have been underestimated. In fact, as shown here, unusually 13C-enriched 
Precambrian organic matter can be attributed principally to biological mechanisms. 
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Chapter 8 

Molecular isotopic analysis of hot spring microbial mats in Yellowstone National Park 
suggests autotrophic growth of Chloroflexus -like organisms. 

Marcel TJ. van der Meer, Stefan Schouten, Jaap S. Sinninghe Damste, Jan W. de Leeuw 
and David M. Ward 

In preparation 

Abstract 
We studied both the distributions and the isotopic compositions of different lipid biomarkers and 
glucose from 5 different hot spring microbial mats in Yellowstone National Park, Wyoming, USA. 
The relative depletions in l3C of biomass, lipids and glucose for a Chlorojlexus-spp. dominated 
microbial mat are similar to the relative depletions of a previously studied photoautotrophically 
grown C. aurantiacus culture. In non-sulfidic hot spring microbial mats the relative depletions in 
l3C of glucose, the bulk biomass and Chlorojlexus lipid biomarkers are also similar to the relative 
depletions in the C. aurantiacus culture, suggesting that the Chloroflexus relatives in non-sulfidic 
hot spring microbial mats are also growing photoautotrophically. In sulfidic hot spring microbial 
mats comprised of both cyanobacteria and Chlorojlexus-like organisms the relative order of l3C 
depletions is different, glucose has a Ol3C value intermediate to the 8 13 C values expected for 

glucose on basis of Ol3C values of cyanobacterial and Chlorojlexus lipids, indicating that at least 
part of the Chlorojlexus population is growing (photo)heterotrophically. Hence, in contrast to 
previous observations it seems that Chlorojlexus relatives are major primary producers in hot spring 
microbial mats formed under different environmental conditions. 

8.1 Introduction. 

Phylogenetic relatives of Chlorojlexus aurantiaclls are a major component of photosynthetic 
microbial mats in both sulfidic and non-sulfidic hot springs in Yellowstone National Park, 
Wyoming, USA (e.g. Bauld and Brock, 1973; Castenholz, 1973; Giovannoni et al., 1987; Ward et 
al., 1989; Weller et al., 1991; Ruff-Roberts et al., 1994; Ferris and Ward, 1997; Ward et ai, 1997, 
Ward et al., 1998). C. aurantiacus, the most studied representative of the green non-sulfur bacteria 
and available in pure cultures, can grow heterotrophically by aerobic respiration, 
photoheterotrophically and photoautotrophically (Doemel and Brock, 1977). Photoautotrophic 
growth by an obligatory phototrophic relative of C. aurantiacus in a sulfidic hot spring microbial 
mat formed solely by Chlorojlexus relatives has been reported (Castenholz, 1973; Giovannoni et al., 
1987; Ward et al., 1989). However, based on culture studies (Doemel and Brock, 1977; Pierson and 
Castenholz, 1974), and radiolabeling studies (Sandbeck and Ward, 1981; Anderson et al., 1987; 
Ward et al., 1987), it was assumed that Chlorojlexus-like organisms in mats of sulfidic and non
sulfidic hot springs, where Chlorojlexus relatives live together with cyanobacteria, grow mainly 
photoheterotrophically. In such mats cyanobacteria are thought to be the main primary producers. 

The total lipid extracts of different Chlorojlexus aurantiacus strains all contain long-chain 
poly-unsaturated alkenes, dominated by hentriacontatriene (C313 alkene), and wax esters ranging 
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from C30 to C37 (Knudsen et al., 1982; Shiea et al., 1991; van der Meer et aI., 2001). These 
compounds are also found in mats containing Chloroflexus relatives (Dobson et al., 1988; Shiea et 
al., 1991; Summons et al., 1996; van der Meer et al., 2000). The stable carbon isotopic analysis of 
these typical Chloroflexus lipids in both sulfidic and non-sulfidic hot spring microbial mats revealed 
that they are enriched in 13C relative to typical cyanobacterial lipids by approximately 10 to 15%0 
(Summons et al., 1996; van der Meer et al., 2000). This 13C enrichment of Chloroflexus lipids 
relative to the cyanobacterial lipids is consistent with the difference in their inorganic carbon 
fixation pathways. Because of the enzymatic preference for I2C02 relative to 13C02, the Calvin 
cycle used by cyanobacteria yields organic matter that is approximately 20 to 25%0 depleted in l3C 
relative to the isotopic composition of the CO2 from which it was formed (Sakata et al., 1997; Popp 
et al., 1998). In contrast, stable carbon isotopic analysis of C. aurantiacus cultures grown 
photoautotrophically have shown that the inorganic carbon fixation pathway used by C. 
aurantiacus, the 3-hydroxypropionate pathway (Holo and Sirevag, 1986; Strauss and Fuchs, 1993), 
results in an unusually heavy stable carbon isotopic signature for both biomass and lipids (Holo and 
Sirevag, 1986; van der Meer et al., 2001). If Chloroflexus-like organisms would grow purely 
heterotrophically on cyanobacteria derived organic matter, both cyanobacterial and Chloroflexus 
derived lipids should have an isotopic signature typical of the Calvin cycle, since heterotrophic 
bacteria have an identical stable carbon isotopic composition as their food source (Blair et aI., 
1985), and similar depletions in l3C of lipids relative to biomass as autotrophic bacteria (Abraham 
et al., 1998). For example, in geothermal mat systems where the Calvin cycle-utilizing purple sulfur 
bacterium Chromatium tepidum apparently cross feeds photoheterotrophically growing 
Chloroflexus relatives, the pigments of both organisms had similar isotopic compositions (Madigan 
et al., 1989). Thus, the enrichment in 13C of Chloroflexus lipids relative to cyanobacterial lipids in 
microbial mats points towards autotrophic growth of Chloroflexus-like organisms in hot spring 
microbial mats (van der Meer et al., 2000). Especially in the sulfidic hot springs were a possible 
electron donor for Chloroflexus photoautotrophy, sulfide, is obviously present, Chloroflexus 
autotrophy could explain not only the 13C enrichment of Chloroflexus lipids, but also the relatively 
heavy isotope signature of the total organic carbon of the microbial mat (van der Meer et al., 2000). 

In order to confirm and extend our earlier observations (van der Meer et al., 2000) we have 
now compared the lipid distributions and isotopic compositions of bulk organic matter and lipids in 
three sulfidic hot springs and two non-sulfidic hot springs. In addition, the isotopic composition of 
glucose, an important carbon source for heterotrophic growth, was analyzed. The relative depletions 
in l3C of biomass, lipids and glucose suggest that Chloroflexus-like organisms are major primary 
producers in these hot spring microbial mats. 

8.2 Material and methods. 

8.2.1 Sampling. 

Samples were taken from five different hot spring microbial mats located in Yellowstone 
National Park, Wyoming, U.S.A. (Table 1). The inorganic carbon was trapped as BaC03 by 
increasing the pH of 200 ml of spring water to approximately pH 11 by adding a saturated NaOH 
solution (pH 13) and solid BaCh (Simon and Floss, 1967). From the stable carbon isotopic 
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composition of the BaCO] the isotopic composition of the CO2 in the spring water was calculated 
using the temperature dependent isotopic equilibrium equation of Mook et at. (1974). 

8.2.2 Lipid analysis. 

Samples were directly frozen on dry-ice and were kept frozen until lyophilization and lipid 
extraction. Lipids were ultrasonically extracted with methanol (MeOH) (3x), dichloromethane 
(DCM)/MeOH (1:1, v/v mixture) (3x) and DCM (3x) to obtain a total lipid extract. To methylate 
the fatty acids, the extracts were heated with 2 ml of a 10 % BF] in MeOH-solution at 60°C (5 
min). Water was added and the derivatized compounds were extracted with DCM (3x). For carbon 
isotopic correction of the added methyl group a hexadecanoic acid standard, with a known carbon 
isotopic composition (-27.6%0), was derivatized in parallel using the same BF]/MeOH mixture. The 
extracts were filtered over a Si02-column using ethyl acetate as eluent. The alcohols in the fractions 

were subsequently silylated by adding 25 /-!l of bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 

pyridine and heating the mixture to 60°C (20 min). To correct for the isotopic change due to the 
introduction of carbon derived from the trimethylsilyl (TMS) group, a hexadecanol standard with 
known isotopic composition (-30.1%0) was silylated in parallel with the same BSTFA. By 
determining the carbon isotopic composition of the derivatized standards the carbon isotopic 
composition of the methyl group and TMS group were calculated. These values were used to 
calculate the carbon isotopic compositions of the parent alcohols and fatty acids present in the 
different fractions. Apolar fractions were obtained by column chromatography using a small AhO] 
column and hexane as eluent. All fractions were analysed by gas chromatography (GC), gas 
chromatography-mass spectrometry (GC/MS) and isotope-ratio-monitoring gas chromatography-mass 
spectrometry (GC-irMS). 

8.2.3 Sugar analysis. 

Approximately 20 to 160 mg of microbial mat residue after lipid extraction was hydrolysed in 
12M H2S04 in a closed tube for 2 h at room temperature, followed by 4.5 h at 85°C after dilution of the 
acid to 1M. The hydrolyzed residue was neutralized with BaCO], after centrifugation the water fraction 
was removed and the precipitate was repeatedly washed with double-distilled water. The water 
fractions were combined and subsequently freeze dried. The sugar monomers were derivatized in 0.5 
ml of a 10 mglml solution of methylboronic acid in pyridine for 30 min at 60°C. Subsequently, 15 
/-!l BSTFA was added and the solution was kept at 60°C for 5 min (van Dongen et at., 2001). The 
stable carbon isotopic composition of the methylboronic acid was determined by automated on-line 
combustion (see instrumental). The stable carbon isotopic composition of the TMS group was 

Table J: General description ofmat samples
 
Mat samples T eel pH [S"l (11M) Chloroflexus-like' Cyanobacteria' Sampling date
 

"NMA source 58.9 6.1 133 ,j 05-12-1995 

"NMA downstream 56.3 6.4 19 ,j ,j 05-12-1995 

Tangerine Spring 60 6.4 40 ,j ,j 26-08-1999 

Mushroom Spring 64 8.3 b.d. ,j ,j 25-08-1997 

Octopus Spring 58·64 8.3 b.d. ,j ,j 27-08-1997 

a based on microscopy; b previously reported by van der l\1eer et al., 2000; b.d.=below detection. 
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determined as described above. The carbohydrate fraction was analyzed by GC, GC/MS and GC
irMS. 

8.2.4 Instrumental. 

Stable carbon isotopic compositions of the bulk cell material and BaC03 were determined 
by automated on-line combustion (Carlo Erba CN analyser 1502 series) followed by conventional 
isotope ratio-mass spectrometry [Fisons optima (Fry et al., 1992)]. The stable carbon isotope 
compositions are reported in the delta notation relative to the PeeDee Belemnite (PDB) B C standard. 

The different component fractions were analyzed by gas chromatography (GC), gas 
chromatography-mass spectrometry (GC-MS) and isotope-ratio-monitoring GC-MS (GC-irMS) 
[see Schouten et al. (1998) for 
details]. Sugars were separated on 
a DB-170l column (30 m length, 
0.25 mm internal diameter, 0.25 
!-tm film thickness), with He as 
carrier gas, and a constant gas
flow of 1.15 ml/min. The 
temperature was programmed 
from 70 to 180°C at 4°C/min and 
then to 280°C at 10°C/min at 
which it was held isothermal for 
10 min. (van Dongen et al., 
2001). The stable carbon isotope 
compositions are reported in the 
delta notation relative to the PDB 
I3C standard. 

8.3 Results. 

In order to confirm and 
extend our earlier observations on 
Chloroflexus autotrophy in hot 
spring microbial mats (van der 
Meer et al., 2000), the stable 
carbon isotope compositions of 
the bulk organic material and 
inorganic carbon source of 
several sulfidic [New Mound 
Annex (NMA) and Tangerine 
Spring] and non-sulfidic (Octopus 
and Mushroom Spring) hot spring 
microbial mats were determined 
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Figure I: Partial gas chromatograms of the total lipid extracts from the 
il1vestigated microbial mats. A: NMA source pool mat (van der Meer et al.. 
2000); B: NMA downstream mat (van der Meer et a/., 2000); C: Tangerine 
Spring mat; D: Octopus Spring mat; E: Mushroom Spring mat. Key; I: Cr 
n-alkane; 2: CI5 fatty acid; 3: C/o fatty acid; 4: C]7 .limy acid; 5: C]7 
alkanol; 6: CI'I.latty acid; 7: Cl8 fatty acid; 8: CI8 alkanol; 9: C3I3 alkene; 
10: Cli wax ester; II: Cn iso-wax ester; 12: Cn wax ester; 13: C33 iso-wax 
ester; 14: eu wax ester; 15: C1, iso-wax ester; 16: C" wax ester; 1.8. = 
internal standDrd 
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(Table 1). In addition, the distribution and stable carbon isotopic compositions of different lipids 
and of glucose, an important intermediate for photoheterotrophic growth, were analyzed. 

8.3.1 Lipid composition. 

As previously reported by van der Meer et at. (2000), the total lipid extract from the sulfidic 
NMA source pool mat contained fatty acids ranging from CIS to Czo including CIS and Cl6 iso-fatty 
acids and was dominated by the normal CIS and Cl6 fatty acids (Table 2; Fig. lA). Besides fatty 
acids the total lipid extract contained C16.C19 alkanols, C17 and Cl8 iso-alkanols, long-chain poly
unsaturated alkenes and wax esters (Table 2; Fig. 1). The long-chain poly-unsaturated alkenes 
ranged from CZ9 to C32 with 1, 2 or 3 double bonds, and were dominated by all-cis hentria-9,I5,22
contatriene (van der Meer et al., 1999,2000). The wax esters ranged from C30 to C36, including C31. 
36 iso-wax esters (Shiea et al., 1991), and were dominated by normal C32-34 homologs (Table 2; Fig. 
IA). The total lipid extract from the NMA downstream mat, as previously reported by van der Meer 
et at. (2000), contained fatty acids similar to the NMA source pool mat, but included mono
unsaturated C I8 and C10 fatty acids and was dominated by hexadecanoic acid and mono-unsaturated 
octadecanoic acid (Table 2; Fig. lB). Besides fatty acids the total lipid extract contained CI6.I9 
alkanols, trace amounts of an identical series of long-chain poly-unsaturated alkenes, an identical 
series of wax esters and in addition the C17 n-alkane (Table 2; Fig. lB). The lipid distribution of the 
Tangerine Spring mat was similar to that of the NMA downstream mat, except for the different 
relative abundance of the C18:1 fatty acid and wax esters (Table 2; Fig. IC). 
Table 2: Relative ahundance ofdifferent lipids within one sample (+: detected, ++: -50% ofbase peak. +++: base 
peak, -: not detected, trace: detected in very low abundance). 

Compound :'NMA source aNMA Tangerine Octopus Spring Mushroom be. aurantiacus 
downstream Spring	 Spring 

Chloroflexus	 ell 3 alkene ++ + trace trace e+ 

biomarkers	 n~C ,11 wax ester +t + ++ 

n-en wax ester +++	 H H+ H+ 

n-C33 wax ester TH H	 +t+ +++ 
n-C34 wax ester H+	 >++ H+ ++ 
n·e ,S wax ester + ++	 T+ 

+ 
n-C37 wax ester	 + 
n-C 36 wax ester +	 + 

Cyanobacterial C l7 n-alkane ++ +
 
biomarker
 

General lipids	 CIS fatty acid 
elr, fatty acid T+T 

el7 fatty acid HT 

+CI7 alkanol 
C IS -l fatty acid 
C l8 fatty acid	 +++ 

______C"""" alkanol	 +t 

, Previously reported by van der Meer el al., 2000; b Knudsen el al., 1982; Shiea el al., 1991; van der Meer el at., 200 I. Included
 
for reference
 

The total lipid extract from the non-sulfidic Octopus Spring microbial mat was dominated 
by a series of wax esters identical to the wax esters in the NMA source pool mat (Table 2; Fig. ID). 
The fatty acids ranged from CIS to C20 , and were dominated by the CIS, Cl6 and C17 fatty acids 
(Table 2; Fig. ID). Besides wax esters and fatty acids, the total lipid extract contained CIS to C l8 
alkanols, dominated by the e l7 alkanol similar to the NMA source pool mat (Table 2; Fig. 1D). The 

total lipid extract also contained normal and iso alkanes ranging from CI8 to C20, dominated by the 
C17 n-alkane, and several C30 hopenes. Hentriacontatriene was detected in small amounts relative to 
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the Cl7 n-alkane. The lipid distribution from the Mushroom Spring microbial mat was similar to that 
of the Octopus Spring microbial mat (Table 2; Fig. IE), although there are differences in relative 
abundance of different compounds. Wax esters were less abundant relative to the free fatty acids 
and alkanols, and hentriacontatriene was only present in trace amounts relative to the Cl7 n-alkane 
in Mushroom Spring. 

The sugar fractions of all hot spring microbial mats contained arabinose, xylose, rhamnose 
and were dominated by glucose. The sugar distribution in the hot spring microbial mats was similar 
to the distribution reported for C. aurantiacus (van der Meer et al., 2001). 

8.3.2 Stable carbon isotopic compositions. 

The isotopic composition of the bulk biomass for all mats ranged from -13 to -17%0, except 
for the NMA downstream mat where the bulk biomass was relatively more depleted in 13C, -24%0 
(Table 3). Glucose was the compound most enriched in 13C in all mats, ranging from -5 to -12%0, 
except in the NMA downstream and Tangerine Spring mats where the 013 C value for glucose was
22 and -20%0, respectively (Table 3). The lipid biomarker most enriched in 13C in all mats was the 

C 31 :3 alkene, the 013 C values ranged from -9 to -20%0, the lipid biomarker most depleted in 13C in 

all mats was the C l7 n-alkane with 013 C values ranging from -30 to -36%0 (Table 3). Wax esters in 
the NMA source pool mat, and Octopus and Mushroom Spring ranged isotopic composition from 
16 to -19%0, while the wax esters in the NMA downstream and Tangerine Spring mats were 

Table 3: Stable carbon isotopic compositions a/bicarbonate, CO2 (calculated/rom bicarbonate), bulk biomass,
 
Chloroflexus and cyanobacterial biomarkers, more general lipids, and glucose in %0 relative to the PDB standard.
 

Compound (lNMA source 'NMA Tangerine Octopus Spring Mushroom be. aurantiacus 
downstream Spring Spring 

__6.SdBicarbonate -2to-4(' -2to--4c -3.3 -6.8 0 
C02 --9 ~-9 --9 --12 --11e 

Bulk biomass -14.9 -23.5 N.M. -16.9 -13.2 -13.0 

_18.91'Chloroflexus	 C3 1.3 alkene -8.9 -15.1 -20.0 N.M. -12.5 

e
biomarkers e32 wax ester -17.7 -22.7 -26.0 -18.3 -16.5 N.M.
 

J3 wax ester -17.9 -24.1 -27.0 -18.5 -16.4 -15.0
 

C34 wax ester -17.4 -23.4 -26.7 -18.5 -16.5 -14.4 

Cyanobacterial e 17 n-alkane N.D. -36.3 -36.3 -34.1 -29.6 N.D.
 
biomarker
 

General lipids	 C l5 fatty acid -19.4 -23.4 -27.1 -20.2 -17.5 N.M
 
Cl6 fatty acid -19.3 -34.5 -35.3 -21.3 -21.3
 -13.8 

C l7 fatty acid -18.9 -22.1 -27.6 -18.7 -16.8 -14.8 
N.M. 

C 18: 1 fatty acid N.D. -32.7 -35.5 N.D. N.D. 
e l7 alkanol -18.0 -22.0 -27.9 -19.4 -15.5 

-12.5 
-13.6C l8 fatty acid -16.0 -33.9 -35.1 N.M. -24.4 
-12.5C l 8 alkanol -16.1 -24.3 -29.1 -22.2 -21.5 

Sugar	 Glucose -5.1 -21.8 -20.0 -11.0 -11.5 -5.7 

'Previously reported by van der Meer et 01.,2000, except for the glucose isotope values; b From van der Meer et a/~. 2001. Isotope 
values for organic compounds are reported relative to bicarbonate; Madigan et 01., 1989; d Assuming similar 8"C value as for C 

Mushroom Spring. ' Calculated based on temperature dependent isotope equilibrium equation (Mook et 01., 1974); f partial co
elution. N.D.~not detected. N.M.~not measured. 

relatively more depleted in 13C with 013C values of approximately -23 and -27%0, respectively 
(Table 3). The stable carbon isotopic composition of less specific biomarkers such as CIS to C18 

fatty acids and alkanols ranged from -15 to -36%0 (Table 3). 
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8.4 Discussion. 

8.4.1 Comparison o/Chloroflexus lipids/rom mats and cultures. 

In order to compare the lipid distributions of hot spring microbial mats with that of 
cultivated C. aurantiacus strains the previously reported lipid distribution of C. aurantiacus has 
been included in Table 2. 

The C. aurantiacus culture and the hot spring microbial mats all have long-chain poly
unsaturated alkenes, dominated by hentriacontatriene, and wax esters in common, indicating that 
these lipid biomarkers are typical for C. aurantiacus-like organisms. The mats and culture also have 
several fatty acids and alkanols in common. however these lipids are less useful as Chloroflexus 
markers since they are produced by a great variety of different organisms, including cyanobacteria 
(e.g. Sakata et at., 1997). There are differences in the carbon skeletons of the wax esters between 
the environmental samples and the C. aurantiacus cultures, i.e. the different mat systems do not 
contain mono-unsaturated wax esters but rather iso-branched wax esters (Shiea et al., 1991; van der 
Meer et al., 2000). The relative abundance of these lipid biomarkers differs between hot spring 
microbial mats growing under different environmental conditions, suggesting that they are typical 
for Chloroflexus or related organisms. 

Although the Chloroflexus spp. in the sulfidic hot springs (i.e. NMA and Tangerine Spring) 
are similar to the cultivated C. aurantiacus strains based on their small sub unit ribosomal RNA 
(SSU rRNA) sequence, there is still a 5% difference (Ward et al., 1997). In contrast, the non
sulfidic hot spring Chloroflexus-like population is dominated by different Chloroflexus relatives 
described as "C"-types, and only a small part of the population consists of C. aurantiacus-like 
organisms at the temperatures we studied (Weller et al., 1991; Ruff-Roberts et al., 1994; Ferris and 
Ward, 1997; Ntibel et al., unpub!. results). The "C"-type organisms belong to the same evolutionary 
lineage as C. aurantiacus, but there is an approximate 10% genetic difference with cultivated C. 
aurantiacus strains based on their SSU rRNA sequences. The most related cultivated relative is 
Roseiflexus castenholzii (Hanada et al., submitted), but there is still a 4% genetic difference with the 
"C"-types based on their SSU rRNA sequences (Hanada et al., submitted). R. castenholzii, grown 
heterotrophically, does produce wax esters, but not with the same carbon skeletons as found in the 
total lipid extracts from the microbial mats (van der Meer, unpub!. results). This suggests that wax 
esters might be produced by a broad phylogenetic range of Chloroflexus relatives, and that the wax 
esters present in Octopus and Mushroom Spring microbial mats are most likely derived from the 
dominant Chloroflexus relatives in these systems, i.e. the "C"-types. In agreement, the 
heterotrophically grown R. castenholzii culture did not contain any long-chain poly-unsaturated 
alkenes (van der Meer, unpub!. results). The trace amounts of hentriacontatriene (C31:3 alkene) 
present in both Octopus and Mushroom Spring microbial mat might represent the relatively small 
fraction of C. aurantiacus-like organisms of the Chloroflexus population in these mats. 

8.4.2 Cyanobacterial biomarkers. 

In the NMA downstream, the Tangerine Spring, the Octopus Spring and the Mushroom 
Spring microbial mats the C17 n-alkane, a typical cyanobacterial biomarker (e.g. Dobson et al., 
1988; Sakata et al., 1997), is present in relatively high amounts (Table 1 and 2; Fig. I). This fits 
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with the presence of cyanobacteria in these systems as determined by microscopy (e.g. Ward et al., 
1989; van der Meer et al., 2000; Table l), pigment analysis (van der Meer et al., 2000), and 
molecular analysis (e.g. Weller et al., 1991; Ruff-Roberts et al., 1994; Ferris and Ward, 1997; Ward 
et aI, 1997, Ward et al., 1998). The absence of the C L7 n-alkane from the NMA source pool mat fits 
with the absence of cyanobacteria as determined by microscopy and pigment analysis (van der Meer 
et al., 2000), and is probably due to the combination of of high temperature and high sulfide 
concentration (Castenholz, 76,77; Ward et al., 1989; Giovannoni et al., 1989; van der Meer et al., 
2000). 

8.4.3 Comparison of (5 13C values ofbiomass, lipids and glucose from mats and cultures. 

The depletions in l3C of biomass, 
lipids and glucose relative to DIC are similar NMA source 

for the photoautotrophically grown C. 

aurantiacus culture and the Chloroflexus spp. NMA downstream 

dominated NMA source pool microbial mat 
(Fig. 2). Glucose is most enriched in l3C, 

Tangerine Spring
followed by hentriacontatriene, the bulk cell 
material, the fatty acids, and most depleted in 
I3C are the wax esters (Table 3; Fig. 2). This Octopus Spring 

confirms earlier observations of Chloroflexus 
photoautotrophy in these high sulfide, Mushroom Spring 

Chloroflexus dominated microbial mats (Ward 

et al., 1989; Giovannoni et al., 1989; van der C auranliacus 

Meer et aI., 2000), and thus show that carbon 
isotopic observations made in culture 
experiments can be extended to environmental 
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Figure 2: Depletions in l3C ofbiomass. kev biomarkers andThe depletions in 13C of glucose, the 
glucose relative to DIe. C> biomass; 0 hentriacontatriene;

bulk biomass and wax esters relative to DIC o wax esters (average); X C17 n-alkane; 0 glucuse. 
in the non-sulfidic Octopus and Mushroom 
Springs was similar to the relative depletions in 13C in the C. aurantiacus culture (van der Meer et 
al., 2001) and the Chloroflexus dominated NMA source pool microbial mat (Table 3, Fig. 2). This 
suggests that Chloroflexus relatives are also growing autotrophically in these non-sulfidic hot spring 
microbial mats. An alternative explanation could be that the Chloroflexus relatives grow 
heterotrophically on a cyanobacterial produced carbon pool much enriched in l3C relative to the 
cyanobacterial lipids. Sugars are a carbon pool enriched in 13C within organisms using the Calvin 
cycle (Deines, 1980; van Dongen et al., in press), and 13C enrichments of sugars relative to lipids 

ranging from I to 16%0 have been reported in algae and higher plants (van Dongen et al., in press). 
Sakata et al. (1997) reported that the biomass of a Synechococcus culture was approximately 8%0 
enriched in 13C relative to the Cl7 n-alkane. Since cyanobacteria are known to produce poly-glucose 
as their main storage product (Konopka, 1992; Konopka and Schnur, 1980) and only a limited 
amount of extractable lipids (Sakata et al., 1997), this suggests that glucose produced by 
cyanobacteria is similar in isotopic composition as the biomass. Therefore, glucose produced by 
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cyanobacteria is estimated to be 8 to 10%0 enriched in l3C relative to the Cl7 n-alkane. The isotopic 
composition of cyanobacterial biomass is usually 17 to 22%0 depleted in l3C relative to the isotopic 
composition of CO2 (Sakata et al., 1997; Popp et al., 1998), and this fractionation seems to be 
growth rate independent (Popp et al., 1998). Assuming that glucose produced by cyanobacteria is 
similar or slightly enriched in l3C relative to the biomass, it will be approximately 15%0 depleted in 
l3C relative to the CO2 from which it was formed. However, the stable carbon isotopic composition 
of glucose in both non-sulfidic mat systems was not depleted in I3C compared to the calculated 
isotopic composition of C02 as would be expected. Furthermore glucose is more than 18%0 
enriched in l3C relative to the cyanobacterial C\7 n-alkane, which is outside the observed range for 
Calvin cycle using organisms (van Dongen et al., in press). Therefore, it seems unlikely that a large 
fraction of the glucose pool in these two mats is produced by cyanobacteria. In fact, the 
cyanobacterial input into the organic matter pool of these non-sulfidic hot spring microbial mats 
might be relatively low, as suggested by the low abundance of the Cl7 n-alkane relative to the wax 
esters in both Octopus and Mushroom Spring microbial mats, especially compared to the lipid 
distributions from the sulfidic mats containing cyanobacteria (Table 2; Fig. I). This is supported by 
the isotopic composition of the general lipids, such as fatty acids and alkanols, which are only 
slightly depleted in I3C relative to the isotopic compositions of the wax esters and not nearly as 
depleted in l3C as the C\7 n-alkane (Table 3). 

Madigan et al. (1989) report stable carbon isotopic compositions for DIC ranging from -2 to 
-4%0 for several hot springs in the Mammoth Hot Spring area in Yellowstone National Park. The 
isotopic composition for the DIC measured in Tangerine Spring, -3.3%0, fits with these earlier 
observations. Assuming that the stable carbon isotopic composition of the DIC of the NMA hot 
spring, also in the Mammoth Hot Spring area, falls within the same range, the isotopic fractionation 
for the C17 n-alkane relative to CO2 in both NMA downstream and Tangerine Spring is 
approximately -27%0, a value typical for lipids derived from organisms using the Calvin cycle 
(Madigan et al., 1989; Sakata et al., 1997). Although the C16, C I81 and C I8 fatty acids are also 
present in C. aurantiacus cultures (Knudsen et al., 1982; Shiea et al., 1991; van der Meer et al., 
2001), their depleted stable carbon isotopic composition, as observed for the Cl7 n-alkane suggests 
that they are mainly derived from cyanobacteria (Table 3). The Chloroflexus biomarkers in the 
NMA downstream and Tangerine Spring mats (hentriacontatriene and wax esters) are more 
depleted in I3C than in the NMA source pool mat. A possible explanation for this relative 13C 
depletion could be heterotrophic or photoheterotrophic growth on cyanobacteria derived organic 
matter by part of the Chlol'oflexus population, which could result in more I3C depleted Chloroflexus 
biomarkers. However, the wax esters were approximately 13%0 enriched in l3C relative to the C\7 n

alkane, and the C313 was approximately 21%0 enriched in I3C relative to the Cl7 n-alkane in the 
NMA downstream mat (van der Meer et al., 2000) (Table 3). The I3C enrichments relative to the 
C l7 n-alkane were 9 and 16%0 for wax esters and the C313 alkene, respectively, in Tangerine Spring 
(Table 3). These relative enrichments make it unlikely that Chloroflexus grows completely 
heterotrophically on cyanobacteria derived organic matter, since rather similar isotopic 
compositions of both cyanobacterial and Chloroflexus lipids are then to be expected (Madigan et 

al., 1989). 
Glucose in the NMA downstream and Tangerine Spring mats was 14 and 16%0 enriched in 

I3C relative to the C l7 n-alkane, respectively, but 7%0 depleted and similar in I3C content relative to 
the C31 :3 alkene, respectively (Table 3). Thus, even when the entire glucose pool is derived from 
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cyanobacteria, heterotrophic growth of Chloroflexus relatives on cyanobacteria derived glucose can 

not fully explain the (il3C value of the C31:3 alkene in the NMA downstream or Tangerine Spring 

mats. However, cyanobacteria are probably not the sole source of glucose in these mats, since both 
cyanobacteria and Chloroflexus spp. are known to produce glucose, probably as poly-glucose, a 
storage product (Konopka, 1992; Konopka and Schnur, 1980; Holo and Grace, 1987). It is therefore 

likely that the (i13C value of glucose in these microbial mats is an intermediate value between l3C 
depleted cyanobacteria derived glucose and Chloroflexus derived glucose would be more enriched 
in 13c. Assuming that glucose produced by cyanobacteria is similarly or slightly more enriched in 
13C as their biomass relative to the C 17 n-alkane (see above), cyanobacteria derived glucose in the 

NMA downstream mat would have a (i
l3C value of approximately -26%0. The glucose produced by 

C. aurantiacus was 7%0 enriched in l3C relative to the C31 :3 alkene when grown autotrophically in 
culture (van der Meer et al., 2001), and thus Chloroflexus derived glucose would have an isotopic 

value of approximately -8%0. Since the (i13C value measured for glucose in the NMA downstream 
mat is -22%0, it suggests that approximately 75% of the glucose is cyanobacteria derived and 
approximately 25% is derived from autotrophically growing Chloroflexus-like organisms. A similar 
mass balance calculation based on bulk biomass isotopic compositions gives 65% cyanobacteria 
derived biomass and 35% Chlol'oflexus derived biomass, which is similar to the numbers calculated 
on basis of the isotopic composition of glucose. Thus, it seems likely that at least part of the 
Chlol'oflexus population in these sulfidic hot spring microbial mats are fixing their own inorganic 
carbon, even when they are living together with cyanobacteria. 

8.5 Conclusions. 

Based on the lipid distribution of the different hot spring microbial mats and the C. 

aurantiacus and R. castenholzii cultures it seems likely that wax esters are produced by a broad 
phylogenetic range of Chlol'oflexus relatives, while long chain poly-unsaturated alkenes are more 
typical for Chloroflexus relatives closely related to C. aurantiacus. The stable carbon isotopic 
compositions of cyanobacterial and Chloroflexus derived lipids and glucose in sulfidic hot spring 
microbial mats suggest that Chloroflexus relatives are growing partially autotrophically when 
growing together with cyanobacteria in these mats. In non-sulfidic hot springs the relative 
abundance of cyanobacterial and Chloroflexus derived lipids and their isotopic composition in 
combination with the isotopic composition of glucose suggests that a large part of the biomass in 
these non-sulfidic hot spring microbial mats is produced by autotrophically growing Chloroflexus 

relatives. 
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Summary 

Inferences about the evidence of life recorded in organic matter within the Earth's ancient 
rocks such as Precambrian stromatolites are based on 13C contents low enough to be characteristic 
of biological debris produced by the well-known CO2 fixation pathway, the Calvin cycle. 
"Atypically" high values have been attributed to isotopic alteration of sedimentary organic carbon 
by thermal metamorphism. Alternatively, organic carbon characterized by a relatively high 13C 
content could have arisen biologically from recently discovered autotrophic pathways which have 
different l3C fractionation patterns. An example of such an autotrophic pathway with a relatively 
low 13C fractionation is the 3-hydroxypropionate pathway used by the green nonsulfur bacterium, 
Chioroflexlis alirantiaclIs, for inorganic carbon fixation. Hot spring microbial mats formed by 
cyanobacteria together with green nonsulfur bacteria can be thick and well-laminated resembling 
Precambrian stromatolites. However mats formed in sulfidic hot springs by green nonsulfur bacteria 
as the sole photoautotroph can also form well-laminated structures. This would mean that 
Precambrian stromatolites with 13C emiched organic matter do not necessarily indicate the presence 
of cyanobacteria and therefore oxygenic photosynthesis, but could have been formed by non-Or 
evolving organisms like green nonsulfur bacteria. The different hot spring microbial mats in 
Yellowstone National Park provide the opportunity to study the effects of species composition and 
differences in carbon acquisition mechanisms on the stable carbon isotopic composition of mat 
organic matter. 

Typical cyanobacterial markers from these mats are short chain alkanes and mono- and 
dimethyl alkanes, while C. allrantiacus produces long-chain polyunstaurated alkenes, dominated by 
the C31:3 alkene, and wax esters ranging from C29 to C37. Since structural information on 
Chioroflexlis biomarkers could facilitate determining the presence of Chloroflexlis spp. in modem 
and ancient ecosystems, the unique C31 J alkene has been rigorously identified as all cis
hentriaconta-9,15,22-triene (Chapter 2). However, phylogenetic analysis has shown that the 
dominant Chioroflexlis relatives of nonsulfidic hot spring microbial mats from Yellowstone 
National Park are the distantly related and as yet uncultivated type C organisms. The cultivated 
Chioroflexlis relative most closely related to the type C organisms is Roseiflexus castenholzii, a 
thermophilic filamentous photosynthetic bacterium recently isolated from Japanese hot springs. The 
lipid composition of R. castenholzii was therefore investigated and was found to be dominated by 
components characterized by alkane-l-ol-2-alkanoate moieties glycosidically bound to a C6 sugar 
(Chapter 3). Similar alkane-l,2-diol based lipids have been detected, albeit in minor amounts, in the 
total lipid extracts from nonsulfidic hot spring microbial mats. The presence of R. castenholzii or 
closely related organisms, such as the type C organisms, could explain the presence of alkanediol 

glycosides in these mats. 
From previous culture studies it is known that the 3-hydroxypropionate carbon fixation 

pathway used by Chloroflexus aurantiacus results in an unusually heavy stable carbon isotopic 
composition of its biomass, i.e. ca. 14 %0 depleted in 13C relative to the carbon source. For 
comparison, the Calvin cycle (used by cyanobacteria) yields organic matter that is approximately 20 

to 25%0 depleted in 13C relative to the 813C value of the C02 from which it was formed. The study 
of an autotrophically grown C. aurantiacus culture shows that the isotopic composition of lipids 
produced by C. aurantiacus ilts with the overall fractionation of 14 %0, with isoprenoid lipids being 
slightly more depleted in 13C than the straight chain lipids (Chapter 5). However, the pattern of 
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depletion of the different lipid classes versus the overall fractionation differs from organisms using 
the Calvin cycle or the reversed TCA cycle (Chapter 4) and might be specific for C. aurantiacllS 
and related organisms using the 3-hydroxypropionate pathway. The hyperthermophilic 
crenarchaeon Metallosphaera sedula uses a 3-hydroxypropionate-like pathway for autotrophic 
carbon fixation. The stable carbon isotopic compositions of the inorganic carbon source, bulk cell 
material and isoprenoid lipids of a M sedula culture suggest that it uses mainly bicarbonate rather 
than CO2 as inorganic carbon source, which would be in accordance with a 3-hydroxypropionate
like carbon fixation pathway (Chapter 6). 

The lipid biomarker composition of a sulfidic source pool microbial mat where 
Chloroflexus-like organisms are the dominant photoautotrophic organisms was studied and 
compared with a mat that sustained both cyanobacterial and green nonsulfur bacterial growth. The 
total lipid extract of the source pool mat was dominated by typical C. aurantiacus biomarkers, such 
as the long-chain polyunsaturated alkenes and wax esters. The isotopic composition of the mat and 
the lipid biomarkers retrieved from the mat had, as expected, a typical C. aurantiacus autotrophy 
signature. In contrast, based on culture and labeling experiments C. aurantiacus is believed to favor 
photoheterotrophic growth and therefore it is expected to grow heterotrophically on organic matter 
produced by cyanobacteria when growing together with cyanobacteria. However, the C. 
aurantiacus biomarkers were significantly enriched in l3C relative to the cyanobacterial biomarkers, 
indicating that at least part of the Chloroflexus population was growing autotrophically even in the 
presence of cyanobacteria. In the sulfidic hot springs autotrophic growth by Chloroflexus relatives 
can be explained by the presence of sulfide, an electron donor for anoxygenic photosynthesis. 
Surprisingly, however, an even more extreme l3C enrichment of wax esters relative to 
cyanobacterial biomarkers in nonsulfidic hot springs was observed. Although the electron donor for 
Chloroflexus autotrophy in this environment is not as obvious (Chapter 7). 

An alternative explanation for the relatively heavy C. aurantiacus biomarkers in the 
nonsulfidic hot spring microbial mats could be heterotrophic growth on a carbon source produced 
by cyanobacteria that is enriched in DC relative to the cyanobacterial biomarkers such as sugars. 
Therefore the isotopic compositions of glucose from the source pool mat of a sulfidic hot spring, 
two downstream sites of sulfidic hot springs and two mats formed in the effluent channels of 
nonsulfidic hot springs were examined. The glucose from the source pool mat was the most l3C 
enriched organic compound determined in the mat and the relative enrichment of glucose fits with 
what has been found in an autotrophically grown C. aurantiacus culture (Chapter 5). The isotopic 
compositions of glucose in both downstream mats are intermediate to what would be expected for 
either Chloroflexus relatives or cyanobacteria indicating that both organisms may serve as a source 
for glucose in this system. Glucose from the nonsulfidic hot spring microbial mats is again the 
organic compound most enriched in 13C. Assuming that all glucose in these mats is produced by 
cyanobacteria, the heavy isotopic signature of the C. aurantiacus biomarkers could be explained by 
heterotrophic growth on metabolites produced from this heavy glucose. However, the large 
difference in isotopic composition between the cyanobacterial biomarkers and glucose suggests that 
a purely cyanobacterial origin of the glucose is unlikely. Hence, it seems that Chloroflexus relatives 
might be major primary producers in hot spring microbial mats formed under different 

environmental conditions. 
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The results described in this thesis thus support the possibility that Precambrian organic 
matter enriched in l3C relative to what would be expected for organic matter produced by the Calvin 
cycle could be due to organisms using carbon fixation pathways other than the Calvin cycle. 
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Conclusies over het bewijs van leven zoals die is opgeslagen in het organisch materiaal van 
oeroude gesteentes op aarde, bijvoorbeeld stromatolieten uit het Precambrium, zijn gebaseerd op 
l3C gehaltes die laag genoeg zijn om karakteristiek te zijn voor biologische overblijfselen die 
ontstaan zijn door de bekende CO2 fixatieroute: de Calvin-cyclus. Ongebruikelijk hoge waarden 
zijn toegewezen aan isotopische verandering van sedimentair organisch koolstof door thermische 
metamorfose. Organisch koolstof gekaraktiseerd door een relatief hoog I3C gehalte, daarentegen, 
zou ook op biologische wijze kunnen zijn ontstaan door onlangs ontdekte autotrofe 
koolstoffixatieroutes die een ander l3C fractionatie patroon hebben. Een voorbeeld van zo'n 
autotrofe route met een relatief lage l3C fractionatie is de 3-hydroxypropionaat koolstoffixatieroute 
die wordt gebruikt door de groene niet-zwavelbacterie, Chloroflexus aurantiacus, voor 
anorganische koolstoffixatie. Microbiele matten in heetwaterbronnen, bestaande uit cyanobacterien 
en groene niet-zwavelbacterien, kunnen dik en zeer gelamineerd zijn en lijken daardoor op 
stromatolieten uit het Precambrium. Echter, matten gevormd in sulfidische heetwaterbronnen door 
groene niet-zwavelbacterien als enige fotoautotroof kunnen ook zeer gelamineerde structuren 
vormen. Dit zou betekenen dat stromatolieten uit het Precambrium met organisch materiaal relatief 
verrijkt in l3C niet noodzakelijkerwijs de aanwezigheid van cyanobacterien aangeven, maar dat ze 
gevormd zouden kunnen zijn door organismen die geen zuurstof produceren, zoals groene niet
zwavelbacterien. De verschillende microbiele matten, gevormd in verschillende heetwaterbronnen 
in Yellowstone National Park, geven de mogelijkheid om de effecten van variaties in de compositie 
van bacteriesoorten en verschillende koolstofacquisitiemechanismen op de stabiele 
koolstofisotopenverhouding van het organisch materiaal van deze bacteriematten te bestuderen. 

Organische verbindingen die de aanwezigheid van cyanobacterien in dit soort matten 
aangeven zijn alkanen met een korte ketenlengte en mono- en dimethyl alkanen, terwijl C. 
aurantiacus meervoudig onverzadigde alkenen met een lange ketenlengte, gedomineerd door de 
C31 :3 alkeen, en wasesters (C29-C37) produceert. Omdat structurele informatie over organische 
verbindingen die specifiek zijn voor Chloroflexus het aantonen van de aanwezigheid van 
Chloroflexus-soorten in modeme en oude ecosystemen zou kunnen vergemakkelijken, is de unieke 
C31 :3 alkeen grondig geidentificeerd als hentriaconta-9,15,22-trieen met uitsluitend cis dubbele 
bindingen (Hoofdstuk 2). Echter, fylogenetisch onderzoek heeft aangetoond dat de dominante 
Chloroflexus-achtige organismen in de microbiele matten van niet-sulfidische heetwaterbronnen in 
Yellowstone National Park de ver verwante en tot nu toe ongecultiveerde type C organismen zijn. 
Het gecultiveerde Chloroflexus-achtige organisme dat het meest verwant is aan deze type C 
organismen is Roseijlexus castenholzii, een thermofiele filamenteuse fotosynthetiserende bacterie, 
die recentelijk geisoleerd is uit een Japanse heetwaterbron. De samenstelling van R. castenholzii
lipiden is daarom onderzocht. Deze lipiden worden gedomineerd door alkaan-I-ol-2
alkanoaatgroepen die met een glycosidische binding aan een C6 suiker zijn gebonden (Hoofdstuk 3). 
Vergelijkbare, op alkaan-I,2-diolen gebaseerde lipiden zijn ook in de lipidenextracten van 
microbiele matten uit niet-sulfidische heetwaterbronnen gevonden, maar dan wei in zeer kleine 
hoeveelheden. De aanwezigheid van R. castenholzii of sterk verwante organismen, zoals de type C 
organismen, zouden de aanwezigheid van deze alkaandiol-glycosiden in de mat kunnen verklaren. 

Vit vorige cultuurstudies is gebleken dat de 3-hydroxypropionaat koolstoffixatieroute, zoals 
gebruikt door C. aurantiacus, resulteert in een ongewoon zware, stabiele 
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koolstofisotopencompositie van de geproduceerde biomassa. Deze is ca.l4%0 verarmd in 13C ten 
opzichte van de anorganische koolstofbron. Ter vergelijking, de Calvin cyclus (gebruikt door 
cyanobacterien) genereert organisch materiaal dat ongeveer 20 tot 25%0 verarmd is in I3C relatief 

ten opzichte van de Ol3C waarde van het CO2 waaruit het gevormd is. De studie van een autotroof 

gekweekte C. aurantiacus cultuur laat zien dat de isotopencompositie van de lipiden die door C. 
aurantiacus worden geproduceerd passen bij de algemene fractionatie van 14%0. De isoprenoid 
lipiden van C. allrantiacus zijn verannd in 13C ten opzichte van lipiden met een rechte keten 
(Hoofdstuk 5). Echter, het verarmingspatroon van de verschillende lipidenklassen ten opzichte van 
de algemene fractionatie verschilt van organismen die de Calvin cyclus of de omgekeerde 
citroenzuur cyclus (Hoofdstuk 4) gebruiken. Het zou kunnen zijn dat dit patroon specifiek is voor 
C. aurantiacus en verwante organismen die de 3-hydroxypropionaat koolstoffixatieroute gebruiken. 
De hyperthermofiele crenarchaeon Metallosphaera sedliia gebruikt een koolstoffixatieroute die lijkt 
op de 3-hydroxypropionaat route. De stabie!e koolstofisotopencompositie van de anorganische 
koolstofbron, bulk ce!materiaal en isoprenoid lipiden van een M sedula cultuur suggereert dat het 
voomamelijk bicarbonaat in plaats van CO2 als anorganische koolstofbron gebruikt. Dit zou passen 
bij een koolstoffixatieroute die lijkt op de 3-hydroxypropionaat route (Hoofdstuk 6). 

De lipidencompositie van een microbiele mat uit de oorsprong van een sulfidische 
heetwaterbron waar Chioroflexlis-achtige organismen de dominante fotoautotrofe organismen zijn, 
is bestudeerd en vergeleken met met een mat waarin zowel cyanobacterien als groene niet
zwavelbacterien groeien. Het lipidenextract van de mat uit de oorsprong word gedomineerd door 
biomarkers die typisch zijn voor C. aurantiacus, zoals de meervoudig onverzadigde alkenen met 
lange ketenlengte en wasesters. De isotopencompositie van de mat en van de lipidenbiomarkers uit 
de mat waren, zoals verwacht, typisch voor een autotroof groeiende C. aurantiacus. Op basis van 
cultuur- en labelingstudies wordt aangenomen dat C. aurantiacus bij voorkeur fotoheterotroof 
groeit en dat het daarom heterotroof groeit op organisch materiaal geproduceerd door 
cyanobacterien als het samen met cyanobacterien een mat vormt. Echter, de C. allrantiacus 
biomarkers waren significant verrijkt in 13C ten opzichte van de cyanobacteriele biomarkers, dit 
suggereert dat in ieder geval een dee! van de Chloroflexus populatie autotroof groeit, zelfs als er 
cyanobacterien aanwezig zijn. In sulfidische heetwaterbronnen kan de autotrofe groei van aan 
Chioroflexlis verwante organismen verklaart worden door de aanwezigheid van sulfide, een van de 
mogelijke electronendonoren voor anoxygene fotosynthese. Verrassend is echter dat de wasesters 
nog sterker verrijkt zijn in 13C ten opzichte van cyanobacteriele biomarkers in niet-sulfidische 
heetwaterbronnen en hier is de electronendonor voor anoxygene fotosynthese niet zo voor de hand 
liggend (Hoofdstuk 7). 

Een altematieve verklaring voor de relatief zware C. aurantiacus biomarkers in de niet
sulfidische heetwaterbronnen zou heterotrofe groei op een door cyanobacterien geproduceerde 
koolstofbron die sterk in 13C verrijkt is ten opzichte van de cyanobacteriele lipiden, zoals suikers, 
kunnen zijn. Daarom zijn de isotopencomposities van glucose uit de oorsprong van een sulfidische 
heetwaterbron, twee plaatsen stroomafwaards van de oorsprong, en van twee matten die gevormd 
zijn in het afvloeikanaal van twee niet-sulfidische heetwaterbronnen bestudeerd. De glucose uit de 
oorsprong van de sulfidische bron was de meest in 13C verrijkte organische component in de mat en 
de relatieve verrijking is conform met wat gevonden is in een autotroof gekweekt C. aurantiacus 
cultuur (Hoofdstuk 5). De isotopencompositie van glucose in beide matten stroomafwaards van de 
bron ligt tussen wat verwacht wordt voor Chioroflexlis-verwante organismen en cyanobacterien in. 
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Dit zou aan kunnen geven dat in dit soort systemen beide organismen een mogelijke bron van 
glucose zijn. Glucose in de microbieIe matten in niet-sulfidische heetwaterbronnen is weer de 
organische component die het meest verrijkt is in l3C. Aannemende dat aile glucose in deze mat 
gevormd wordt door cyanobacterien, dan zou het zware isotopensignaal van de Caurantiacus 
biomarkers verklaart kunnen worden door heterotrofe groei op metabolieten van deze zware 
glucose. Echter, het grote verschil in isotopencompositie tussen de cyanobacteriele biomarkers en 
glucose suggereert dat een geheel cyanobacterieIe atkomst van de glucose onwaarschijnlijk is. 
Daarom lijkt het er op dat Chloroflexus-verwanten wei eens belangrijke primaire producenten 
zouden kunnen zijn in microbieIe matten, die onder verschillende milieuomstandigheden worden 
gevormd in heetwaterbronnen. 

De resultaten die in dit proefschrift beschreven zijn ondersteunen de mogelijkheid dat 
organisch materiaal uit het Precambrium dat verrijkt is in l3C ten opzichte van wat verwacht wordt 
voor organisch materiaal geproduceerd door de Calvin cyclus, kan worden toegeschreven aan 
organismen die een andere koolstoffixatieroute gebruiken dan de Calvin cyclus. 
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