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Biomarkers are organic molecules that can be unambiguously assigned to groups of

organisms, on the basis of their unique chemical structures and/or stable isotopic signature.

Many prokaryotic biomarkers can be recognised in the fossil record, and some have been

recovered from macrofossils or coprolites. In such materials, they can be used to reconstruct

the microbial assemblages symbiotically associated with ancient animals.

Examples of modern macrofauna with endosymbiotic microbes include cold seep

bivalves with chemosynthetic bacteria, ruminant mammals with cellulose-digesting bacteria

and methanogenic archaea and corals with photosynthesising dinoflagellates.

Previous work has confirmed the presence of biomarkers (including bacterial fatty acids,

methyl sterols and bacteriohopane polyols) from endosymbiotic bacteria in a modern cold

seep mussel (Jahnke et al., 1995). The presence of methanogenic archaea in faeces has been

confirmed for a variety of different animals using non-biomarker techniques (e.g. Sorlini et

al., 1988) and one study has recovered bacterial biomarkers from a Cretaceous dinosaur

coprolite (Hollocher et al., 2001). To our knowledge, the biomarker content of dinoflagellates

living symbiotically with corals has not yet been investigated, but dinoflagellates in other

settings have been shown to contain a characteristic suite of biomarkers, most importantly

dinosterol (e.g. Shimizu et al., 1975).

We aim to investigate the potential of extending the biomarker approach to track

biochemical processes such as chemosymbiosis, photosymbiosis and methanogenesis in the

fossil record, on the scale of individual organisms. Our geochemical analyses of body fossils

and coprolites will be interpreted with reference to a suite of equivalent modern samples.

Although symbiotic associations between microbes and macrofauna in the geological record

are often inferred on the basis of uniformitarianism, ecology and preservational features, the

biomarker approach will provide a critical complementary means of demonstrating the

presence of symbiotic microbes. This has the potential to provide insights into larger

questions such as the evolution of nutritional and digestive strategies through time.
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Dimethyl sulfide (DMS) is a key compound in the marine sulphur cycle. At the

interface between seawater and atmosphere, DMS-derived sulphate aerosol particles may act

to counterbalance the climate warming effect, whereas in the marine sediment DMS is known

to be a non-competitive substrate for methanogens. The role of DMS in terrestrial

environments and the biogeochemical processes involved were less explored. In anoxic

freshwater sediments, DMS was shown to be either a metabolite from degradation of sulphur-

containing organic compounds (e.g. Kiene and Hines, 1995) or the product of

transmethylation from methoxylated aromatic compounds to hydrogen sulphide, probably via

the intermediate of methanethiol (e.g., Bak et al., 1992). In both cases, the carbon in DMS

originates from sedimentary organic matter.

In this study, the anoxic sediment slurries of Lake Plußsee was incubated at

temperatures from 4°-55°C to examine the formation of methane, acetate and methylated

sulphur gases. 13C-labeled substrates were added to trace the carbon flow among different

carbon pools. At elevated temperatures, we observed the formation of DMS. Production of

DMS was biological since it was not observed in autoclaved sediment. Generation of DMS

was stimulated by addition of H2 (1 bar overpressure in headspace) and bicarbonate (final

concentration, 10 mM). DMS concentrations increased linearly during two incubation

experiments lasting nine and 12 days with rates of 84 and 201 nmol per liter of slurry per day,

respectively (Fig. 1a, nine-day experiment). When we increased bicarbonate concentration

from 10 to 100 mM, however, the DMS production did not increase correspondingly.

Determined by gas chromatography-isotope ratio monitoring-mass spectrometry, carbon

isotopic values of DMS from unspiked samples are around -65‰. δ13C values of DMS

increased progressively after the addition of H13CO3
- (Fig. 1b). In contrast, the addition of [2-

13C]-acetate (final acetate concentration, 10 mM) and H2 did not result in a significant 13C–

enrichment of DMS. The present data are consistent with methyl group(s) of DMS being

derived from reduction of bicarbonate. Our observation is the first to show the incorporation

of inorganic carbon into DMS.
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Figure 1. Formation of dimethyl sulfide and itsδ13C signals in the anoxic Plußsee sediment
incubated at 55°C. Data in (a) and (b) are from separate experiments. The concentration data

in (a) are from a single-bottle experiment but the pattern is reproducible in similar incubations.
The time of label addition is indicated by the arrows. A lack of visible error bars in (b)

indicates that the range of error from two replicates falls within the symbol.
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Records of recent and past bacterial populations and processes can be preserved in

sediments as bacteriohopanepolyol (BHP) distributions. Due to the taxonomic variation

expressed by the producer organisms (e.g. Rohmer, 1993) BHPs offer great potential as

molecular markers and can be used to fingerprint hopanoid-producing bacterial community

structure in modern environments. They also have the potential to provide a valuable record

of past bacterial community structure in the geological record.

Hopanoids occurring in sedimentary environments can no longer be considered to

only be potential indicators of aerobic organisms and processes, having been identified in a

range of anaerobic organisms (e.g. Blumenberg et al., 2006 and references therein). However,

careful consideration of the fully intact BHP structures can still reveal insights into different

bacterial communities (recent and past). Whilst some structures are known to have a wide

range of potential source organisms others have more restricted sources and some are only

known to occur in just one highly specific group of organisms or even a single species.

Furthermore, as the BHP composition of more environmental samples (sediments, soils, etc.)

is investigated novel structures currently with no known biological source but with the

potential to provide further information are continually being identified.

The sedimentary BHP composition from a range of marine and lacustrine settings will

be presented demonstrating that their diversity in many Recent and ancient sedimentary

environments is considerably more complex than previously envisaged. BHPs can be used to

readily identify organic material derived from diverse groups of organisms and, in some cases,

important geochemical processes (e.g. transport of terrestrial material to the aquatic

environment).

For example, Figure 1 shows the highly complex sedimentary BHP distribution

determined by liquid chromatography multi-stage ion-trap mass spectrometry (Talbot et al.,

2003b; Talbot et al., in press), from an Antarctic Lake sediment. Containing at least thirteen

different BHPs, many of which can be assigned to specific groups of source organisms, they

indicate the presence of cyanobacteria, methane-oxidising bacteria and methylotrophic
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bacteria and also provide valuable information relating to methane cycling in this

environment.

Figure 1. APCI partial base peak mass chromatograms showing BHP composition of
sediment from Lake Druzhby (Antarctica, 31-34 cm) with known biological sources indicated.

(Note BHPs are analysed as peracetate derivatives: Ac = COCH3).

Work is ongoing to further test and develop the potential of these important

biomarkers encompassing a variety of communities and processes in both modern and ancient

systems and from a range of environmental matrices (e.g. soils, sediments, extreme

environments).
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Anoxic Holocene and Pleistocene sediment record provide an archive of preserved labile

biomolecules such as nucleic acids (Coolen et al., 2004) and most likely also for intact BHPs.

For example, post-glacial Ace Lake (Vestfold Hills, Antarctica) developed from a melt-water

filled freshwater lake (>9400 years BP; Unit III sediments) to a stratified fjord with sulfidic

bottom waters (starting 9400 yr BP; Unit II sediments) and the present-day isolated saline lake

with still sulfidic, but sulfate-depleted and methane-saturated bottom waters (~final 3000

years; Unit I sediments). Previous studies have shown that methanogens and Type I

methanotrophic bacteria thrive respectively in the sulfate-depleted and suboxic waters of the

lake and their fossil biomarkers were found only in the Unit I sediments.

The excellent preservation conditions and Holocene changes in microbial communities

linked to environmental changes made Ace Lake an excellent setting to search for biomarkers

such as bacteriohopanepolyols (BHPs) and to identify their possible biological precursors for

the first time using both stable isotopic fingerprinting of periodic acid-cleaved BHPs and

preserved ribosomal RNA gene (rDNA) sequences, the latter being species-specific

phylogenetic markers.

The hopanoids including BHPs are a group of pentacyclic triterpenoids which are

biosynthesised by many prokaryotes and occur in a wide range of environments (e.g. Talbot et

al., 2003) and are known to be the most abundant natural product on earth.

A wide range of structural variation is observed in the BHP side chain with many

structures differing in terms of the number, position and nature of the functional groups.

Rapid degradation of intact BHPs or incorporation in organic matter is known to occur but

even if preservation conditions are less optimal, information regarding the bacterial source can

in certain cases be accessed via characteristic 13C isotope signatures of individual hopanoid

components and/or the preservation of some structural details. Therefore, (intact) BHPs serve

as markers to describe past microbial populations and processes at a relatively high resolution.
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Structural identification of the intact BHPs found in Ace Lake provides strong evidence

for the occurrence of aerobic methane oxidation mediated by both Type I and possibly Type II

methanotrophs as well during the freshwater lake phase. The compounds observed in the Unit

I, sediments although usually considered to be indicative of Type II organisms, in this case

seem likely to have been produced by a Type I organism producing a lipid signature similar to

that of the Louisiana Slope mussel Type I methanotrophic endosymbiont (Jahnke et al., 1995).

The methanotrophic origin could be further confirmed by compound specific isotope ratio

analysis of the terminal alcohol products produced during periodic acid cleavage as lipids

produced by methane oxidizing bacteria usually have a highly depleted isotopic signature. The

presence of Type I methanotrophs related to mussel endosymbiotic Type I methanotrophs in

Unit I was confirmed by 16S rDNA based phylogenetic analysis of Type I 16S rDNA

sequences and those sequences were not recovered from Unit II and III sediments. Sequences

with up to 95% sequence similarity to Type II methanotrophic species of the genera

Methylosinus and Methylocystis were found in both Unit I and III and were below the

detection limit in Unit II.

The only component present, which is considered to be directly indicative of

cyanobacteria, is 2-methyl bacteriohopanetetrol (Summons et al., 1999). This component is

present in all of the unit III samples but is absent from all of the other samples. 16S rDNA

stratigraphy revealed that its most likely source was a Synechococcus related to species of this

group found in modern freshwater environments. A succession towards to the salt requiring

Synechococcus str. Ace occurred during the marine incursion and this is still the only

described pelagic cyanobacterium in Ace Lake today and is not a likely source of 2-methyl

BHT.

Our results showed that a both DNA and intact BHPs of bacteria which thrived in the

suboxic zone survived degradation in the Holocene Ace Lake sediment record and

phylogenetic analysis of fossil 16S rDNA sequences verified and further refined possible

biological sources of the intact BHPs.
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More than 90 % of prokaryotic biomass is assumed to be in oceanic and terrestrial

subsurface biosphere (Whitman et al., 1998). The presence of subsurface biosphere is

especially expected in the area where fluid circulation provides energy and carbon sources

necessary for the survival of microbes. For example, at Site 1229 on the continental margin of

Peru, ODP Leg 201, high cell concentrations occur in two subsurface sulphate-methane

interface (SMI) formed by SO4
2- introduction at depth by upward diffusion from ancient brine

along much of the Peru Shelf (D’Hondt S. et al., 2004). In the Gulf of Mexico, high

sedimentation rates have been observed and strong geohydrological activity was expected. In

the present study we investigate the relationship between bacterial distribution and fluid

circulation system in subsurface at the Gulf of Mexico characterized by rapid sedimentation.

IODP Exp 308 was programmed to focus on the study of overpressure and fluid flow

on the continental slope of the Gulf of Mexico (Expedition 308 Scientists, 2005). The drilling

was conducted at two different depositional environments. Brazos-Trinity Basin #4 is a

classic area for analysis of turbidite depositional environments. Site U1319 is located on the

southern flank of the basin where turbidite deposits are more condensed. Ursa Basin consists

of continental slope sediments. Site U1324 is the westernmost site drilled in Ursa Basin

during Exp 308.

Biohopanoids, such as bacteriohopanetetrol (BHT), are a group of pentacyclic

triterpenoids synthesized by a variety of bacteria as cell membrane constituents (Rohmer et al.,

1984). Biohopanoids are rapidly transformed to diagenetic products called geohopanoids after

the death of bacteria. Detection of biohopanoids in sediments, therefore, can show the

presence of living or recently dead bacteria. In the present study, the sediment samples from

IODP Exp 308, Sites U1319 and U1324 were used for biomarker analyses

BHT was detected in most of the sediment samples form Sites U1319 and U1324. At

Site 1319, the concentrations of BHT are high at the depth from 20 to 40 meter below sea

floor (mbsf) and then decrease with depth. The concentrations are below the detection limit in

the samples deeper than 100 mbsf. Although the concentrations of BHT in the sediment from

Site U1324 decrease with depth, the concentration of the deepest sample (230 mbsf) analysed
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in the present study is ca. 40 ng/g dry sediment. BHT concentrations in the sediment from

U1324 are comparatively higher than those from Site U1319. It is not consistent with the

result from direct observation under the microscope. The SMI depths of Sites U1319 and

U1324 are 15 and 94 mbsf. This difference is mainly driven by the higher sedimentation rates

at Ursa basin compared to Brazos-Trinity Basin #4. The number of cells decreases with depth

at both sites. Cell density is in the order of 104 to 105 cells/ml below SMI depth at Site U1319

while cell density is below detection limit within 100 mbsf at Site U1324.

The pore water cation (Na+, Ca2+, Mg2+ etc.) concentration profiles indicate that lateral

fluid flow is restricted in the shallow subseafloor at Site U1319, while significant fluid flow

occurs in the deep subsurface as well as in the shallow subseafloor at Site U1324. The

concentrations of BHT are higher in sediments from Site U1324 where fluid flow circulation

is more active. These results show that the distribution of bacteria capable of synthesising

hopanoids is closely related to the fluid circulation in the continental slope at the Gulf of

Mexico. Labile bacteriohopanetetrol in deep subsurface sediments from the Gulf of Mexico is

mainly derived from in situ living bacteria which utilize energy and carbon supplied by the

subsurface fluid flow.
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Most of the world’s remaining petroleum resource has been altered by biodegradation

which has a negative impact on oil quality and production. Petroleum biodegradation

proceeds in any oil reservoir that has a water leg and has not been heated to temperatures over

80ºC. Microbial activity in deep sediments is known for over 75 years. However, relatively

little is known about the microbial populations involved in subsurface hydrocarbon

degradation. A better understanding of microorganisms resident and active in petroleum

microcosms, their physiological properties and then geochemical roles will aid both oil

exploration and production. Although the research in petroleum microcosms is strongly

increasing in the last decade little success is reported until yet.

The main challenge is the difficulty of detecting microorganisms in natural oil/water

mixtures which often occur as emulsions at the well-heads. Two reasons are behind this

difficulty. Firstly, the most active biodegradation may have been peaked long ago and

therefore the original petroleum microorganisms who degraded the oils are not present

anymore; or secondly, the majority of microbial cells remain stuck to the oil phase after

separation of the oil phase from the water phase whereas the water phase is most commonly

investigated for microorganisms.

To investigate the latter case, we carried out experiments spiking oil/water mixtures

with microbial cells and in comparison analyzed many natural well-head fluids from the

Western Canada Sedimentary Basin (WCSB). We analyzed the IPLs of microorganisms, such

as phospholipids and corresponding archaea-related tetraethers using liquid chromatography –

mass spectrometry (LC-MS) techniques in combination with microbiological 16S rRNA

genes analysis. While microbiology has been able to isolate microorganisms from deep

sediments contamination is a major problem, especially in petroleum reservoirs where drilling

mud contamination is common. Intact polar membrane lipids (IPLs) have better prospects in

some settings as biomass chemotaxonomic indicators as they can accumulate in the oil

column in the reservoir at natural abundance levels in petroleum systems. Even though
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developments in LC-MS techniques allow us to now detect relatively low concentrations of

biomass, the natural abundance of microorganisms has still to be much higher than using

microbiological techniques but contamination issues are less severe when PCR amplification

is not involved. The objective was to determine the recovery of microorganisms/IPLs in

experimental oil/water mixtures and relate their occurrence to the diversity of microorganisms

in natural fossil fuel reservoirs. Table 1 shows the conditions and results of lab experiments

for estimating the recovery of microorganisms/IPLs using an oil field isolate Desulfovibrio sp.

strain Lac6 [U46522 ("clone DVIB57")] (Voordouw et al., 1992). The methods can

successfully recover organisms and their lipids. Using this method we discuss the distribution

of lipids in several heavy oilfield waters.

Experiment Water/oil ratio conditions All PG+PE
[% recovery]

Single dominant
PG+PE

[% recovery]

Lac6 - Culture; same cell number 100 100

Shaker 50/50 170 rpm; 4 h, 30ºC 74.2 74.2

Shaker 70/30 170 rpm; 4 h, 30ºC 83.4 83.4

Blender 50/50
5 min 20-22k rpm only oil
+5 min 16-18k rpm incl.
microorganisms; 50ºC

58.6 58.7

Blender 70/30
5 min 20-22k rpm only oil
+5 min 16-18k rpm incl.
microorganisms; 50ºC

61.6 61.6

Ultrasonic
probe 70/30 Pulsemode 50%; approx.35

W; 8 min, 25ºC 80.8 80.8

Table 1. Conditions and results of the lab experiments for estimating the recovery of
microorganisms/IPLs using an oil field isolate Desulfovibrio sp. strain Lac6 [U46522 ("clone

DVIB57")] (Voordouw et al., 1992).
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Recent work, combining phylogenetic analyses, lipid biomarker quantification and

stable isotopic analysis, indicates that consortia of sulfate-reducing bacteria and archaea work

in syntrophy to mediate the anaerobic oxidation of methane (AOM) in methane-rich

sediments (Boetius et al., 2000; Pancost et al., 2000). As a consequence of AOM, bicarbonate

concentrations are very high in pore waters and bottom waters associated with methane seeps,

leading to the extensive precipitation of authigenic carbonate in sediment pore spaces and on

the seafloor (e.g. Peckmann et al., 1999). These carbonates are a critical component of carbon

cycling at cold seeps as they represent the long-term sequestration of methane-derived carbon.

At present it is unclear how microbial mats become lithified and whether microbial

organic matter can serve as a template for carbonate precipitation. Certainly, the abundance

of lipid biomarkers in authigenic carbonates (Elvert et al., 2000; Michaelis et al., 2002;

Pancost & Damsté, 2003) indicates a close relationship. We employed a multidisciplinary

approach to investigate the role of microorganisms in carbonate precipitation incorporating

techniques such as biomarker analysis, solid state NMR, SEM and X-Ray diffraction.

Samples examined include microbial mats from the Black Sea and carbonate crusts from

Kattegat bay, east of Denmark.

For biomarker analysis the mats were subsampled as previous research has indicated

that mat composition can vary in both microbial composition and biomarker distributions (e.g.

Michaelis et al, 2002). A range of biomarkers was observed including archaeol and

hydroxyarchaeol, pentamethylicosane (PMI), crocetane and various dialkyl glycerol diethers

(DGDs) with the high abundance of crocetane suggesting that the archaea present are most

likely from the ANME-2 group. The distributions of biomarkers differ between mat types (as

determined by inorganic carbon content and colour); most strikingly biomarkers are much less

abundant in the more lithified mat parts. Crocetane and hydroxyarchaeol are observed in both

black and pink/orange mat types, which differs from the observations of Blumenberg et al.

(2004). The greater the amount of inorganic carbon present in a sample, generally the less

crocetane is present relative to PMI, although the trend is not linear (see fig. 1a). When

comparing data between samples of the same mat type, differing absolute abundances are also

observed. For example, for three samples of pink/orange, soft mat (i.e. low IC content)
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abundances of crocetane were 830, 380 and 240 μg/g, while those of PMI were recorded at

380, 90 and 280 μg/g respectively.

X-Ray diffraction analysis of each section has revealed that the carbonate part of the

mat is high-magnesium calcite. Analysis of the inorganic part of the mat by SEM also reveals

the presence of calcite crystals; in many cases the calcite crystals are present as clusters, many

of which appear as triangular prisms of intergrown rhombohedra (fig.1b). This morphology

has been reported as typical for calcite crystals grown in the presence of organic additives

such as citric acid (Meldrum & Hyde, 2001). This suggests that chemicals present in the

AOM consortia directly affect the crystal structure of the calcite precipitated.

Using crystal morphology could therefore be a valuable component in the analysis of

ancient carbonates where no external organic matter remains and little biomarker material can

be extracted from the carbonate.

Figure 1. a) Graph illustrating the differences in inorganic carbon content and crocetane/PMI
ratio between mat types. Mat types 1, 2 and 7 were soft and fleshy while 3, 4, 5 and 6 were

hard and lithified. b) SEM image of the inorganic parts of a mat showing the crystal structure.
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