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Life, Molecules and the Geological Record

Life leaves molecular residues
(Chemical Fossils) as well as e.g. cholesterol
visible shapes/objects
(Morphological Fossils) in the
sedimentary record.

. HO
These molecular residues, when

characterised as specific molecules @
(Biomarkers) by their structures

and isotopic content, may give e.g. cholestane
precise indications of their

biosynthetic origins in particular

organisms, as well as the

environmental conditions that the

organisms experienced.




Definition of a biomarker
(or “molecular marker” or “geochemical fossil”):

“A molecule whose carbon skeleton can unambiguously be linked to that of a known
biological precursor compound”

More generally:

“Organic compounds found in sediments which have properties that can be directly
related to a known biological precursor”

Biological marker molecules

¢ Living organisms biosynthesize a very small subset of the billions of molecules that
can be assembled in theory from C, H, O, N, S, P etc.

« These molecules can be regarded as biomarkers. Their presence in an environment
reflects their synthesis by the parent organisms.

« Some biomolecules are produced only by a certain species or classes of organism,
and hence indicate the presence or prior existence of those organisms (e.qg.,
diatoms).

« Other biomolecules are produced by many species of organism and are indicative of
the general level of biological activity (e.g., eukaryotes vs prokaryotes).

* Molecular signatures can comprise the only means to decipher past ecosystems and
biological inputs for organisms composed only of soft parts (i.e., leave no
morphological or isotopic imprint).

NB. This is an organic geochemist’s definition of a biomarker

Molecular Characteristics of biomarkers

« Biomarkers are usually characterized by a high degree of order in their molecular
structures, resulting from the specificity of the biosynthetic processes:-
— Small molecule building blocks
— Precise sequence of assembly
— Chirality of carbon centers and stereochemistry of the units
— Distribution of isotopes in the molecule

« Intra-molecular characteristics documented by structural identification and molecular
isotope measurements.

« Inter-molecular variations assessed through compound distributions (e.g. abundance
ratios).

Structural uniqueness
. molecular structure (carbon skeleton)
. stereochemistry

Example: Only three C;, hydrocarbons have been identified in plants (normal- iso- and
anteiso-) although there are >10° possible isomers.

Distributional uniqueness
. isotopic composition (3C, D/H)
. abundance




Methane, CH, - The Smallest Biomarker?

Isotopes:

Carbon: 12C, 13C, 14C

Hydrogen: H, 2H, 3H

Universal biomolecular machinery
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8 Metabolites

g (sugars, lipids etc.)

Key criteria:

« Information content

¢ Robustness of molecule

« Ease of detection and analysis (both structural and isotopic)




DNA and the phylogenetic tree
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How good is DNA as a biomarker?

Problem: It is not preserved well

‘f H BUT see Coolen et al., 2004




Lipids

¢ Lipids present in the water column and in sediments can originate from all three
domains of life (i.e., eukaryotes, bacteria, archaea).
¢ Certain lipids are synthesized by only one domain.
— Steroids are almost exclusively synthesized by eukaryotes
— Hopanoids are exclusively synthesized by bacteria
— Acyclic and cyclic isoprenoid ether lipids are restricted to the archaea.

Occurrence:

¢ Ubiquitous

¢ 10-20% of TOC in most organisms

« Extensively studied classes of compounds

. - analytically accessible

. - diagenetically and chemically [relatively] stable

. - structurally extremely diverse (high potential as "biomarkers")
Function:

. - Long-terms energy storage

. - membrane fluidity regulators

. - membrane rigidity/barrier to proton exchange

. - pigments

. - hormones

. - vitamins

All-important cellular
membrane; e
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Lipid Structures:

Several major compound classes:
» Fatty acids

» Fatty alcohols

» Hydrocarbons

» Terpenoids

Fall into two main groups:
» Polyketide lipids
* Polyisoprene lipids

Occur as “free” compounds or chemically bound (ester or ether
linkages) to other biochemical components (e.g., glycerol).




Lipid distributions in plankton

Composition of lipid fraction of diatoms (Clarke and Mazur, 1941)
%

¢ Uncombined (free) fatty acids 59-82

¢ Combined (bound) fatty acids 1-17

* Non-saponifiable (tightly bound) lipids 12-29

¢ Fatty Alcohols 3-7

¢ Hydrocarbons 3-14

Composition of lipid fraction (%) of copepods (Lee et al., 1970)
C. helgolandicus G. princeps

¢ Hydrocarbons Tr Tr

e Wax esters 37-30 73

« Triglycerides 5 9

¢ Polar lipids 14-17

* (free acids, sterols, 50-60 17

¢ phospholipids)

* Total lipid (% dry wt.) 12-15 29

Lipid biosynthesis

Occurs via two main pathways:

1. Polyketide Biosynthesis: The polymerization of acetate; products
typically have even carbon numbers.

SN NN

2. Isoprenoid synthesis: The polymerization of isoprene; products
typically have 10, 15, 20 ..... carbon atoms.
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Group I. Polyketide lipids

Compounds whose structure is based on repeat

units of acetate.

Products usually have an even number of

0
n
/-—OH
carbons.

Acetic acid

Common compound classes:

Fatty acids ¢ o
Fatty alcohols

n
- =0OH
Hydrocarbons (n-alkanes) ()\()\

Nomenclature

Normal alkanes and alcohols are denoted: Faity acid

n-C, where x = number of carbon atoms J

e.g. n-C;s = normal pentadecane

Fatty acids are often unsaturated =OH

C,y where y = number of double bonds /\/\f

double bonds are usually cis

" . Fatty alcohol
A denotes the position of unsaturation from A lati
the COOH end of the molecule ecaTboxylation
— e.g. Oleic acid is °A Cyg1 ¢ \

® denotes unsaturation from the methyl end

Carbon Preference Index (CPI), Odd/Even f\/\ ﬁ

Predominance (OEP) and Average Chain L] =0

Length (ACL) used to describe distributions. oo
Hydrocarbon

Polyketide lipids - Fatty Acids

Fatty acids are abundant in most organisms (often the most abundant lipid type).

Sources include bacteria, microalgae, higher plants and marine fauna (e.g.,
zooplankton).

Each source has a distinctive profile although some fatty acids are ubiquitous (e.g.,
Ci6:0, C1g:0), @nd profile may change with growth status/stress of the organism.

Bacteria are a major source of branched fatty acids (iso-, anteiso-, mid-chain
branched) and can also be a major source of C4¢.1,.7 and cis-vaccenic acid (Cyg.15.7)-

Microalgae and bacteria are the major sources of fatty acids found in most
sedimentary environments.

Different microalgal inputs can potentially be distinguished based on fatty acid
distributions, especially based on # and positions of double bonds.

Some microalgae contain high concentrations of specific long-chain essential fatty
acids (e.g., Coo:sn-3; Co2:6n-3)-




Biosynthesis of Fatty Acids
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Fig. 2.13 Biosynthesis of saturated fatty acids in plants and animals. Palmitate is formed by successive additions of malonyl
coenzyme A to the enzyme-bound chain, with CO, being lost at each addition, This results in chain elongation by a (CH,), umi
at each step. Details of the formation of butyryl (C,) from acetyl (C,) are shown, while the subsequent six further additions,

terminating in palmitate, proceed similarly.

Polyketide lipids - Fatty Acids

In most marine organisms, fatty acids occur predominantly as polar lipids, such as
glyco- or phospholipids. [Also sulfo-lipids in picoplankton: see Van Mooy et al., PNAS,
2006, 103, 8607-8612.]

Free fatty acids are rarely abundant in living organisms, but in sediments they can be
the major form due to rapid chemical or enzymatic hydrolysis of polar lipids.

In the water column and contemporary sediments, intact esterified lipids are usually
associated with the indigenous organisms.

Fatty acid distributions in sediments have been used successfully to characterize
bacterial populations (phospholipid fatty acid, PLFA) analysis. Measurement of intact
polar lipids now feasible — provides more specificity.

A common feature of fatty acid distributions in sediments is the presence of C,-Czq
saturated straight-chain fatty acids that show a strong predominance of even chain
lengths. In many cases these are probably derived from higher plant leaf waxes.
However, algae and bacteria can produce these lipids, albeit in small amounts
relative to C14-C,q acids.




Esterified lipids
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Polyketide lipids - Long-chain alcohols

Microalgae are not a major source of these C30-C32 alkyl diols and unsaturated
lipids in most sediments. alcohols in microalgae of the class
Long-chain diols occur in most marine Eustigmatophyceae
sediments, and in some cases (e.g., Black cclesterst

Sea Unit I) they can be major lipids.

A microalgal source was discovered when
C3.32 alcohols and diols were identified in
marine eustigmatophytes from the genus

nannochloropsis (although the distn differed diols (Cxry)
significantly from that in sediments). acohols (<y) .

sz

It is suggested that these diols are the w s G
building blocks of novel aliphatic biopolymers

produced by these microalgae.

Most studies of mid-chain diols report
presence of C3y and C3, saturated
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constituents having a predominance of 1,15 48 52 56 60 64

R Time (minutes)
ISomers. Fig. 1. Partial gas chromatogram showing the distribution

of higher molecular weight components in N, oculata (strain

CS-179) after acid hydrolysis of the extract and derivatiza-

tion with BSTFA. Alcohols are designated x:y and diols

C,., where x is the number of carbon atoms and y is the

number of double bonds, Note that the Cy, diol elutes on

the downslope of the peak due to the 32:2 alcohol. Quan-
titative data are shown in Table 2.
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Polyketide lipids - Hydrocarbons

* Biogenic alkanes and alkenes are a common feature of the hydrocarbon distributions
in sediments.

« Many microalgae contain the highly unsaturated alkene n-C,;.¢ (n-heneicosa-
3,6,9,12,15,18-hexaene) formed by decarboxylation of the Cy,.¢,.3 fatty acid.
However, this compound is rarely found in sediments, probably because it is rapidly
degraded.

* There are several reports of shorter-chain n-Cys, n-C;7 and n-Cg alkanes (and
monounsaturated alkenes) in algae. The n-C,; alkane is common in contemporary
and ancient sediments, and if frequently interpreted as a biomarker of algal input.

« Several microalgae contain very long chain alkenes, including Cs;., C33.3 and Csz.4,
and Cs37., and Cs7:3 (also Csg counterparts).

Generalized Lipid Distributions

Acids Alcohols Hydrocarbons
Phytoplankton even/odd CPI even/odd CPI odd/even
16:0, 16:1 nC17, nC18
18:0, 18:1
Bacteria iso + anteiso ? CPI=1
nC13-nC30
nC17-nC20
Zooplankton same as phyto same as phyto
Higher plants even/odd CPI C28, C30, C32 odd/even
max C28-C30 max C29-C31

« Lipids in higher plants mainly associated with leaf cuticles ("waxes")

« Serve as physical protection against mechanical abrasion, microbial attack and water
loss.
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Polyketide lipids - Hydroxy fatty acids

A wide range of hydroxyl fatty acids has been found in sediments, these compounds
have received relatively little attention from organic geochemists.
These compounds can be separated into different categories based on the # and
position of the hydroxyl groups.
Aliphatic o- and B-monohydroxyfatty acids occur in a wide range of organisms.

= o-hydroxy fatty acids are intermediates in fatty acid biosynthesis in yeasts.
Bacterially-derived B-hydroxy fatty acids are found in many recent sediments. The
carbon # range is typically from C,,-C,,, typical of carbon # distribution for
lipopolysaccharide cell walls of gram negative bacteria. Bacteria also contribute
significant amounts of iso and anteiso branched C,,-C,4 B-hydroxy fatty acids.
Higher plant cutin and suberin can also be a significant source of esterified C,4-C,,
o-, B-, and w-monohydroxy fatty acids.
Recent work suggests microalgae are also a potential source of monohydroxy fatty
acids.
C30-C3, mid-chain hydroxyl fatty acids were identified in hydrolyzed extracts of marine
eustigmatophytes of the genus Nannochloropsis (related to the long-chain diols).
C,,-C,4 saturated and monounsaturated a-hydroxyfatty acids have also been found
as major lipid components of the cell wall of several marine chlorophytes.

37:3

37:2

Polyketide lipids - Long-chain ketones, esters

Long-chain unsaturated ketones (alkenones) have been identified in several species
of haptophytes, esp. the widely distributed coccolithophorids Emiliania huxleyi and
Gephyrocapsa oceanica.

These compounds will be the focus of a separate lecture.
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Group Il. Polyisoprenoid lipids

Biosynthetically related to the polymerization of
isoprene (C5)

. Monoterpines Cqg
» dimer - monoterpene (C,)
. e.g. essential oils
a-terpinene

e trimer - sesquiterpenes (C;s)

. e.g. farnesol, abeitic acid
/k/\)\/\/'\/\/g/\ Diterpenes Cz0
. OH
« tetramer - diterpenes (C,) phytol
. phytol
* hexamer - triterpenes (Cs)
. . Trits C
. steroids, hopanoids IErpEnes =30
e octamer - tetraterpenes (C,o) HO Cholesterol
. carotenoids, ether lipids
Tetraterpenes C,
«  polymer - polyterpenes 40
. e.g. natural resins (polycadinene)
f-carotene
Isoprenoid lipid biosynthesis 0
oo
ACH,CO0 OH oo
Mevalonate wootate e mavate Deoxyxylulose
Pathway anzyme. Free Pathway
(aka "Mevalonic acid” | wao : | "% (aka “methylerythritol-
MVA pathway) o o phosphate” MEP pathway)
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.
|
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Isoprenoid lipids - Configurations

isoprene
head
. 0)/\//0 tail

Regular isoprenoids
» head-to-tail
OH
~ e.g. phytol )\/\)W\/\)\\/
Irregular isoprenoids

« head-to-head )\/\)W\/\/

» tail-to-tail

)\/Q\/O\o/\/\/\/

Isoprenoid lipids

Monoterpenes (C,)
e Abundant in both higher plants and algae

« not extensively used as biomarkers (very volatile, so not well preserved in
sediments)

o-terpinene
Sesquiterpenes (C;5)
e farnesol
« esterified to bacterial chIorophylly \)
/\/ V\/V\OH

e ancient analogue - "farnesane”
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Isoprenoid lipids

Diterpenes (C20)
Acyclic diterpenoids
¢ phytol: trans-3,7(R),11(R),15-tetramethylhexadec-2-ene-1-ol

sources: )\/\)\/\)\/\/K/\ OH

« esterified to chlorophyll-a,b
« phytanylethers (archaebacteria)

?”Cigg;;ﬁjgc“;f )\/\)\/\)\/\/V\
* Pristane (Cyg) )\ /\)\ /\)\/\/K/

origin of pristane
¢ chlorophyll ?
« tocopherol (vitamin e)?

« Lots of literature on pristane/n-C,, phytane/n-C,g, and pristane/phytane ratios.
¢ Used to assess depositional environment and degradation of petroleum

Isoprenoid lipids

Cyclic diterpenoids
« abietic acid

« from gymnosperm (conifer) resin/gum
* not widely found in marine algae

« therefore, excellent "biomarker" for higher

. COOH
plant input

ancient analogue (also combustion product):
e retene

15



Highly branched isoprenoid alkenes

¢ Highly branched unsaturated C,g, C»5, C3o alkenes (containing between 3 and 6
double bonds) are observed in most marine sediments. These compounds appear to
derive exclusively from certain types of diatoms, although the function and bioactivity
of these compounds is yet to be established.
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Fig. 2.18 Examples of highly branched sesterterpenes isolated from plankronic distom cultures (was and s refer 1o

configuration at double bond between C-9 and C-10; after Belt et al. 2001).

Isoprenoid lipids

Cyclic Triterpenoids (C30)

¢ Squalene (C5yHsp) - main biosynthetic

precursor to cyclic triterpenes.
« Anirregular isoprenoid (tail-to-tail)

¢ Pentacyclic triterpenoids
¢ oleanane type

e ursane type

¢ lupane type

* hopane type

¢ gammacerane type

« arborane type

* primary sources: bacteria, higher
plants
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plants and enzymaic and g
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Pentacyclic triterpenoids
_ 3

Ho' HO HO
amyrin a-amytin lupect
(Paghar plants) (reghar plants) (Pragra plants)
"o taraxerol triedelin
(tugher plarts| higher plants)
]/ o
HO HO
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e
|
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Fig. 2,18 Some grochemicall E anc sheir major sources.

Carbon numbering of steroids and hopanoids

22,20.30-trinor-17a-hopane
(Tm)

D

22,29,30-trinor-18a-nechopana
(Ts)

L P L
s

o é é o

hydroxyhopanone a Cyy D-ring monoaromatic
secohopancid

8,14+

®) i)
Fig. 2.20 (1) Ring nsmberi
I Fing junctions) for steroids and hopanoids; (c) examples of application of hopaneidal nomenclature sysem. (Ts may

abso be called 17-methyl-18,22,20 30-tetranor-17e, 18a-hopane.

for sternids and hopanoids: (b) examples of all-chair” conformations (with
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Isoprenoid lipids - Tetracyclic triterpenoids (Sterols)

Numbering and nomenclature:

-, - below (dashed arrow) and above (bold arrow) the ring
R/S stereochemistry at a ring juncture and in side chain
sterol/stenol - unsat'd alcohol

stanol - sat'd alcohol

sterene - unsat'd alkene

sterane - sat'd alkane

Occurrence:

very widely distributed in plants and animals
As a rule, bacteria do not make sterols

Structure:

Mainly C27, C28, C29 (also C26,C30)
Basic steroid skeleton is modified through oxidation and alkylation
Hundreds of natural products based on this skeleton have been identified.
cholesterol C27 (universally distributed)
B-sitosterol C29 (higher plants)
brassicasterol (diatoms)
dinosterol C30 (dinoflagellates)
fucosterol (brown algae)

Steroids

cholesterol desmosterol ergosterol
{animals and plants) (red algae and crustaceans) {fungi)

S
HO g
campesterol epibrassicasterol fucosteral
(higher plants) (planktonic algae) (brown algae)

. .

HO HO

stigmasterol [i-sitosterol dinosterol
(higher plants) (higher plants) (dinoflagellates)

18



Sterols (continued)

A great diversity of sterols are found in microalgae. Distributions range from the
predominance of a single sterol, such as cholesterol in marine eustigmatophytes and
24-methylcholesta-5,22-dien-3f-ol in some diatoms and haptophytes to mixtures of
10 or more 4-methyl and desmethylsterols.

Some sterols are widely distributed but others are chemotaxanomic markers.

The diatoms display considerable diversity in sterol composition, and given the
importance of diatoms as a source of organic matter in marine systems it is not
surprising that sediments display complex and varying sterol distributions.

Sterols derived from dinoflagellates are often major constituents of the sterol
distributions.

The sterol composition of dinoflagellates is dominated by 4a-methyl sterols, including
dinosterol (40,23,24-trimethyl-50-cholest-22E-en-3f3-ol) — often used as an indicator
of dinoflagellate inputs to sediments.

Sterols with a fully saturated ring system (50.(H)-stanols) often occur in dinoflagellates
but are not common in other marine microalgae. Hence dinos are the major direct
source of stanols to marine sediments, supplementing those formed by bacterial
reduction of stenols.

Other Steroids

Related compounds:

Steroidal ketones — primarily intermediates in the microbially or chemically mediated
degradation in sediments of stenols to sterenes. A direct biological source is also
possible.

Steroidal diols — one species of the genus Pavlova (Haptophyta) contains novel 3,4-
dihydroxy-4a-methyl sterols. Source specificity not yet known.
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Tetraterpenoids (C40)

A. Ether lipids
Occurrence:
Archaea
methanogens
thermoacidophiles
extreme halophiles
eurythermal archaeota
Function:
Membrane rigidifiers
Structure:

unusual linkage type (mainly head-to-head)

Ancient analogues:

head-to-head acyclic isoprenoid alkanes.

Focus of a separate lecture

Tetraterpenoids - B. Carotenoid pigments

Occurrence:

Universally distributed in all
photosynthetic organisms

Eunction:
Accessory pigments, antioxidants
Structure:

Many different structures (>100
identified to date)

Bacillophyceae
fucoxanthin
diadinoxanthin
diatoxanthin
B-carotene

Dinophyceae
peridinin

Ancient analogue:
B-carotane

T, action
" spectrum

rate of CO, fixation

c
£
o
w
Eu]
@ chlorophyll-a
=3 3
B i
2 V1 typical
2 ; 1 absorption
1 i ‘\EE minimum r;'
K s F \
B o
T T T
400 500 600 700

wavelength (nm)

Fig. 2,24 Light absorpuion characteristics of some
phaotosynthetie pigments and their relationship with

utilization of light energy during photosynthes:s {action

spectrum).
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Carotenoids

phryioens

p-canters

Ho”
[}
_on
astazanthin o
Ho” 9
o v
o
e ~
sol & 5
o' )
O=C,

yoopens

isorenioratens

HO

ocH

Because of their high degree of unsaturation, carotenoids are usually not well

preserved in the sedimentary record

Chlorophylls
Occurrence: Pt wew o
« Universally distributed in all Blorprytn
photosynthetic organisms g

Function:
¢ Used for photosynthesis

Structure:

«  All are tetrapyrroles =

¢ Chl-a,b,c1,2,3; al+a2; b1+b2, d,e, - B
oxygenic photosynthetic organisms 5 »

« bchl-a,b,c,d,e - bacteriochlorophylls v

Abundance: L0 7

» Ratio of carbon/chl = 60 for Foe
phytoplankton oo

Ancient analogue:

« Porphyrins were the first molecules to
be recognized in ancient sediments K
and petroleum as of biological origin - g
structurally related to chlorophylls
(Treibs, circa 1934). This was seen as = e " w
the beginning of organic geochemistry. fs2z7 «-
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Molecular (Bio)Markers

Haptophytes
BIE NS

Cyanobacteria
INIELEIEES

emmmd V1 Olecular Distributions Green sulfur-bacteria
emmd | SOtOpeE | Nfor mation
Emmd V] Olecular Transfor mations

Aerobic heterotrophs,
e.g. methanotrophic bacteria

Sulfate-reducing bacteria \/\/\)\/\/\/\/\'ro'*

Methanogenic/methanotrophic

OW archaea

OH

OH

Biomarker Properties

We can measure and utilise their:

* Precise molecular structures, including
stereochemistry

* Relative and absolute amounts

* Isotopic composition — C, H, N etc
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Biomarker Research Areas

¢ Petroleum Exploration

« Environments & Ecology, including anthropogenic effects (“environmental
forensics”)

« Palaeoenvironment Reconstruction & Climate Change,
- e.g. Palaeooceanography - Catastrophic events

¢ Carbon cycles studies

« Exploration of Biosphere — especially the Microbial World
- e.g. Extreme environments, deep biosphere etc.

« Evolution of the Biosphere, Origin of Life & Archaean Studies

¢ Meteoritics, Exobiology & Planetary Studies
- e.g. Moon, Mars

« Archaeology

The memory bank of The molecular
evolution mechanisms of Gaia

Environmenit

Morphology

Degraded — — — —sFossil record éh;lamla;
Brman

DNA (Genotype) does not interact with environment directly
* Preservation potential of DNA/RNA is very low
« Instead: study living and recent organisms and make phylogenetic tree.

Secondary metabolites (phenotype) interact with environment
* Check contemporary DNA tree for key genes controlling biosynthetic pathways
« Links of secondary metabolites to the environment inform us about their function
and can lead to selection of new biomarker proxies.
« Search fossil record for times of first appearance of the biomarkers

23



State of the Art: Integration of Lipid Biomarkers &
Molecular Biology

DNA and biomarker chemotaxonomy

RNA and DNA sequence analysis of Groups of
living organisms enables : C, HBI

Evolutionary trees to be constructed.

Specific Biochemical Pathways to be investigated for
their distributions in the Phylogenetic Group.
— E.g. Identifying the gene for the enzymes needed
to synthesise particular biomarkers, such as the
highly branched isoprenoid (HBI) compounds.

A prior limitation in assessments of the source specificity of lipid biomarkers
is that it has been restricted to studies of cultured organisms

DNA and biomarker chemotaxonomy.

When did the Rhizosolenid Diatoms Evolve?
(Sinninghe Damste et al. 2004 Science,304, 584)

. Rhizosolenid diatoms are a very successful group of marine diatoms.
They currently fix around half of the CO, flux in the oceans.
. They are the only Group of diatoms to make the HBI Biomarkers
— 150 Diatom Species analysed for Molecular Phylogeny and HBI
Production
—  The role of the HBIs in these Diatoms remains unknown!

. Their Evolutionary History certainly extends back millions of years.
Therefore, cannot use Fossil DNA but can use Biomarker
Distributions.
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DNA and biomarker chemotaxonomy.
When did the Rhizosolenid Diatoms Evolve?

Genomic analyses of living diatoms gives the Phylogenetic Tree in
which the deepest branching points for the Rhizosolenids can be
seen.

Analysis for HBI biomarkers of 81 well-dated petroleums and 700
ancient sediments, going back 0.7 Ma., reveals the first appearance
of the HBI at 91.5 Ma in the Upper Turonian.

So we can date the first appearance of the Rhizosolenids to 91.5 Ma,
based on the first occurrence of the HBI biomarkers.

Recovery of Fossil DNA from aquatic sediments

Ace Lake, Antarctica

unit |

100 — 4 —

unitll 7700, 1
125 1 4

sm\‘ h

unlllll¢ 10,450~ |
0 10 20 30 0 200400600800 O 1 2 0 500 10001500

TOC (wt %) Total Lipids Cholesterol Total DNA

(mg.g' TOC)  (mgg” TOC)  (ug.g™ TOC)

Fig. 3. Depth profiles of todal organic carbon (TOC) contents (weight percent), total lipid contents (milligrams per gram TOC), cholesterol as a
generic biomarker for overall algal productivity (milligrams per gram of TOC), and extractable DNA (micrograms per gram of TOC). Note that

DNA was extractable from even the decpest sediment
Coolen et al. 2004 EPSL 223, 225-239
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!i iE Ace Lake, Antarctica
A
1,3”—; 7 1 Source: 1
2700 P 1234 hapiophytes 234
unit | o 4 —s— Phylotypet | 1
55605
78] g 1
A
5900
100 g
unttlf g0,
128 8
y -
LA a0y (a) (b) (c)
o 20 0 o 2 4 (] 2 4 [ ]
Cypami DA of hapiophyte 1 Capu K
mvtmc;wl twgg™ TOC) (g Tm:ulu.

Recovery of Fossil DNA from aquatic sediments

Fig. 4. Stratigraphy of biomarkers of haptophytes (185 rDNA, alkenones [mK, methyl ketone; K., ethy] ketone], and alkenoates) recavered from the Holocene Ace Lake sediments.
() Quantity of Cyymk (mg g~ ' TOC). Comparable profiles were found for Cyy. mK., Caay and Cypa cK a5 well a3 Coy ethyl alkancates; (b) Quantity of 185 rDNA of haptophyte |

(phylotype |

Ving g ' TOCK, (c) quantity of Cyaq mK (mg g~ 'Tmcmkwmﬂmwrwcmml&,enwucumim () quantity of 185 rDNA

of haptephytes phylotypes 2 - —4 (g g ' sediment); (¢) separation of PCR-amplified 185 rDNA by DAGGE resulted in six fragments
with unhque melting positions (hapoplrytes |- enwnbudmﬂtﬂ} wsmue}mm-dmmmmm«mwnmmm

vertical lines indicate identical melting bebaviour of 1-4th

ghout the gel. For comparative analysis, PCR products of reference strains of the haptoplytes . galbana

CCMPI323 and E. huleyi str. LmwuyDoolzm;mmmmmmmumzm:hmmmwwwmuﬁ:m:
freshwater lacustrine period. Uit I1: due 10 the rising ses level caused by Holocene deglaciation, marine waters with haptophytes and distoms entered Ace Lake. Unit [ present-day
meromictic saline lacustring system with euxinic conditions as indicated by molecular remains of green salfur bacteria (Coolen et al., unpublished results).

Coolen et al. 2004 EPSL 223, 225-239

Recovery of Fossil DNA from aquatic sediments

Ace Lake, Antarctica

o
L T —]
1,280—
25
2,760—;
unit |
50 4
5,560— 5.
75 A n E
5,900 3
unit i
7,700 1"
125
9,400
unit ko,
150 T i T T T T
020406080100 O 20 40 80 0 2 4 6 8
alkenones and ONA of ONA of
alkenoates diatoms datoms
(mg.g'TOC) (vog TOC) (of total rONA)
Fig. 6. Abund of total alk and alk: (milligr per gram of TOC) and DNA of distoms expressed as micrograms per gram of

TOC and of total community DNA, DGGE results are shown illustrating the occurrence of high contents of DNA from a distom related 1o
Chaetoceros sp. in the core section deposited after 7700 years BP. Note that this diatom did not become abundant until after the haptophyte
populations waned.

Coolen et al. 2004 EPSL 223, 225-239
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Sterol biosynthesis is viewed primarily as a eukaryotic process, and
the frequency of its occurrence in bacteria has long been a subject
of controversy. Two enzymes, squalene moncoxygenase and ox-
idosqualene cyclase, are the minimum necessary for initial biosyn-
thesic of sterols from squalene. In this work, 19 protein gene

sequences for eukaryotic squalens mor ya and 12 p
a 445 amino acids 670 amino acids gene sequences for eukaryotic oxidosqualene cyclase were com-
pared with all available complete and partial prokaryotic genomes.

The only unequivocal matches for a sterol biosynthetic pathway
were in the protecbacterium, Methylococcus capsulatus, in which
w1 PHOS) |1 sterol biosynthesis is known, and in the planctomycete, Gemmata
funs_ (FADIRIB) 1 obscuriglobus. The latter species contains the most abbreviated
sterol pathway yet identified in any organism. Analysis shows that
the major sterols in are | ol and its unc
isomer, parkeol. Thera are no subsequent modifications of these
products. In bacteria, the sterol biosynthesis genes occupy a
contiguous coding region and possibly comprise a single operon.
Phylogenetic trees constructed for both enzymes show that the
sterol pathway in bacteria and eukaryotes has a common ancestry.
Fig. 1. Thesteralbiosymthesisgenes found in M. capsuiatus 2 and G obscuri It is likely that this contiguous reading frame was exchanged
2?::.: ﬁﬁmL.lgt::.ea:z;l:;ﬂ;:zigmcjxﬁ)halndhzl:i;r‘ﬂca;ﬁ:‘- between bacteria and early eukaryotes via lateral gene transfer or
Tanctional regiore 29 FSCS (pretesteryt caion aabiizing). PHOS (pyephes.  ENOOSymbiatic events, The primitive sterols produced by Gemimata
phata binding), and FAD,/RIE (FAD-ribityl binding) are discuissed in the text. suggest that this genus could retain the most ancient remnants of
the sterol biosynthetic pathway.

Phylogenetic and biochemical evidence for sterol
synthesis in the bacterium Gemmata obscuriglobus

Ann Pearson*!, Meytal Budin®, and Jachen J. Brocks*

15352-15357 | PNAS | December 23,2003 | wvol 100 | no.26

a 10099 L b

Intensity ——»

Time ———

Fig. 2. {a) Chromatogram of the sterol regicn of acid-hydrolyzed whole cells, showing lanosterol (L) and parkeol (P). Minor peaks are nonstersidal, with the
possible of the peak tothe right of parkeol, () Structure and mass spectrum (70 eV; 1V = 1.602 x 10" J) of parkeol as its trimethylsity|
dorlvative. See Figs. & and 7 and Table 3, which are published as supporting information on the FNAS web site.




A polycyclic terpenoid that alleviates oxidative stress

T. Bosak*", R. M. Losick*, and A. Pearson®

A o 2,
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1kb
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Fig. 1. Expression of sghC and the intracellular localization of SqhC. (4)
Organization of the sghC operon. Hairpin symbols represent transcriptional
terminators. (8) Acc lor Bg

expressed from PaghC-iacZ in awild-type strain {amyE: Panc-lacZ, TB12; open
cliamond) and in a strain lacking the sporulation-dependert RNA palymerase
subunit of but harboring PsqhC-/acZ (spollGA:tet, amyE:Pigac-iacZ, TE1;
filled! square). Sampleswers collected at the indicsted times after the begin-
ning f sporulation thaur 0). Error bars correspend ta e emer on the mean
valug from triplicate samples. (C) Fluorescence micrograph of representative
cells producing green fluoreseent protein (GFF) fused in-frame to the €
terminus of SqhC {amyE: PuspanicshaC-gfp, TB20) 4 h after the beginning of

PNAS | May 6,2008 | vol. 105 | no.18 | 6725-6729

Polycyclic terpenoid lipids such as hopanes and steranes have been
widely used to understand ancient biology, Earth history, and the
oxygenation of the ocean-atmosphere system. Some of these
lipids are believed to be produced only by aerobic organisms,
whereas others actually require molecular oxygen for their bio-
synthesis. A persistent question remains: Did some polycyclic lipids
initially evolve in response to certain environmental or metabolic
stresses, including the presence of oxygen? Here, we identify
tetracyclic isoprenoids in spores of the bacterium Badillus subtilis.
We call them sporulenes. They are produced by cyclization of
regular polyprenes, a reaction that is more favorable chemically
than the formation of terpenoids such as hopanoids and steroids
from squalene. The simplicity of the reaction suggests that the B.
subtilis cyclase may be analogous to evolutionarily ancient cycla-
ses. \We show that these molecules increase the resistance of spores
to a reactive oxygen species, demonstrating a specific physiological
role for a nonpigment bacterial lipid biomarker. Geostable deriv-
atives of these compounds in sediments could thus be used as

the sperulation. The expression of the fusicn was driven by 1 mM IPTG 2.5 h direct indicators of oxidative stress and aerobic environments.
after the induction of sporulation. (D) The same field of view as in C in
transmitted light.

g -
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= | Mutart °
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3437 38.83 E o T—R=¥ A
Time {min) o 2 4
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C &=
_>§ w4 | 1 Fig. 3. Spores containing sghC are more resistant to hydrogen peroxide.
3 1 Wild-type colorimetrically marked cells {amyE::PSpac-lacZ) (TE38) and cells
E g . 5;" I lacking sqhC (AsqhC AsodF:tet) (TE10) were mixed In 10:90 initial ratio in
22 L.,w.;&,, liquid sporulation medium. Purified spores were treated with heat and hy-
£l = . drogen peroxide. Asmall aliguot of spores was used to determine the ratio of

Time: (emin) wild-type and mutant cells in the population and the rest was used to

Flg. 2.  SghC produces polycyclic terpenclds. {4) Total lon chromatogram of  Inoculate the next cyde of the experiment for eight consecutive cycles. The
the lipld extract of wild-type spores (PY79), Three conspicucus peaks (1, Il and  treatment included the incubation of spores in the presence of 1% H;0, (open
W} were never present in the extracts of the strain lacking SqhC {AsghC  squares) and the absence of HyO; (filled triangles). The same experiment was
AsodF:tet, TR10). (B) Acycllc tetraprenyl curcumenes (W and V) were abun-  repeated with a mixture of TB38 cells and cells mutant for sghC and sodf that
dant inthe spores of both strains. (C) The radicactivity of eighty lipid fractions  contained a functional copy of sghC (asghC AsooF:tet, thrC:PsghC-sghC)
extracted from the cell lysates of the strain overexpressing SqhC (AsghC  (TB71, filled squares). The observed trend was not influenced by the presence
AsodF:itet amyE:PHyperspank-sghC, TB28; filled diamond) and the strain  of the gene encoding for the colorimetric marker facZ (Fig. $5).

mutant for sghC (TE10; open triangle) after incubation with *H.EPP. Fractlons

derived from TB28 that contained -l were three times as radioactive as the

corresponding fractions derived from TB10 (*). These fractions from TB10 still

contained a nonnegligible amount of radioactivity that is probably due to the

presence of unidentified polyprenoid lipids other than L. (D) Structure of

acyelic C-35 polypi -Cure (V) detected in the spores
of B. subtiiis both in the presence and the absence of the putative cyclase. (£)
Structureof acyclic C-35 polyp id tetraprenyl-g-curc V) detectedin
the spores of B, subtilisinthe p rvd the b fthe putative cyclase,

(F) Prepesed structure of isomer (II) of tetracyclic C-35 pelyprencids. lsemers
I-lll are detected only in B. subtilis spores that contained the putative squalene

hopene cyclase.
PNAS | May 6, 2008 | vol. 105 | no. 18 | 6725-6729




Summary:
The Biological Precursors...

Q@JY @ Eucarya
@ Animals Flagellates (jéj\gw)\/(
Fung)iijé:\hﬁ\( o

Diplomonads
Green non-sulfur
bacteria A rC h ae a
W Gram positive Sulfolobus ,_/(,_/\NWWW—C{
3 bacteria Desulfurocofcus

Purple sulfur bacteria
on Nitrospira
—> Cyanobacteria

Thermotoga!

Thermoproteus EOJY"Y"Y"Y
Pyrobaculum
Methanobacterium

Green sulfur Thermoplasma

bacteria Archaeoglobus
Methanopyrds Halobacterium
Methanococcs
EOH Aquifex Methanosarcina
O~ Adon~y
oA

rRNA tree modified after Woese

Biomarker Molecules in the Biosphere & Geosphere

Biosphere e.g. cholesterol

Organisms synthesise molecules

with highly ordered hydrocarbon skeletons,
often carrying several functional groups
containing O,N atoms etc.

HO

Geosphere

Sedimentary compounds often e.g. cholestane
defunctionalised as parent hydrocarbons

with same carbon skeleton.
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Hopanoids - The ‘Most abundant natural products on Earth?’

Almost exclusively

aerobic bacteria Hopanes

Diagenesis

Methanotrophic

bacteria 3-methylhopanes

Cyanobacteria
2-methylhopanes

...and their Molecular Fossils

OgﬁY dgﬁ Eucarya
@ Animals Flagellates (@\(
Microsporidia Plants .

Diplomonads

Bacteria

[
“e Green non-sulfur A rc h aea
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B e e
0 Gram positive
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—> Cyanobacteria
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Thermotoga sThermoproteus

Pyrobaculum
Methanobacterium

Green sulfur Thermoplasma

bacteria

Methanopyrds Halobacterium

Methanococcs

Aquifex Methanosarcina
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The Microbial Record In The Geosphere

GENOMIC MOLECULAR MORPHOLOGY YEARS
RNA DNA IPL PL HC CELLS
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