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ABSTRACT

Marine archaea are ubiquitous and abundant in the modem oceans and have a
geologic record extending >100 million years. However, factors influencing the
populations of the major clades - chemolithoautotrophic Marine Group I
Thaumarchaeota (MG-I) and heterotrophic Marine Group II Euryarchaeota (MG-II) -
and their membrane lipid signatures are not well understood. Here, I paired techniques of
organic geochemistry and molecular biology to explore the sources and significance of
archaeal tetraether lipids in the marine water column. Using metagenomics, 16S rDNA
pyrosequencing, QPCR and mass spectrometric analyses, I found that uncultivated MG-IL
Euryarchaeota synthesize glycerol dialkyl glycerol tetraether (GDGT) lipids - including
crenarchaeol, previously thought limited to autotrophic Thaumarchaeota. This finding
has important implications for paleoenvironmental proxies reliant upon GDGTs.

To investigate the effects of organic matter and bicarbonate + ammonia
amendments on archaeal tetraether lipids and microbial community composition, I
conducted large scale microcosm experiments. Experimental conditions did not promote
the overall growth of archaea, but several changes in tetraether lipid abundance and
relative ring distribution suggest that future incubation labeling studies using whole
seawater may be valuable in probing the metabolism of individual archaeal clades in
mixed populations. A rapid decrease in GDGT concentrations was observed within the
first 44 h of the experiment, suggesting that the residence time of these compounds in the
open ocean may be short. Changes in functional gene representation and microbial
community composition over the course of the experiment provide potential insight into
mechanisms of copiotrophy and the identity of bacteria that may degrade GDGTs.

Finally, I present the results of a study of the sources and patterns of bacterial and
archaeal GDGTs detected in the Lost City Hydrothermal Vent Field. Branched GDGTs,
generally considered markers of terrestrial input to marine sediments, were detected in
carbonate chimneys of this alkaline site near the mid-Atlantic Ridge. A relatively
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uncommon H-shaped GDGT was also present, and appears to be a marker of
hydrothermal archaeal input rather than a mesophilic euryarchaeotal signal.

Taken together, the work presented in this thesis emphasizes the necessity of
understanding the biological underpinnings of archaeal lipids in the environment,
increasingly used as biomarkers in microbial ecology and paleoenvironmental
reconstruction.

Thesis Supervisors:

Roger E. Summons
Professor of Geobiology
Department of Earth, Atmospheric and Planetary Sciences

Edward F. DeLong
Morton and Claire Goulder Family Professor in Environmental
Systems
Department of Civil and Environmental Engineering
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Chapter 1

Introduction

Microbes have driven fundamental cycles of matter and energy on Earth for

billions of years. They sometimes leave a record of their activity in the form of fossil

organic molecules -biomarkers-that can be valuable tools for understanding the

environments that they have helped to shape. Interrogation of the biomarker record

has provided information about pivotal events and processes in Earth history, such

as mass extinction mechanisms (Grice et al., 2005), the rise of atmospheric oxygen

(Summons, Jahnke, Hope, & Logan, 1999), and the evolution of eukaryotes (Brocks,

1999). The sedimentary record is, however, imperfect; only a small fraction of

organic matter is preserved, and it is preserved and transformed with bias. In

addition to such geological caveats, an incomplete understanding of the biosynthesis,

phylogeny, and environmental distributions of many biomarkers can also hinder

our ability to interpret and employ them with confidence. Continued investigation

of these factors is important for validating the assumptions that underlie specific

biomarker applications, refining their utility, and, ultimately, leading to a more

robust toolkit for paleoenvironmental and ecological studies.

In this thesis I have sought to improve our understanding of a ubiquitous yet

enigmatic class of microbial biomarkers: tetraether membrane lipids of marine

archaea, collectively termed glycerol dialkyl glycerol tetraether (GDGT) lipids (Fig.

1). Since the discovery that members of the domain Archaea are widespread in the
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oceans (Delong, 1992; Fuhrman, 1992), numerous studies have confirmed their

abundance. Once thought to be obligate extremophiles requiring high temperatures,

acidic environments, or hypersaline conditions, archaea are now known to be

cosmopolitan. Cultivation-independent surveys revealed that archaea inhabit all

marine environments, spanning the euphotic zone (Frigaard, Martinez, Mincer, &

Delong, 2006), the mesopelagic (Karner, Delong, & Karl, 2001; Massana, Murray,

Preston, & DeLong, 1997), and the benthos (Biddle et al., 2006). Their range

includes tropical to polar and coastal to oligotrophic waters.

Archaea synthesize ether-linked isoprenoidal lipids that contain 2,3-sn-

glycerol stereochemistry rather than bacterial 1,2-sn-glycerol (Fig. 2). Tetraether

forms of these lipids (GDGTs) have been detected as frequently in the modern

oceans as archaeal nucleic acids (Schouten, Hopmans, & Damst6, 2012), and their

presence in black shales (Kuypers et al., 2001) provides evidence that archaea have

been active in the oceans since at least the mid-Cretaceous. Generally, marine

GDGTs are assumed to be derived from chemolithoautotrophic Marine Group I

Thaumarchaeota (MG-I; (Schouten et al., 2012), but the possibility that Marine

Group II Euryarchaeota (MG-Il) also contribute to the GDGT pool has been raised

(Turich et al., 2008; Turich, Freeman, Bruns, & Conte, 2007) and debated (Schouten,

van der Meer, Hopmans, & Damst6, 2008).
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Fig. 2. Features distinguishing archaeal and bacterial membrane lipids.

(Valentine, 2007).
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In the time since GDGTs were first identified in the oceans (DeLong et al.,

1998), these compounds have been analyzed with increasing frequency in the water

column and sediments. Such exploration and expansion was fueled in large part by

the popularity of the TEX86 (tetraether index of 86 C atoms) paleotemperature

proxy that is based on sedimentary distributions of individual GDGTs with different

numbers of cyclohexane moieties (Schouten, Hopmans, Schefufg, & Sinninghe

Damste, 2002). Core-top calibration studies show a strong correlation between

TEX86 and sea surface temperature (Kim, Schouten, Hopmans, Donner, & Sinninghe

Damst6, 2008), but the mechanisms underlying the proxy are poorly understood

(Pearson & Ingalls, 2013).

A second major motivation for measuring GDGTs is to understand the in situ

ecology and metabolism of uncultivated marine archaeal clades. Carbon isotopic

studies have been especially useful in that regard, yielding an estimate that marine

archaea are 83% autotrophic at depth (Ingalls et al., 2006).

To date, both ecological and paleoenvironmental studies employing GDGTs

have generally assumed that MG-I are their primary or even exclusive source in the

marine environment (Schouten et al., 2012). Tetraether lipid biosynthesis is,

however, widespread among the archaea (Fig. 3) and the trait occurs in the

Thermoplasmatales, the closest relatives of MG-II.

The question of whether MG-I, MG-I or both groups synthesize GDGTs is

critical because these groups are very different: MG-I are chemolithoautotrophs,

fixing carbon via energy obtained from the oxidation of ammonia (K6nneke et al.,
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2005), while MG-II appear to be strictly heterotrophic (Iverson et al., 2012).

Understanding what factors drive each population should thus provide insight into

global carbon cycles in which marine archaea must be significant agents, if only by

virtue of their abundance and ubiquity.
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base frequency filter ignoring positions in which special characters and ambiguity codes
appear most often. Green lines indicate clades within which at least one member is known to
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Thesis foci

In this thesis I have used an interdisciplinary approach to investigate the sources

and significance of marine archaeal lipids in the water column. Specifically, I have

tried to address the following questions using tools of molecular biology,

metagenomics and organic geochemistry.

(1) What factors influence the distribution of MG-I and MG-II, the two most

abundant groups of marine archaea?

(2) Can the lipids of Marine Group I Thaumarchaeota and Marine Group II

Euryarchaeota be deconvolved? Are there any lipid motifs unique to either

group?

(3) What are the responses of MG-I and MG-I to organic matter and bicarbonate

amendments, and are they reflected in the lipid composition? Is it possible to

induce a community shift toward either group in bulk seawater? Can changes

in the composition and metagenome of the broader microbial community

be informative about the fate of GDGTs?

(4) What are the sources of tetraether lipids in alkaline hydrothermal vent

system, how should they be interpreted, and what are the implications for

vent ecology and paleoproxies?
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In Chapter 2 1 address 1-2 in a study of a depth profile of size-fractionated

suspended particulate organic matter collected in the North Pacific Subtropical Gyre

using 16S rDNA amplicon sequencing, QPCR, metagenomics and lipid analysis. MG-

II was most abundant at shallow to intermediate depths, more diverse than MG-I,

and may show a slightly greater tendency toward particle association. Most

significantly, I present evidence that MG-I synthesizes GDGTs, including

crenarchaeol - until this work, a biomarker thought to be exclusive to MG-I.

In Chapter 3 I address 1-3, finding that an organic matter amendment

appeared to induce both an archaeal community shift and a change in the GDGT

composition of a microcosm experiment. These changes were somewhat difficult to

interpret. However, by demonstrating the power of an approach pairing

metagenomics and lipid analysis to address this problem, I have laid the

groundwork for future studies. Tracing functional genes along with community

composition and lipids, I found potential insight into the sinks for GDGTs, as well as

surprisingly high degradation rates (a 43% loss in 44 h). This finding has important

implications for the interpretation of GDGTs in the water column, suggesting that

"fossil" GDGT forms (lacking a polar head group) may be more closely linked to

living archaeal populations than previously thought.

In Chapter 4 1 address 4 and 1. Branched (bacterial) and archaeal GDGTs

including crenarchaeol were detected in carbonate chimneys of the Lost City

Hydrothermal Vent Field, the most alkaline system in which branched GDGTs have

been reported. These compounds, thus, are not strictly associated with acidic
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environments and not likely to be derived from terrestrial soil bacteria in all cases.

These results have implications for paleoproxies that use branched GDGTs to

determine the amount of terrestrial input to marine sediments. When possible,

GDGTs in this study were tentatively assigned to source microbes.

Taken as a whole, the work presented here emphasizes the necessity of

understanding the biological bases and sources of biomarkers used in geochemical

applications. Experimental research in environmental microbiology, linked with

geochemical measurements, holds promise for efforts to understand drivers of

marine archaeal populations and the biomarker legacy they leave in the geologic

record.
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Chapter 2

Planktonic Euryarchaeota are a major source of
archaeal tetraether lipids in the ocean

Abstract

Archaea are ubiquitous marine plankton, and the presence of fossil forms of their
tetraether membrane lipids in sedimentary rocks indicates their active participation
in marine biogeochemical cycles for more than 100 million years. Cultivation-
independent surveys have identified four major clades of planktonic archaea, but to
date tetraether lipids have been characterized in only one, the ammonia-oxidizing
Marine Group I Thaumarchaeota (MG-I). The membrane lipid composition of the
other planktonic archaeal groups - all uncultured Euryarchaeota - is unknown.
Using 16S rDNA pyrotag sequencing, metagenomics, qPCR, and mass spectrometric
analyses, we found that Marine Group II Euryarchaeota (MG-II) contributed
significantly to the tetraether lipid pool in the North Pacific Subtropical Gyre at
shallow to intermediate depths. Both MG-I and MG-lI DNA were most abundant in
the small size fraction of suspended particulate matter (SPM), while tetraether
lipids were concentrated in the large fraction, suggesting both groups are
predominantly free-living and that aggregation of detrital cell material into larger
SPM is a likely pathway for tetraether lipid export. Our data also suggest that MG-I
synthesize crenarchaeol, a tetraether lipid previously considered to be diagnostic
for Thaumarchaeota. Metagenomic datasets spanning five years indicated that the
stratification of planktonic archaeal groups is a stable feature in the NPSG. The
consistent predominance of MG-I at depths at which the bulk of exported organic
matter originates, together with their broad distribution across diverse
oceanographic provinces, suggests they are a significant source of tetraether lipids
to marine sediments. These findings have important implications for the use of
archaeal lipids in microbial ecology and their interpretation in the geologic record.

* For submission to Proceedings of the National Academy of Sciences of the United
States of America, August 2013.

Lincoln, S.A., Wai, B., Church, M.J., Summons, R.E., and DeLong, E.F., 2013. Planktonic
Euryarchaeota are a major source of archaeal tetraether lipids in the ocean.
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Since their discovery in the oceans (1, 2), ubiquitous planktonic archaea have

been recognized as important agents in global biogeochemical cycles. Although few

representatives of marine archaea have been isolated, cultivation-independent

methods have provided considerable insight into their abundance and ecological

distributions. In addition to phylogenetic and metagenomic surveys, organic

geochemical studies have detected distinctive archaeal tetraether membrane lipids

(Fig. Si) throughout the oceans. These compounds, collectively referred to as

glycerol dialkyl glycerol tetraethers (GDGTs), have been useful as tracers of archaeal

biomass (3) and, via their isotopic composition, have provided new information

about archaeal community carbon metabolism (4-6). GDGTs are relatively

recalcitrant; they can be exported with little alteration to marine sediments, where

their distributions have been exploited to develop proxies for reconstructing sea

surface temperature (7) and terrigenous organic matter input (7, 8). On the basis of

GDGT abundances in a black shale dated at 112 million years (9), it was suggested

that archaea have been significant members of marine ecosystems since at least the

Mesozoic Era.

Although tetraether lipids are employed with increasing frequency in

paleoceanography and microbial ecology, their specific sources in the water column

have not been well constrained. Of the four groups of planktonic archaea identified

in the oceans, representatives of only one - the Marine Group I (MG-I)

Thaumarchaeota (1, 10, 11), previously classified as Crenarchaeota - have been

isolated. All MG-I strains isolated to date are chemolithoautotrophic, fixing
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inorganic carbon using energy obtained from the oxidation of ammonia to nitrite

(12). Recent evidence suggests that MG-I contribute to the flux of potent greenhouse

gases nitrous oxide (13) and methane (14) from the water column to the

atmosphere. The membrane lipid assemblage of MG-I Thaumarchaeota includes

GDGTs with 0-4 cyclopentyl moieties and crenarchaeol, a GDGT containing one

cyclohexyl and 4 cyclopentyl moieties (15). Crenarchaeol has been considered

uniquely diagnostic for Thaumarchaeota (16) and, by extension, has been

postulated as a biomarker for archaeal nitrification (17).

In addition to MG-I Thaumarchaeota, three other groups of archaea - all

Euryarchaeota - have been reported in the marine water column: Groups 11 (1), III

(2), and IV (18). Of these, Marine Group II Euryarchaeota (MG-Il) are the most

abundant and frequently detected, spanning a wide range of depths in diverse

oceanographic provinces including the oligotrophic North Pacific Subtropical Gyre

(19, 20); coastal California (21-23); the North Sea (24); Arctic (25, 26) and Antarctic

(27-29) waters; the coastal Mediterranean Sea (30); the eastern tropical South

Pacific oxygen minimum zone (31); waters surrounding a tropical atoll (32); the

deep North Atlantic (33); and the East China Sea (34). The potential contribution of

this cosmopolitan group to the marine tetraether lipid pool has been debated (35-

38), but the lack of cultivated representatives of MG-I precludes direct analysis of

their membrane lipids, and incomplete knowledge of the genetic basis of archaeal

tetraether lipid biosynthesis limits the ability of metagenomic studies to address

this question. High genetic diversity within MG-I (25) can also complicate efforts to
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target them using group-specific probes. Despite these challenges, accurate

characterization of the full archaeal community is vital for understanding the

biological sources of GDGTs and interpreting their occurrence in the water column

and sedimentary record.

We approached this problem using 16S rDNA pyrosequencing, qPCR and

metagenomics to characterize archaeal community composition and link it to

tetraether lipid distributions measured in size-fractionated suspended particulate

matter in the North Pacific Subtropical Gyre (NPSG).

Results and discussion

Suspended particulate matter (SPM) for this study was collected in the NPSG

in September 2011 using in situ pumps deployed at depths ranging from 11 to 559

m (Fig. S2-S3). SPM was fractionated into two size classes (0.3-3 ptm and 3-57 p1m)

in an effort to separate the archaeal community into free-living and particle-

associated/detrital components. Lipids and DNA (Fig. S4) were extracted from the

same filters to facilitate comparison of GDGT and genetic datasets.

Stratification of archaeal phyla

To determine archaeal community composition we pyrosequenced

amplicons of the V1-V3 region of the 16S rRNA gene in filter DNA. Data analyses

focused on samples from 8 depths that yielded >1000 amplicons in each size

fraction (Fig. S5-S6, Table Si), along with the 0.22-1.6 pm size fraction from 800 and

1000 m. In total this sample set contained 323,924 archaeal amplicon sequences
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after curation for quality control (removal of duplicate sequences and 454 artifacts).

These sequences were clustered into 4900 operational taxonomic units (OTUs) at

the 97% identity level using QIIME (39). Taxonomic assignments were made by

comparison to the ARB-SILVA SSU reference database using BLASTn.

The 10 most prevalent OTUs across the entire dataset, each representing

>2000 amplicon sequences, were all assigned to either the Thaumarchaeota

(primarily MG-I) or MG-I Euryarchaeota (Fig. 1). Among the Thaumarchaeota, OTU

4 was predominant in both size fractions of SPM and represented a higher percent

of total archaeal OTUs with increasing depth. At 1000 m, however, OTU 1 had a

higher relative abundance than OTU 4, and OTU 3 rose in abundance. This shift in

prominent phylotypes is consistent with previous reports of genetic diversity of

Thaumarchaeota in depth profiles (22).

In sharp contrast to Thaumarchaeota, MG-Il represented a higher proportion

of total archaeal OTUs at shallower depths, and the MG-I population was not

dominated by a single phylotype (Fig.1). Rather, 4 OTUs - numbers 5,6,8, and 9 -

were abundant in the 131 and 157 m samples, and OTU 9 became more prominent

with depth. This intra-group stratification may reflect niche partitioning, with

ecotypes bearing the light-driven proton pump proteorhodopsin (40, 41) inhabiting

the photic zone, and eurybathyl ecotypes lacking proteorhodopsin dominating the

MG-I community in the mesopelagic zone. Patterns of MG-I OTU abundance also

vary between size classes; at 131 m, for instance, OTU 6 is more highly represented

in the 3-57 ptm fraction than in the 0.3-3 [im fraction. Potential explanations include
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variations in ecotype cell sizes and possible free-living vs. particle-associated modes

of existence.

Representative sequences of the 20 most prevalent OTUs and their three

nearest neighbors from the ARB/SILVA rRNA database were aligned and a

phylogenetic tree (Fig. 1) inferred. With the exception of a single sequence most

closely related to Marine Benthic Group A Thaumarchaeota, all of the top 20 OTUs

clustered with either MG-I or MG-IL. Within MG-I, most OTUs were grouped with

sequences from previous water column studies rather than sequences of isolated

MG-I strains; only one OTU appeared to be closely related to Nitrosopumilus

maritimus.

The near-binary nature of the archaeal community in the sample set enabled

quantitative estimation of the MG-I population. We used community composition

data derived from amplicon sequences and MG-I cell densities inferred from qPCR

experiments to infer MG-I cell densities (Fig. 2A-B). MG-II vastly outnumbered MG-I

throughout the photic and upper mesopelagic zones, becoming less abundant than

MG-I below 268 m and 440 m in the small and large size fractions, respectively.

Overall, MG-I and MG-I distributions were very similar to those reported in a

previous NPSG study (42) in which MG-II rRNA-containing clones constituted a

higher percent of the fosmid library than MG-I clones at 10-500 m, and peaked at

130 m. Inferred MG-I cell densities peaked at 4.2 x 106 cells/L at 157 m; this was 4

times the maximum MG-I density measured (at 440 m). We estimated that MG-II

were approximately 2% of total heterotrophic microbes at 157 m.
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MG-I and MG-Il were both more abundant in the 0.3-3 [tm than the 3-57 pm

size fraction, consistent with a predominantly free-living existence. The two MG-I

profiles (Fig. 2A-B) each showed a gradual increase in cell density with depth,

possibly indicating that a small percent (10-15%) of a predominantly free-living

Thaumarchaeotal population is consistently captured on the large filters during

sampling or incorporated into aggregates in the water column. Some fraction of

DNA in the large size class may be derived from dormant or dead but intact cells

that have been incorporated into larger particles, but nucleic acid degradation is

expected to be rapid in the oligotrophic ocean.

MG-II profiles, unlike those of MG-I, differ between size fractions, with the

cells captured on the large filter ranging from 2-90% of the total MG-II detected at a

given depth. This high variability may be related to differences in cell size and the

extent of particle association between ecotypes, as MG-II have been reported to be

pleomorphic and larger than MG-I cells. We cannot, however, exclude a role for

differences in the concentration, size and coherence of particles over the depth

profile.

Tetraether lipid distributions and partitioning

Core GDGT molecules (Fig. Si) are composed of two isoprenoidal C40

hydrocarbon cores linked to glycerol by ether bonds at each end. Many GDGTs

contain internal cyclopentyl moieties, and crenarchaeol has an additional 6-

membered ring (Fig. Sl). In intact polar lipid (IPL) GDGTs glycerol is linked to polar

head groups, which are often hexose moieties (Fig. 2E). Because polar head groups
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have been found to degrade rapidly after cell death (43, 44), IPLs are generally

considered indicators of live biomass; only a small proportion of GDGTs in live cells

are thought to exist as free core GDGTs. Sample processing, storage and analysis

may also convert some IPL GDGTs to cores.

We measured core GDGT concentrations in lipid extracts using high

performance liquid chromatography - atmospheric pressure chemical ionization

(APCI) mass spectrometry (45, 46). Free core GDGTs (Fig. 2 C-D) were most

abundant in the large size fraction, where their concentrations ranged from 16-490

pg/L. They reached an upper water column maximum at 331 m but the highest

concentration was measured at 559 m. Similar partitioning, with a higher

proportion of core GDGTs detected in the larger size fraction, was reported in a

study of size-fractionated SPM collected in Puget Sound (47). In the small size

fraction NPSG samples free GDGT concentrations were 1-20 pg/L and peaked at 157

m. Notably, 157 m is the depth at which MG-II were inferred to be most abundant.

Marine euryarchaeota contain crenarchaeol and other tetraether lipids

To investigate the influence of archaeal community composition on the

composition of GDGT pools, we focused on two small size class samples that were

dominated by either MG-I or MG-Il: 131 m, in which 98% of amplicon sequences

were identified as MG-II; and 559 m, in which 83% of the amplicon sequences were

identified as MG-I.
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Several series of very late eluting peaks were prominent in extracted ion

chromatograms of masses corresponding to GDGTs 0-3 and crenarchaeol in both of

these samples (Fig. 3, Fig. S7), but were absent from most other small size class and

all large size class samples. Within each series, the order of retention times was

identical to that of commonly detected free GDGTs. Because they eluted at the stage

of analysis at which HPLC eluents are most polar, we postulated that these peaks

represented IPL GDGTs that lost their head groups during in-source fragmentation

in the mass spectrometer. A hydrolysis experiment supported the IPL GDGT

hypothesis: after the extracts were treated with hydrochloric acid (48), the late-

eluting peaks disappeared and the peak areas of core GDGTs increased (Fig. 3, Fig.

S7). This difference was most pronounced in the 131 m sample, in which

concentrations of IPL-bound GDGTs including crenarchaeol (Fig. 2C) exceeded those

of free core GDGTs by more than an order of magnitude.

Variations in head group structure and composition are likely to cause the

observed chromatographic separation of putative IPLs with identical core GDGTs,

resulting in the multiple series of late eluting peaks observed in these two samples.

To investigate head group composition, we used the core GDGT method (using

atmospheric pressure chemical ionization (APCI)) to analyze several environmental

extracts in which IPL GDGTs with either glycosyl or phosphatidyl head groups were

previously detected using established electrospray ionization (ESI) methods for IPL

analysis (49, 50). Only monoglycosyl GDGTs appeared in the analytical window,

creating late-eluting peaks with retention times similar to those seen in our two
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NPSG samples. Thus, these samples likely contain IPL GDGTs with several different

hexose isomers as head groups. We cannot, however, exclude the possibility that

they also contain more polar IPL GDGTs that are outside the window of detection of

the core method.

The identification of monoglycosyl crenarchaeol in the 131 m and 559 m

samples was confirmed by measurements using an established IPL method (50) on

an accurate-mass quadrupole time of flight mass spectrometer (Fig. S8). This IPL

method could not resolve the putative diversity of GDGT head groups detected using

the extended core GDGT method, so the latter may prove useful in further

exploration of the identity of these polar moieties.

Several lines of convergent evidence indicate that MG-II Euryarchaeota are a

major source of tetraether lipids in the NPSG. First, IPL-bound GDGTs, established

biomarkers for living archaea (49, 51-53), were detected in the sample collected at

131 m depth, where the archaeal community was comprised nearly exclusively of

MG-Il. Second, free core GDGTs were detected in both SPM size fractions at multiple

depths at which MG-I predominated (Fig. 2). Although the majority of free core

GDGTs are likely derived from membranes of dead cells, the shared maxima of

GDGTs and MG-Il cell densities at 157 m suggests a close connection between these

core GDGTs and live cells. The free core GDGT pool in this sample may be dominated

by GDGTs from MG-I cells that have recently died, perhaps even as a result of

physical and chemical stress induced by filtration and exposure to enzymes in

organic matter concentrated on filters during pump deployments. Minor
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contributions from core GDGTs associated with viable cells or dissociated from

detrital cell matter in the larger size fraction are also possible. In any case, free core

GDGTs detected in a given sample must be derived from archaea that lived at or

above the depth at which it was collected.

NPSG distributions of MG-I and MG-II similar to those determined from

amplicon data were reported in a previous study using samples collected in 2002-

2004 (42); this continuity suggests that the pattern of MG-I dominance in the upper

open ocean is not ephemeral. To improve the temporal resolution of the historical

record, we queried datasets from four metagenomic profiles and one

metatranscriptomic profile generated from SPM collected in the NPSG between

March 2006 and September 2009. This approach was greatly facilitated by the

addition of the first fully assembled MG-I metagenome (41) to the reference

database. Subsequent analysis of the relative contributions of Euryarchaeota and

Thaumarchaeota to total protein-coding reads (Fig. S9) revealed a pattern similar to

that seen in the amplicon dataset. Thus, consistent depth distributions determined

from fosmid, amplicon and metagenomic datasets generated from samples spanning

nearly a decade all indicate that Euryarchaeotal dominance in the upper ocean is a

permanent feature in the NPSG.

Our finding that Euryarchaeota are a major source of GDGTs in the marine

water column is in retrospect not so surprising, considering that tetraether lipid

biosynthesis - a broadly but not universally distributed trait among Euryarchaeota
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- is ubiquitous among the Thermoplasmatales (54), the cultivars most closely

related to MG-Il.

Biosynthesis of crenarchaeol by MG-I was previously proposed on the basis

of water column GDGT distributions (38, 55). Although it has been postulated as a

biomarker for archaeal nitrification, to date there is no evidence of molecular

interactions between crenarchaeol and the membrane-bound enzyme ammonia

monooxygenase that catalyzes ammonia oxidation. A role for the cyclohexyl moiety

in maintaining tetraether membrane fluidity at low temperatures, possibly enabling

the expansion of thermophilic MG-I from hydrothermal environments to the open

ocean, was proposed (9, 56) but countered by the subsequent detection of

crenarchaeol in hot springs (57, 58) and thermophilic MG-I isolates (17, 59). The

richest and most robust biomarkers are those that can be linked to physiological

processes in known taxa; in the case of crenarchaeol no such connection has been

established, and the molecule now appears to be less taxonomically specific than

previously thought.

Although crenarchaeol biosynthesis has been confirmed in MG-I isolates (e.g.

15), determining its sources - and sources of other tetraether lipids - in the

environment has been challenging. Previous studies examining correlations

between crenarchaeol and MG-I 16S or amoA gene transcript copy numbers were

likely compromised by an early focus on core rather than IPL GDGTs and the use of

filters with different pore sizes for collection of lipids and nucleic acids or cells for

fluorescence in situ hybridization. More importantly, few studies have attempted to
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quantify MG-IL or characterize the broader archaeal community in conjunction with

lipid studies, missing information vital to efforts to evaluate potential contributions

of diverse members of heterogeneous marine archaeal populations to the GDGT

pool. The absence of an apparent correlation between community composition and

the relative proportions of individual GDGTs detected in this study (Table 1)

suggests that it may not be possible to structurally deconvolve marine planktonic

GDGT pools in the case of mixed archaeal populations.

Geological and ecological implications

Together with the widespread predominance of MG-IL in the epipelagic zone,

where exported GDGT signals have been reported to originate (60, 61), our finding

that MG-IL are a source of tetraether lipids suggests that a significant percent of

GDGTs delivered to sediments may be synthesized by Euryarchaeota rather than

Thaumarchaeota. This paradigm shift has important implications for the

interpretation of archaeal tetraether lipids in the geologic record.

A recently developed paleotemperature proxy, TEX86 (tetraether index of 86

carbon atoms), relies on an empirical relationship between sea surface temperature

(SST) and relative abundances of GDGTs in sediments that are presumed to be

derived from planktonic Thaumarchaeota (7, 62). Although TEX86 is now widely

used in paleoceanography and core top calibration studies have found correlations

between temperatures inferred with it and SSTs to be strong (62), mechanisms

underlying the proxy remain poorly understood (63). One critical but as yet

unresolved issue is how SST signals can be closely reflected in the membrane lipid
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composition of planktonic Thaumarchaeota, which are typically less abundant in

epipelagic than mesopelagic waters, where less exported organic matter originates.

Tetraether lipid biosynthesis by MG-II provides a possible solution: if temperature

affects the membrane lipid composition of MG-Il, MG-II GDGTs are more likely than

those of deeper-dwelling MG-I to reflect sea surface temperatures. Significant

physiological differences between the groups, however, may complicate this

scenario. Heterotrophic MG-I populations are likely influenced by very different

ecological factors than those that impact chemolithoautotrophic MG-I populations.

For instance, the extremely high specific affinity of the MG-I representative N.

maritimus for reduced nitrogen enables it to grow exponentially under nutrient-

limited conditions similar to those of the oligotrophic ocean (64); it appears unlikely

that MG-I are ever truly ammonia or carbon limited in the marine water column.

Seasonal changes in MG-I abundances have been reported, but no clear evidence of

what drives them has emerged (e.g. 60). Heterotrophic MG-Il populations, by

contrast, likely respond to changes in organic matter availability, and their

abundances have been observed to vary seasonally (e.g. 27). Reinterpreting a

previously reported correlation between fluxes of GDGTs and phytol (61), a

constituent of the chlorophyll molecule and phytoplankton biomarker, we suggest

that phytoplankton blooms may both promote MG-Il growth by providing a carbon

substrate and increase GDGT export via formation of sinking particles that may

entrain MG-I cells or cell detritus in the upper ocean.
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Because TEX86 relies on relative rather than absolute abundances of GDGTs

to estimate SST it may in theory be immune to changes in GDGT flux or changes in

community composition, provided that temperature is the only factor influencing

archaeal membrane lipid composition in the ocean. This assumption is probably

simplistic, since the tetraether lipid composition of cultured archaea has been

observed to change with factors such as pH (65). Moreover, the high degree of

genetic diversity within MG-I raises uncertainty over whether lipids of members of

this group are likely to show a uniform response to changes in environmental

variables.

Analyses of one sample in this study (440 m, small size fraction) underscored

the point that our understanding of factors influencing the relative proportions of

GDGTs in the ocean water column is incomplete. GDGTs in this sample showed an

atypical marine pattern (Fig. S10), with GDGT-2 more abundant than GDGT-0 or

crenarchaeol - yet the archaeal community was dominated by the same MG-I OTU

as at other depths with similar in situ temperatures. Neither temperature nor

community composition seem likely explanations for this unusual GDGT signal,

although the full genetic diversity of MG-I ecotypes is unlikely to be reflected in 16S

rDNA data.

On a broader level, a mixed biological origin for GDGTs detected in marine

sediments may confound attempts to develop new paleoceanographic tools that

employ them. A recent attempt to detect marine carbon isotope excursions by

measuring the C isotopic composition (61 3C) of GDGTs (66)made the assumption
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that these compounds were synthesized by autotrophic Thaumarchaeota, and

argued that the 613C of GDGTs should closely reflect the 613C of the dissolved

inorganic carbon (DIC) substrate. If, however, heterotrophic Euryarchaeota also

contributed to the GDGT pool (as appears likely from our results) the isotopic signal

would be mixed, reflecting the 613C of their organic carbon substrates as well as that

of DIC.

Prospectus

Enrichment and isolation of representatives of MG-lI would greatly aid

attempts to understand the ecology, physiology and membrane lipid composition of

this group, as would the full elucidation of the genetic basis of GDGT biosynthesis.

However, paired nucleic acid and lipid studies of mixed communities in bulk

seawater also hold promise for illuminating which conditions favor certain MG-I

phylotypes over other MG-I or MG-I phylotypes, and what concurrent impacts on

the GDGT pool may be. Carbon isotope analyses of natural communities may be less

informative. Radiocarbon studies are unable to distinguish between autotrophic and

heterotrophic archaea in the epipelagic ocean (4). The stable carbon isotopic

composition of GDGTs could be difficult to interpret if MG-II are heterotrophic

specialists consuming proteins (41), which are typically enriched in 13C relative to

other compound classes and bulk biomass in the Pacific (67); in that case, MG-II

GDGTs could be isotopically indistinguishable from those of autotrophic MG-I

utilizing dissolved inorganic carbon (DIC). Further complicating the outlook for the
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study of natural isotopes of GDGTs, the MG-lI genome also encodes genes for

degrading lipids (41), which are depleted in 13C relative to bulk biomass (67).

Isotopically labeled tracer experiments hold more promise. Early microcosm

studies using 13C labeled bicarbonate amendments were valuable in predicting the

physiology of MG-I communities (6, 68) before any representatives were isolated.

Similar experiments using labeled organic substrates may prove equally informative

about the physiology and membrane lipid composition of MG-II, a diverse and

cosmopolitan component of marine microbial plankton.

Materials and methods

Sample Collection

Suspended particulate matter samples were collected on the BioLINCS cruise

(9/6/2011- 9/21/2011, R/V Kilo Moana, Fig. S2-S3) near Hawaii Ocean Time-series

Station ALOHA using in situ pumps (WTS-LV08, McLane Laboratories) equipped

with three-tiered filter housings for size fractionation. Seawater was sequentially

filtered through 57 pm nylon mesh (Nitex, U.S.A) and two 142 mm diameter glass

fiber filters: a 3 im glass fiber filter (Pall) and a 0.3 ptm glass fiber filters

(Sterlitech). Between 648 and 2096 L were filtered during deployments (2-4 h).

Actual deployment depths were measured using a submersible data logger (Vemco,

Canada) attached to the pumps and ranged from 11 to 559 m. Upon retrieval of
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pumps, filter segments designated for DNA analysis were excised and frozen in lysis

buffer (40 mM EDTA, 50 mM Tris, 0.73 M sucrose) at -80 LC until DNA extraction.

These subsamples corresponded to 20-70 L of seawater (average 50 L). Remaining

filter material was wrapped in combusted aluminum foil and stored at -20 OC until

lipid extraction.

In one instance suspended particulate matter was sampled on ship for

metagenomic analysis. Seawater was collected from a depth of 130 m at Station

ALOHA using a conductivity-temperature-depth rosette water sampler equipped

with 24 12-L sampling bottles. 20 L were filtered in series through a combusted

3[tm glass fiber filter (47 mm diameter, Pall) and a 0.22 ptm Sterivex filter unit

(Millipore) using a peristaltic pump and platinum-fired silicone tubing (Masterflex,

Cole Parmer). After filtering, excess water was removed from the Sterivex filter unit,

1.8 ml lysis buffer were added, and the sample was frozen at -80 LC until DNA

extraction.

DNA extraction

DNA was extracted from glass fiber filter sections using a Quick-Gene 610 1

system (Fujifilm, Japan) and DNA tissue kit L using a modified lysis protocol.

Cryovials containing filter sections stored in lysis buffer were thawed on ice and

additional lysis buffer was added to bring the volume to 1.6 ml. Cryovials were

vortexed for 2 minutes. Lysozyme (Fisher) dissolved in lysis buffer was added to a

final concentration of 5 mg/ml, and vials were incubated with rotation at 37 2C for
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45 min. 90 pl proteinase K EDT-01 and 90 pl tissue lysis buffer MDT-01 (Fujifilm,

Japan) were added and vials were incubated with rotation at 55 2 C for 2 hours.

Lysate was decanted from filter material and transferred to a falcon tube. 1.8 ml

Lysis Buffer LDT-01 were added, and samples were incubated with rotation at 55 2C

for 15 min. Finally, 2.4 ml >99% ethanol were added, and samples were vortexed

and loaded on the Quick-Gene instrument. DNA was eluted in 400 p11 and quantified

using the PicoGreen dsDNA assay (Invitrogen). Yields of DNA/L across the depth

profile are shown in Fig. S4.

DNA was extracted from Sterivex filter units using the same protocol, except

that lysis buffer and reagents were added directly to the filter cartridge.

Quantitative PCR

QPCR assays consisted of duplicate 25 [i1 reactions containing: 12.5 p 2X

SYBRGreen Master Mix (Applied Biosystems), 8 [1 of nuclease-free water, 2 pl of

environmental DNA, and 0.5 p.M final concentration of both forward (MGI_751F; 5'-

GTCTACCAGAACAYGTTC) and reverse (MGI_956R; 5'-HGGCGTTGACTCCAATTG)

primers. QPCR reactions were analyzed using an Applied Biosystems Real-Time PCR

system 7300, following the thermal cycling reaction conditions described in Mincer

et al. (22). QPCR standards consisted of serial 10-fold dilutions of a plasmid

containing a 16S rRNA gene amplified from Station ALOHA environmental DNA

using the primers Ar20F (21) and 1390R (22). The resulting gene copies in the

standard dilution series ranged from 3x10-1 to 3x105 copies per reaction.
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16S rDNA amplification and sequencing

The V1-V3 variable region of the archaeal16S rRNA gene in environmental

DNA samples was amplified using the forward primer 20F 5'-

TCCGGTTGATCCYGCCRG-3' (21) and the reverse primer 519R, 5'-

GGTDTTACCGCGGCKGCT-3' (69). 20F was linked to a 454 adaptor, and 519R was

linked to both a 454 adaptor and a barcode tag consisting of 5-7 nucleotides. Each

sample was assigned a unique barcode designed by the Human Microbiome Project

Working Group (http://www. hmpdacc.org/doc/HMPMDG_454_16SProtocol.pdf).

PCR reactions were carried out in triplicate 20 pl reactions, with each

containing 2 pl environmental DNA template, 1 pl forward primer (10 pM), 1 [1 B-

adapter (10 pM), 13.8 pl DNAse-free water, 0.2 p Taq DNA polymerase (Accuprime

Taq Hifi, Invitrogen), and 2 p AccuPrime Buffer II (Invitrogen) The thermal cycling

program was as follows: initial hold at 95 2C; 20 repetitions of a cycle of 95 2C for 20

s, 60 2C for 30 s, and 72 2C for 5 minutes. PCR products were run on 1% agarose gel

to verify amplification and confirm amplicons were of appropriate size. Plasmid

DNA containing a cloned 16s MG-I sequence and DNAse-free water were used as

positive and negative controls, respectively. PCR products were pooled, purified

using a QIAquick PCR purification kit (Qiagen) and quantified using the PicoGreen

dsDNA assay (Invitrogen). Additional PCR reactions were performed for samples

that initially yielded <400 ng amplicons. Finally, 400 ng of each barcoded amplicon

set were pooled in two batches, each containing 16 unique barcodes.
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All samples were sequenced using the 454 Genome Sequencer (Roche).

Amplicon library preparation followed the Titanium Rapid Library Preparation

protocol (Roche), except that adaptor-ligated libraries were not diluted with

AMPure XP beads before size selection, and 1/4 of the recommended volume of

amplification primers was used for emulsion PCR. Libraries were quantified using

the Titanium Slingshot kit (Fluidigm), added to emulsion PCR reactions at a

concentration of 0.1 molecules per bead, and sequenced in a half plate run on a GS

FLX system (Roche).

DNA from the 130 m sample collected by CTD rosette was prepared and

sequenced in a quarter plate run following the GS FLX Titanium protocol.

Amplicon data analysis

The AmpliconNoise algorithm (70) was used to remove 454 sequencing

errors and PCR single base errors from the amplicon dataset. QIIME scripts (39)

were used to sort multiplexed reads into sets containing a single barcode. In the

process, reads were filtered again, and any low quality or ambiguous reads were

removed using default parameters (minimum quality score = 25,

minimum/maximum length = 200/1000, no ambiguous bases allowed, and no

mismatches allowed in the primer sequence). Primer and adapter sequences were

removed in this step. The number of amplicon reads per sample ranged from 4 to

22,364 (Table S2). Low amplicon counts likely reflect low archaeal cell numbers at

shallow depths, but may have also have stemmed from inaccuracies in template
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DNA quantification or differences in amplification efficiency at any depth. To reduce

noise caused by comparison of samples containing significantly different numbers of

amplicon sequences, we chose to focus the study on samples from which 1000

archaeal sequences were amplified.

To examine the effect of this cutoff on community composition, we used

BLASTn to assign the reads in each demultiplexed set to their closest relatives in the

ARB-SILVA SSU reference database (top hit, e values <0.001, bit score >50, ARB-

SILVA release 111). All archaeal reads identified below the domain level could be

binned into one of three categories: thaumarchaeota (primarily MG-I), MG-II

euryarchaeota, and "other euryarchaeota" (Fig. S5-S6). The last category, including

reads identified as belonging to MG-11 and Unidentified Hydrothermal Vent

Euryarchaeon PVA, was generally detected at low abundance at depths <130 m, but

reached a maximum of 26% of the archaeal population in the 23 m, 3-57 pim size

fraction sample. When a threshold of 100 archaeal amplicons in both size fractions

was adopted, however, this category was eliminated. We adopted a still more

stringent criterion requiring 1000 amplicons in both size fractions at a given depth

because it reduced sample size disparity while preserving the general patterns of

MG-I and MG-I as seen in the 100 amplicon plots (Fig S5-S6).

Demultiplexed sequences were clustered into operational taxonomic units

(OTUs) at the 97% identity level using QIIME OTU-picking scripts based on the

uclust clustering method (71). Continuing with the QIIME workflow, representative

sequences for each of the 4900 OTUs were selected for downstream analysis and
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taxonomy was assigned to each using the Ribosomal Database Project classifier. A

matrix of OTUs in samples from focus depths (131, 157, 231, 268, 331, 440, 450, and

559 m), 800 and 1000 m (0.22-1.6 [tm size fraction only) was generated and

displayed as an interactive heat map. Representative sequences for the 20 most

abundant OTUs (each representing >500 amplicon sequences across the focus

depths) were extracted for further phylogenetic analysis. The heatmap of the 10

most abundant OTUs (representing >2000 amplicon sequences) detected at the

focus depths was modified using the statistical software R (www.R-project.org) so

that OTU abundance was ranked within each depth and size class, rather than across

the entire matrix. Darkest shades of gray indicate the most abundant OTU in a single

sample (Fig. 1).

Phylogenetic analysis

Representative sequences of the 20 most abundant OTUs were aligned with

the SILVA Incremental Aligner (SINA, http://www.arb-silva.de/aligner/) using the

archaea variability profile. The three nearest neighbors and selected archaeal 16S

sequences (e.g. pSL12, Marine Group Ill) were added to the dataset for phylogenetic

context. Aligned sequences were imported to a pared SSU database (SILVA release

106, non-redundant) in ARB (72). A maximum likelihood tree of these sequences

was constructed in ARB using PhyML with the Jukes-Cantor 69 substitution model

and a customized base frequency filter ignoring positions in which special

characters and ambiguity codes appear most often. Bootstrap values >80 (percent of
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100 replicates) are displayed. The tree was visualized and annotated using the

Interactive Tree of Life (73).

Archaeal community representation in metagenomic and metatranscriptomic

datasets

In order to determine relative contributions of MG-I and MG-Il to total

protein-coding reads at Station ALOHA over time, we queried four metagenomic

datasets generated from SPM profiles collected on Hawaii Ocean Time-series

research cruises HOT 179 (March 2006; (74)), HOT 186 (October 2006; (75)), HOT

194 (August 2007) and HOT 215 (September 2009) and a metatranscriptomic

dataset from HOT 186. To understand the extent to which archaeal community

composition as determined from 16S rDNA amplicon data and pyrosequencing data

correspond, we also analyzed metagenomic data generated from the 130 m Station

Aloha sample collected on the BioLINCs cruise.

Analysis of DNA and cDNA datasets began with the removal of duplicate

(100% identity level) sequences. Duplicate-free fasta files were divided into rRNA

and non rRNA reads by using BLASTn (top hit, e-values <0.0001, bit scores >50) to

compare them to a rRNA database comprised of combined SILVA release 106 SSU

and LSU databases and a SS database (76). Using BLASTx, non-rRNA reads were

compared with a reference database comprised of NCBI RefSeq release 54, protein

sequences from the Moore Marine Microbial Genomes project, and several recently

published marine microbial genomes. Matches with bit scores >50 were retained.
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Top BLASTn hits (e value <0.001, bit score >50) against the rRNA database

described above were used to divide the input files into rRNA and non-rRNA reads.

Hits with a score within 10% of the best hit were exported to MEGAN (77) and their

putative taxonomic affiliations determined.

For HOT 194 and 215 metagenomic datasets, we used LAST

http://last.cbrc.jp/ instead of BLASTn.

For each sample, the proportion of thaumarchaeal and euryarchaeal reads

was calculated as a percent of total reads assigned at or below the phylum level.

In metagenomic and metatranscriptomic analyses we did not attempt to

compensate for differences in genome size. The assembled MG-I genome is 25%

longer than the N. maritimus genome (41), and we acknowledge that this difference

could lead to slight bias in favor of MG-Il. However, given the diversity of both MG-I

and MG-I and uncertainty over how closely the sequenced genomes correspond to

the genomes of NPSG archaea, we chose not to weight MG-I reads more heavily in

the comparison.

Lipid extraction, hydrolysis and sample preparation

Lipids were extracted from glass fiber filters containing SPM following a

modified Bligh-Dyer protocol after Sturt et al. (49). Sections of filters were placed in

250 ml Teflon bottles (Nalgene Nunc), submerged in a monophasic solution of

2:1:0.8 methanol:dichloromethane:phosphate-buffered saline (PBS, Sigma-Aldrich)

and sonicated for 20 minutes. Solvent was decanted and this step repeated twice.
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The decanted solvents were combined in a separatory funnel and phase separation

was achieved with the addition of 1:1 dichloromethane:water. The organic phase

was removed and the aqueous phase extracted with dichloromethane three times.

Combined extracts were rinsed with dichloromethane-extracted Nanopure water

three times.

Filters were then submerged in a monophasic solution of 10:5:4

methanol:dichloromethane:trichloroacetic acid (Sigma-Aldrich, 2.5% in Nanopure

water) and sonicated for 20 minutes. Solvent was decanted and this step repeated

twice. Phase separation was achieved as above, and the resultant organic phase was

washed with Nanopure water three times. Total lipid extracts (TLEs) were

combined with those from the previous step, evaporated under a gentle stream of

N2, and stored at -20'C until analysis.

TLE aliquots designated for core GDGT analysis were dissolved in 99:1

hexane:isopropanol, filtered (0.45 ptm syringe filters, Millipore), evaporated, and

redissolved in 99:1 hexane:isopropanol containing 1 ng/ptl of a synthetic C4 6

tetraether lipid internal standard (78, 79).

Separate aliquots of TLE were subjected to acid hydrolysis to cleave head

groups of intact polar GDGTs, converting them to core GDGTs (48). 1 ml of a

mixture of 6 M HCl:methanol:dichloromethane (1:9:1, v/v) was added to dried TLE

and vials were sealed and incubated at 70*C for 12 h. The hydrolysate was

evaporated under N2 and prepared as core GDGT aliquots, above.
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TLE aliquots designated for IPL analysis were dissolved in 9:1

dichloromethane:methanol, filtered, dried and redissolved in the same solvent

mixture.

Lipid analysis

Core GDGTs were analyzed by high performance liquid chromatography -

atmospheric pressure chemical ionization (APCI) mass spectrometry in positive

mode using an Agilent 1260 Infinity series LC coupled to an Agilent 6130 mass

spectrometer. 10 pl of extract were injected, typically corresponding to -150 L of

seawater. Separation was achieved on a Prevail Cyano column (150mm x 2.1mm,

3pm, Grace) maintained at 30*C, using a method modified from Liu et al. (80) and

Hopmans et al. (81). Compounds were eluted isocratically with 100% eluent A

(hexane:isopropanol 99:1) for 5 minutes, followed sequentially by: 1) a linear

gradient to 15% eluent B (hexane:isopropanol 9:1) over 15 minutes; 2) a linear

gradient to 100% eluent B over 15 minutes; and 3) a 5 min isocratic hold at 100%

eluent B, at a constant flow rate of 0.4 ml/min. The column was re-equilibrated with

100% eluent A for 10 min between analyses. APCI-MS conditions were: gas

temperature 350*C, vaporizer temperature 380*C, drying gas flow 6 1/min.,

nebulizer pressure 30psi, capillary 2000V, corona 5pA. GDGTs were detected by

selected monitoring of [M+H]+ ions m/z 1302.3, 1300.3, 1298.3, 1296.3, 1294.3,

1292.2 and 743.7; full scans were run periodically to monitor background (m/z

400-2000) and to confirm compound identification (m/z 1200-1750).
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Intact polar lipids in TLEs of the 0.3- 3 im size fraction of SPM from 131 and

559 m were analyzed by ultra high performance liquid chromatography- .

electrospray ionization mass spectrometry using an Agilent 1200 series HPLC

system coupled to an Agilent 6520 Accurate-Mass Quadrupole Time-of-Flight (Q-

TOF; Agilent Technologies) mass spectrometer operated in positive mode.

Chromatographic separation was achieved using a UPLC BEH HILIC column

(Waters; 2.1 x 150 mm, 1.7 ptm particle size) following the method of W6rmer et al.

(82). Mass spectrometer source parameters were as follows: gas temperature

200'C, drying gas flow 6 L/min, nebulizer pressure 40 psi, capillary voltage 3000,

and fragmentor voltage 175. The Q-TOF was set to a range of m/z 400-2000 in MS 1

and 100-2000 in MS 2 . In MS 2 the scan rate was set to 2.99 and a maximum of 3

precursors were selected per cycle, with active exclusion after 5 spectra. Collision

energy was set to 70 over the m/z range of IPL GDGTs (1400-2000).

Cell density inference

Two assumptions enable inference of MG-I cell densities: 1) The number of

MG-I thaumarchaea/L (nMG-i) is equal to MG-I 16S copy numbers/L, and 2) The

number of archaeal cells in a sample equals the sum of MG-I + MG-II, which is true

because the population is binary across our focus depths. By extension, the sum of

the population fractions of MG-I (fMG-I) and MG-I (fMG-I) equals 1. Given these

assumptions, we infer MG-I cell densities using the equation:
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MG-I
~MG-II - fMG-I fI

MG-I % of cells

We estimated the percent of the archaeal community MG-Il constitutes using data

from the Hawaii Ocean Time-Series website,

http:.//hahana.soest.hawaii.edu/hot/hot-dogs/index.html. Average heterotrophic

cell counts (determined by flow cytometry) were 2.2 x 108 heterotrophic cells/L at

150-200 m in 2011. Because flow cytometry counts come from whole seawater and

our MG-II counts are derived from size-fractionated SPM fraction, we consider our

estimates for MG-I to be conservative.
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Figure Legends

Fig. 1.

Phylogenetic analysis of the 20 OTUs (97% similarity level) that represent the most

sequences across the dataset (A) and matrices showing the depth and size class

distribution of the 10 most frequently detected representative archaeal OTUs (B,C).

Representative sequences were aligned using the SILVA Incremental Aligner (SINA,

http://www.arb-silva.de/aligner/) using the archaea variability profile. Nearest

neighbors of each OTU and selected archaeal 16S sequences (e.g. pSL12, Marine

Group III) were added to the dataset for phylogenetic context; environment of origin

and accession numbers are listed for each. Aligned sequences were imported to a

pared SSU database (SILVA release 106, non-redundant) in ARB (72). A maximum

likelihood tree was inferred in ARB with PhyML (83) using the Jukes-Cantor 69

substitution model, and Bacteria as an outgroup. Bootstrap values > 80 (% of 100

replicates) are displayed. The scale bar represents 0.1 substitutions per nucleotide.

Matrices show the relative abundances of the 10 OTUs representing the most

sequences (each OTU representing >2000 sequences) in the small (A) and large (B)

size fractions of suspended particulate matter are shown with data normalized by

row; darkest grey represents the most abundant OTU in a sample.

*800 and 1000 m data (A) are from 0.22-1.6 [im SPM.
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Fig. 2.

Inferred cell densities of MG-I Thaumarchaeota and MG-I Euryarchaeota and

glycerol dialkyl glycerol tetraether (GDGT) lipid concentrations in small (A,C) and

large (B,D) size fractions of suspended particulate matter in the NPSG. MG-I cell

densities were determined by QPCR. MG-lI cell densities were inferred from

archaeal community composition as determined from 16S rRNA amplicon data and

MG-I cell densities (equation Si). Lipid plots show free core GDGTs lacking polar

head groups and, at 131 and 559 m, the sum of free core GDGTs and cores released

from intact polar GDGTs by acid hydrolysis. Mean values of replicate GDGT analyses

are shown; error bars indicating the range of measurements are smaller than the

data points. Note variable scales on x axes. Monoglycosyl crenarchaeol (E) is an

intact polar GDGT detected by HPLC-ESI-MS in the small size fraction of SPM at 131

and 559 m (Fig. S8).

Fig. 3. HPLC-APCI-MS composite extracted ion chromatograms (EIC) of total lipid

extract from 131 m, 0.3-3 pm size fraction sample before (A) and after (B) acid

hydrolysis. Colored traces are EICs of m/z values of individual core GDGTs and the

internal standard. Late eluting peaks in A represent three putative series of core

GDGTs released from IPL GDGTs by fragmentation in the APCI source. After acid

hydrolysis, late-eluting peaks disappeared and the peak area of core GDGTs

increased, supporting this interpretation.
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Table 1. 16S rDNA amplicon-derived archaeal community composition and relative

abundances of individual GDGTs (Fig Si). "S" marks the small (0.3-3 tm) size

fraction and "L" the large (3-57 pim). Relative abundances of GDGTs in hydrolysates

of the 131 and 559 m lipid extracts are shown at bottom.

58



Figures

Fig. 1

A
GRe tt Go AlPtawsa

Thaumarchaeota

tee mllr.lo0
10 4tesss XWOJWtte

Euryarchaeota
too WAI1141 6WI797 401

Qt 

to
MM- me m do

1M3 115 4

IO-41 30" 0 AMWMem tUMMO
we ~~ ~~ l 00212amenoma lJOIM1

' seMM' s92

59

01

I
I

I
a

C

rracbon ~

-

--.... :....... ...... .....:..... ..:.. . . ............. --:- ----...-- -...::-:-:-- ---- ...



x106 cells/L
0 1 2 3 4

0

x10 cells/L
0 0.5 1 1.5 2

100

200

300

400

500

600

0

100

200

300

400

500

600

60

Fig. 2.

-C

C-
(D

a

A 0.3-3pm

-0-- MG-I

-O- MG-Il

GDGTs (pg/L)

0 50 100 150

C 0.3-3pm

0 Free GDGTs

# Sum of free
and IPL-bound
GDGTs

E H
H

HI

B 3-57gm

GDGTs (pg/L)

0 150 300 450 600

D 3-57 pm



Fig. 3.

A

AA LI

0K

x

Aia

B

x

5 10 25 30 35 40

Retention Time (min)

m/z 1302.3
m/z 1300.3
m/z 1298.3
m/z 1296.3

GDGT-0
GDGT-1
GDGT-2
GDGT-3

45 50

m/z 1292.2 Crenarchaeol
m/z 744.3 Internal standard

61

- --------- ---- - ... ...... ..



Supplementary Information

Fig. Si. Structures of glycerol dialkyl glycerol tetraether (GDGT) lipids discussed in text.
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Fig. S2. Spatial and temporal distribution of BioLINCS in situ pump sampling locations:
(A) map view, (B) section view. Colored points in (B) indicate Julian days during which
samples were collected at the depth and latitude shown; color key at right. The Julian
day span of 253-261 corresponds to 9/10/2011-9/17/2011.
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Fig. S4. Total DNA yield from glass fiber filters.

65

-0-0.3-3 pm

-0-3-57 pm



0.3 - 3 pm size fraction

>50 archaeal amplicons
cutoff

% of archaeal amplicons

0 50 100
0

-0

100

200

6,
:300

400

500

600

>100 archaeal
amplicons cutoff

% of archaeal amplicons
0 50 100

0

100

200 -

E300
(D'

400

500

600

>1000 archaeal amplicons
cutoff

% of archaeal amplicons
0 50 100

0

100

200

. 300

400

500

600

-- 0-- MG-i -- 0-- MG-i -- 0-- MG-i
-- MG-Il

M yMG-Il --- MG-Il
-h-Other eury

Fig. S5. Effect of different amplicon cutoff criteria on archaeal community composition
profiles, 0.3-3 ptm size fraction. The category "other euryarchaeota" includes sequences
with top BLAST hits to MG-III Euryarchaeota and Unidentified Hydrothermal Vent
Archaeon PVA.
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Fig. S7. HPLC-APCI-MS composite extracted ion chromatograms (EIC) of TLE from

559 m, 0.3-3 pim size fraction before (A) and after (B) acid hydrolysis. Colored traces are

EICs of m/z values of individual core GDGTs and the internal standard (key at right).

Late eluting peaks in A represent three putative series of core GDGTs released from IPL

GDGTs by fragmentation in the APCI source. After acid hydrolysis, late-eluting peaks

disappeared and the peak area of core GDGTs increased, supporting this interpretation.

We analyzed environmental samples known to contain GDGTs with either predominantly

mono- and diglycosyl GDTS or predominantly phosphatidyl GDGTs (not shown), and

only monoglycosyl GDGTs eluted using this method. Thus, the three late-eluting series

(A) may be core GDGTs released from monoglycosyl GDGTs containing different sugar

moieties, or unknown IPL GDGTs of similar polarity. A contribution of IPL GDGTs

outside of this method's window of detection to the core GDGTs released by acid

hydrolysis is possible. The relative response factor of IPL and core GDGTs detected

using this method has not been determined.
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Fig. S8. HPLC-ESI-MS analyses of 131 m and 559 m samples, small size fraction.
Extracted ion chromatograms (A) of m/z 1471.3247 corresponding to monoglycosyl
crenarchaeol + ammonia adduct (formula mass 1471.3244), indicate that this compound
is present in both samples; characteristic fragments are visible in the MS 2 spectrum of the
131 m sample (B).
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Fig. S9. Euryarchaeal and thaumarchaeal representation in metagenomic and
metatranscriptomic datasets generated from SPM (0.22-2.6 Jim) collected at Station
ALOHA from March 2006 to September 2011. Putative protein-coding reads assigned at
or below each phylum level are shown as a percent of total archaeal reads assigned.
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Fig. S10. Composite extracted ion chromatograms of core GDGTs in the small (bottom,
green trace) and large size fractions (top, violet trace) of SPM collected during the same
in situ pump deployment at 450 m. Numbered peaks correspond to structures in Fig. SI
(e.g. "0" denotes GDGT-0). MG-I Thaumarchaeota comprised 98% of the archaeal
community in the small size fraction and 60% of the community in the large size fraction.
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Table Si. Comparison of archaeal community composition as determined through
analysis of 16S rDNA amplicons from SPM collected on Sterivex filters (0.22-2.6 pm
size fraction) and glass fiber filters (0.3-3 pm) and metagenomic data. Two amplicon
samples (131 and 450 m, 0.3-3 pm) were processed and sequenced in duplicate using
different tags.

Depth Size Replicate Analysis % Thaumarchaeota % MG-1l % Other % Other
(m) fraction type Euryarchaeota Euryarchaeota archaea

130 0.22-2.6 16S amplicon 5.1 94.8 0.0 0.0

130 0.22-2.6 metagenome 12.9 79.7 4.9 0.2

131 0.3-3 a 16S amplicon 2.3 97.7 0.0 0.0

131 0.3-3 b 16S amplicon 0.0 100.0 0.0 0.0

450 0.3-3 a 16S amplicon 98.1 1.9 0.0 0.0

450 0.3-3 b 16S amplicon 97.3 2.7 0.0 0.0
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Table S2. Amplicon statistics. Boxes indicate samples that meet the threshold criterion
of >1000 amplicons in both size fractions and were used for comparison with lipid data.
Bold blue type denotes replicate samples amplified using different tags.

Depth Size fraction Total reads Archaeal Mean length of
(M) (gm) (archaeal + reads archaeal reads

eukaryotic)

11 0.3-3 82 51 392.55

11 3-57 33 26 393.76
23 0.3 - 3 5 4 400.00

23 3-57 1132 209 393.05

31 0.3 -3 98 82 390.85

31 3-57 1172 613 395.91

45 0.3-3 132 82 394.55

45 3-57 2421 1768 398.41
83 0.3 - 3 426 408 397.38

83 3-57 33 32 389.61

130 0.22-1.6 22364 21805 399.69

131 0.3 -3 7261 5514 396.77

131 0.3 -3 21642 15187 398.62

131 3 -57 16166 2477 381.57

145 0.3 - 3 25229 16662 394.97

145 3-57 57 41 395.28

157 0.3 -3 4013 2226 392.58

157 3 -57 3023 1605 379.85

168 0.3-3 760 83 389.52

168 3-57 1524 1381 396.01

183 0.3-3 615 106 397.51

183 3-57 324 172 396.02

231 0.3-3 16136 14075 399.03

231 3-57 11066 6449 396.08

268 0.3 - 3 3073 2990 398.02
268 3-57 7891 3260 391.15

331 0.3-3 16004 14080 397.15
331 3-57 1437 1115 397.87

440 0.3-3 18690 16839 392.33

440 3-57 7183 4050 395.80

450 0.3-3 19480 18818 399.56

450 0.3-3 9598 9385 396.20

450 3-57 17562 9038 391.50

559 0.3-3 19794 18379 393.04

559 3-57 15739 8437 393.77

800 0.22-1.6 5199 4194 399.07
1000 0.22-1.6 3712 2716 399.62
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Chapter 3
Ammonia, bicarbonate and amino acid amendments
elicit changes in archaeal tetraether lipids, microbial
community composition and functional genes in
experimental microcosms

Abstract
Planktonic marine archaea are phylogenetically and physiologically diverse, and
evidence of autotrophic, heterotrophic and mixotrophic growth has been found

among different taxa. We conducted microcosm experiments to probe the effects of
ammonia, bicarbonate and amino acid amendments on archaeal community and
their tetraether lipid biomarker composition in whole seawater microcosms.
Although experimental conditions did not promote the overall growth of archaea,
we observed shifts in the relative representation of different archaeal taxa in

metagenomic datasets and changes in the concentrations and structures of archaeal
glycerol dialkyl glycerol tetraether (GDGT) lipids. Notably, the amino acid
amendment was associated with a different pattern of GDGT relative abundances
than initial field samples, control, or bicarbonate-amended microcosm; this suggests
that carbon substrate and nutrient conditions may influence the membrane lipid

composition of, and perhaps enrich for, a subset of some marine archaeal clades. To
our knowledge, this is the first direct evidence that factors other than temperature

can influence the degree of internal cyclization in marine archaeal tetraether
membrane lipids. Further, rapid loss of core GDGT lipids was observed, with
concentrations of GDGTs dropping by 43% within 44 h of collection. This suggests
that free core GDGTs have a very short residence time in the aerobic water column.
In addition to measuring archaeal community composition and GDGTs, we tracked
the relative representation of bacteria, eukaryotes and viruses in metagenomic
datasets generated from samples collected at three time points (field, To and TF for 3
treatments). Moving beyond taxonomy, we analyzed changes in the relative
abundance of genes for specific pathways over time and between experimental
treatments. Predictable changes included decreases in photosynthesis proteins
after the microcosms were established in the dark, as well as a correlation between
steroid biosynthesis pathways and eukaryotic abundance. An increased importance
for motility appeared in the initial decomposition stage and amino acid amendment.
Shifts in pathways for biosynthesis and metabolism of particular lipid classes
provide insight into potential mechanisms behind community succession and lipid
degradation; for instance, increased representation of glycosphingolipid
biosynthesis pathways in the amino acid amendment may be related to the success
of copiotrophic Alteromonads in that microcosm.

Lincoln, S.A., DeLong, E.F., Summons, R.E. Manuscript in preparation.
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Introduction and rationale

Planktonic marine archaea are cosmopolitan and abundant, representing

-20% of total picoplankton at depths below 100 m (Karner, Delong, & Karl, 2001),

but their roles in marine and global carbon cycling are not fully understood. The

physiological and phylogenetic diversity of marine archaeal groups - one

Thaumarchaeotal (Marine Group I) and three Euryarchaeota (Marine groups II-IV)

- means that they are unlikely to react to environmental factors in a monospecific

manner.

Marine Group I Thaumarchaeota (MG-I) cultivars are chemolithoautotrophs

that fix inorganic carbon via energy obtained from the oxidation of reduced nitrogen

species (Konneke et al., 2005). However, several lines of evidence suggest that

marine Thaumarchaeota may also be mixotrophs able to utilize organic carbon. A

catalyzed reporter deposition-fluorescence in situ hybridization study showed that

some MG-I incorporated leucine in field incubations (Herndl et al., 2005). Other

evidence of potential mixotrophy comes from the presence of genes predicted to

encode a tricarboxylic acid (TCA) cycle for the oxidation of organic compounds in

the genomes of the sponge symbiont Cenarchaeum symbiosum (Hallam et al., 2006)

and Nitrosopumilus maritimus, which also contains predicted transporters of amino

acids and other organic compounds (Walker et al., 2010). Natural radiocarbon

measurements of archaeal tetraether lipids enabled an isotopic mass balance model

showing that mesopelagic marine archaea - generally presumed to be dominated by

MG-I - were 83% autotrophic at 670 m in the North Pacific Subtropical Gyre (Ingalls
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et al., 2006). Recently, pyruvate and a-ketoglutarate were reported to promote

growth of N. maritimus cultures (Stahl & de la Torre, 2012).

The genome of Marine Group II Euryarchaeota (MG-I), another abundant

marine archaeal group, contains no evidence of known autotrophic pathways.

Instead, MG-II genes encoding glycolysis, a complete TCA cycle, peptidases and fatty

acid degradation indicate that this group is probably strictly heterotrophic (Iverson

et al., 2012).

Probing the in situ carbon metabolism of uncultivated marine archaeal

communities can be challenging. Experiments tracing the incorporation of 13C

labeled bicarbonate into archaeal glycerol dialkyl glycerol tetraether (GDGT) lipids

provided early evidence of autotrophy in MG-I (Wuchter et al., 2003); similar

approaches may prove useful in testing hypotheses about mixotrophy and

investigating what factors promote the growth of specific groups or ecotypes over

others. The use of isotopically labeled substrates could also enable deconvolution of

marine archaeal lipid pools and establish links between taxa and carbon

metabolisms.

Here, we conducted microcosm experiments with whole seawater from the

oligotrophic North Pacific Subtropical Gyre (NPSG), seeking to measure the

incorporation of 13C labeled bicarbonate and amino acids into GDGTs. We

monitored concurrent changes in concentrations of nutrients, the isotopic evolution

of dissolved and inorganic carbon, microbial community composition, and

functional gene categories in the metagenome over the course of the experiments.
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Low initial concentrations of GDGTs and poor response of the archaeal population

to experimental conditions precluded isotope analysis, but it was possible to

quantify individual GDGTs, relative concentrations and proportions of which

differed between treatment endpoints. More generally, we were able to study

succession of microbial communities and functional gene representation patterns

under different treatment conditions and draw preliminary connections between

microbes and their potential substrates and metabolites..

Methods

Sampling and incubation setup

Seawater for incubation experiments was collected from 130 m (the

persistent shallow nitrite maximum) at the Hawaii Ocean Time-series Station

ALOHA on the BioLINCs cruise on 9/20/2011 in 3 deployments of a CTD-rosette.

Field samples for lipid, DNA, nutrient and C isotopes were filtered or collected

immediately; remaining was stored in carboys at 2-1-22 *C during transit to shore

and transported to an environmental chamber in C-MORE Hale, University of

Hawaii. Seawater was homogenized, transferred to three 115 L tanks, and

maintained in the dark at 21 *C (the in situ field temperature). Amendments were

added at 44 h after collection. H2
1 3 C02 was added to Tank A at a target

concentration of low ptM, and NH 4 Cl was added for a final concentration of 650 nM.

Tank B treatment received an amendment of a 1 3 C1 5 N algal amino acid mixture

(Sigma Aldrich) at a target concentration of 10 pM amino acids. Tank C was

77



unamended and treated as a control. All setup and sampling of all treatments was

conducted with minimal exposure to light, with the goal of fostering the growth of

ammonia oxidizing MG-I that were thought to be abundant at the nitrite maximum.

Tanks were mixed by manual agitation at every sampling point, at minimum every

24 h.

Seawater collected
at Station ALOHA,
130 m; sampled

O h
Field sample

Transport to
environmental chamber
on shore; maintained in
dark, homogenized;
sampled at 44 h;label No

Fig. 1. Incubation setup. Seawater collected by CTD-rosette was transported in
carboys to an environmental chamber maintained at 20 0C, homogenized and
transferred to 115 L tanks. At 44 h Laboratory To samples were collected and
amendments were added to tanks. Endpoints were sampled at 212 h.
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Lipid and DNA sampling

Suspended particulate matter designated for lipid and nucleic acid analysis

was filtered from carboys of seawater (on ship) or from tanks (shore) using a

peristaltic pump and platinum-fired silicone tubing (Masterflex, USA). Water was

pumped sequentially through 57 pim mesh (Nitex, USA) and a 0.3 pm glass fiber

filter (Sterlitech, USA). Filters designated for nucleic acid analysis were stored in

lysis buffer and frozen at -80*C until extraction.

DNA extraction and analysis

DNA was extracted from glass fiber filter sections using a Quick-Gene 610 1

system (Fujifilm, Japan) and DNA tissue kit L using a modified lysis protocol.

Cryovials containing filter sections stored in lysis buffer were thawed on ice and

additional lysis buffer was added to bring the volume to 1.6 ml. Cryovials were

vortexed for 2 minutes. Lysozyme (Fisher) dissolved in lysis buffer was added to a

final concentration of 5 mg/ml, and vials were incubated with rotation at 37 *C for

45 min. 90 pl proteinase K EDT-01 and 90 pl tissue lysis buffer MDT-01 (Fujifilm,

Japan) were added and vials were incubated with rotation at 55 *C for 2 hours.

Lysate was decanted from filter material and transferred to a falcon tube. 1.8 ml

Lysis Buffer LDT-01 were added, and samples were incubated with rotation at 55 PC

for 15 min. Finally, 2.4 ml >99% ethanol were added, and samples were vortexed

and loaded on the Quick-Gene instrument. DNA was eluted in 400 1.
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DNA from each of the 5 samples (ALOHA 130 field, Laboratory To, and Tanks

A-C) was prepared and sequenced in quarter plate runs following the GS FLX

Titanium protocol. Sequence statistics are shown in Table 1.

Sample Reads Unique Mean read rRNA reads Reads matching

reads length (bp) RefSeq

ALOHA 130 field sample 246788 244953 319 1203 146690

Laboratory To 221248 218934 338 1071 166784

Tank A: Bicarbonate + ammonia 217237 210446 315 699 103911

Tank B: Amino acid amendment 224235 217759 310 1367 87145

Tank C: Control 230393 224089 298 1284 97999

Table 1. DNA sequence statistics.

Lipid extraction and hydrolysis

Lipids were extracted from glass fiber filters containing SPM following a

modified Bligh-Dyer protocol after Sturt et al. (Sturt, Summons, Smith, Elvert, &

Hinrichs, 2004). Sections of filters were placed in 250 ml Teflon bottles (Nalgene

Nunc), submerged in a monophasic solution of 2:1:0.8

methanol:dichloromethane:phosphate-buffered saline (PBS, Sigma-Aldrich) and

sonicated for 20 minutes. Solvent was decanted and this step repeated twice. The

decanted solvents were combined in a separatory funnel and phase separation was

achieved with the addition of 1:1 dichloromethane:water. The organic phase was

removed and the aqueous phase extracted with dichloromethane three times.

Combined extracts were rinsed with dichloromethane-extracted Nanopure water

three times.
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Filters were then submerged in a monophasic solution of 10:5:4

methanol:dichloromethane:trichloroacetic acid (Sigma-Aldrich, 2.5% in Nanopure

water) and sonicated for 20 minutes. Solvent was decanted and this step repeated

twice. Phase separation was achieved as above, and the resultant organic phase was

washed with Nanopure water three times. Total lipid extracts (TLEs) were

combined with those from the previous step, evaporated under a gentle stream of

N 2.

Because of low GDGT concentrations upon initial analysis, TLE were

subjected to acid hydrolysis to cleave head groups of intact polar GDGTs, converting

them to core GDGTs and improving detection. 1 ml of a mixture of 6 M

HCl:methanol: (1:9:1, v/v) was added to dried TLE and vials were sealed and

incubated at 70*C for 12 h. The hydrolysate was evaporated under N2.

Lipid analysis

Samples were analyzed by high performance liquid chromatography -

atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI-MS) in

positive mode using an Agilent 1260 Infinity series LC coupled to a 6130 quadrupole

mass spectrometer using a method modified from Hopmans et al. (2000).

Separation was achieved on a Prevail Cyano column (150mm x 2.1mm, 3pm, Alltech,

USA) maintained at 25*C. The injection volume was 10pl and compounds were

eluted isocratically with 100% eluent A (hexane:isopropanol 99:1) for 5 minutes,

followed by a linear gradient to 15% eluent B (hexane:isopropanol 9:1) over 15

minutes and a return to 100% eluent A over 5 minutes, all at a flow rate of
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0.4ml/min. Between analyses the column was equilibrated with 100% eluent A at

0.6ml/min. for 10 minutes. APCI-MS conditions were as follows: gas temperature

350'C, vaporizer temperature 380*C, drying gas flow 61/min., nebulizer pressure

30psi, capillary 2000V, corona 5pA. GDGTs and were detected by selected ion

monitoring; full scans were run periodically to monitor background and to confirm

compound identification.

Nutrients

NH 4+concentrations were measured in the laboratory during the course of

the experiment using the OPA fluorometric method (Holmes, Aminot, K6rouel,

Hooker, & Peterson, 1999).

Water for NH 4 +, P0 4 , N0 2+NO 3 and silicate measurements was collected in

acid washed 40 ml vials and frozen at -20*C until analysis at the Nutrient Analytical

Center at the Woods Hole Oceanographic Institute.

DIC and DOC concentrations and 813C

Water samples for organic and inorganic carbon isotope analysis and

quantification were collected in combusted glass beakers and filtered through 0.3

ptm combusted glass filters (47 mm, Sterlitech, USA) held in Buchner funnels.

Filtrate was transferred to precombusted 40 ml glass vials with airtight septa and

kept refrigerated until analysis at the G.G. Hatch Stable Isotope Laboratory,

University of Ottawa, Canada.
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Microbial community representation in metagenomic datasets

Analysis of DNA datasets began with the removal of duplicate (100% identity

level of equivalent length) sequences. Duplicate-free fasta files were divided into

rRNA and non rRNA reads by using BLASTn (top hit, e-values <0.0001, bit scores

>50) to compare them to a rRNA database comprised of combined SILVA release

106 SSU and LSU databases and a 5S database ("Nucl. Acids Res.-2002-Szymanski-

176-8," 2001). Using BLAST, non-rRNA reads were compared with a reference

database comprised of NCBI RefSeq release 54, protein sequences from the Moore

Marine Microbial Genomes project, and several recently published marine microbial

genomes. Matches with bit scores >50 were retained.

Top BLASTn hits (e value <0.001, bit score >50) against the rRNA database

described above were used to divide the input files into rRNA and non-rRNA reads.

Matches with a score within 10% of the best match were exported to MEGAN

(Huson, Mitra, Ruscheweyh, Weber, & Schuster, 2011) and their putative taxonomic

affiliations determined.

Functional gene analysis

Non rRNA reads were compared to Kyoto Encyclopedia of Genes and

Genomes (KEGG) (Kanehisa & Goto, 2000) databases using BLASTx for functional

analysis, with a BIT score >50 cutoff. Matches to KEGG (level 3 hierarchy)

categories of interest (primarily relating to carbon metabolism and lipid

biosynthesis and metabolism) that recruited >10 reads were selected for
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visualization in a heat map. The heat map was constructed using the R software

environment and normalized row-wise rather than across the entire dataset.

Results and Discussion

Nutrient concentrations across the course of the experiment are shown in Fig.

2. The most pronounced shifts are in ammonium concentrations measured at the

time of the experiments with the OPA method; Tank A (ammonium + bicarbonate

amendment) shows significant drawdown of ammonium from 650 to 240 nM

between 75 and 200 h. Tank B (amino acid amendment) experienced a rapid spike

in ammonium concentrations within 6 h of the amendment addition. Phosphate,

nitrate + nitrite concentrations were very low throughout the course of the

experiment.

Figs. 3-4 shows the concentration and isotopic evolution of dissolved

inorganic carbon (DIC) and dissolved organic carbon (DOC) in microcosms over the

course of the experiment. Progressive enrichment in 13C DOC in the control

treatment likely reflects slight contamination from neighboring tanks or

alternatively during analysis.

Total lipid extracts (TLE) from different treatments showed different

pigmentation patterns (Fig. 5). Degradation of chlorophylls was rapid, with

transition from typical bright green to near clear TLEs within 44 h. Tank A and the

control TLEs were straw-colored, likely due to pigments from Rhodobacterales, the

relative abundance of which increased Tanks A and C. Some Rhodobacter are
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known to synthesize a yellow pigment in the dark (Yue, Huang, Zhao, Yang, & Qu,

2009).

GDGTs

Relative proportions of individual archaeal tetraether lipids changed over the

course of the incubations (Fig. 6) although the tanks were kept at the same

relatively constant temperature (21-22 *C; in situ temperature in the field was 21*C).

From the field sample to the 44 h incubation To sample, the relative proportion of

crenarchaeol increased. The relative proportion of GDGT-0 (containing 0

cyclopentyl moieties) decreased from the laboratory To sample to the final Tank A

and C samples, but increased in Tank B. Tank B GDGTs show a pattern distinct from

A and C, with an increase in GDGT-0, decrease in crenarchaeol, and increases in

GDGTs-2 and -3. To our knowledge, this is the first direct evidence that factors

other than temperature can influence the relative proportion of GDGTs present in

seawater; however, the mechanism underlying this shift, and whether it relates to

changes in physiology, taxon composition, or both, cannot be determined from the

available data.

Our data also indicate that GDGT turnover in ocean surface waters can be

relatively rapid. Concentrations of GDGTs decreased by 43% in the 44 h between

field sampling and Laboratory To (Table 2). Total GDGT concentrations after 212 h

were highest (131% of To value) in the amino acid amendment endpoint. Such rapid

GDGT degradation rates suggest that free core GDGTs detected in the oceans are
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likely derived from archaea that have recently died and are not relicts of a long-dead

historical population. It is possible, however, that incubation conditions promoted

GDGT degradation to an extent not likely to exist in the natural environment. Future

incubation studies that include more replicates could help resolve whether the rapid

degradation rate we observed was caused by "bottle effects." In the current study,

replicate incubations were impractical because of the large volumes that had to be

filtered and incubated to analyze GDGTs in oligotrophic seawater, as well as the

need to transport water to an environmental chamber large enough to hold multiple

115 L tanks.

Table 2. Concentrations of total GDGTs (acid-hydrolyzed cores) at different experimental time points.

Microbial community succession in experimental treatments

Archaea

The relative proportion of archaeal reads to total protein coding reads

assigned on the domain and virus level declined from 7% to <1 % between field
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Sample Total GDGTs (pg/L)

ALOHA 130 field sample 134

Laboratory To 77

Tank A Bicarbonate + ammonia 92

Tank B Amino acid amendment 101

Tank C Control 86



sampling and laboratory To (Fig. 7). Because this is a decline in relative rather than

absolute percent, it alone does not indicate a drop in archaeal cells; archaea could

simply be offset by the rapid growth of another domain. When combined with the

rapid drop in GDGT concentrations, however, the decline seems to indicate that the

total archaeal population was reduced significantly in the first 44 h. Perturbations

including changes in temperature and light during transit to shore and transport to

the laboratory likely contributed to this reduction. The decision to conduct the

experiments in the dark may have been a greater issue. In sampling, we targeted

the nitrite maximum in an effort to obtain a sample that contained significant

numbers of nitrifying MG-I Thaumarchaeota, yet was shallow enough to also capture

active MG-II Euryarchaeota. Contrary to expectation, the field sample was

dominated by MG-I (Fig. 8). Many photic zone MG-I are photoheterotrophs

containing the light-driven proton pump proteorhodopsin (Frigaard, Martinez,

Mincer, & DeLong, 2006) (Iverson et al., 2012), and incubation in the dark may have

been detrimental to those ecotypes.

The decline in the relative abundance of archaeal reads was offset by

increases in reads assigned to bacteria (Fig. 7). This suggests that heterotrophic

bacteria, rather than eukaryotes, may have been responsible for the decrease in

GDGTs. No sediment was observed to accumulate at the bottom of tanks, and

agitation was thorough, so it appears unlikely that GDGTs disappeared in sinking

particles. Similarly, only rare particles accumulated on the 57 ptm mesh prefilter,

suggesting that consumption by comparatively large zooplankton or adhesion onto
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particles was not a probable mechanism for reduction of GDGT concentrations in

the first 44 h.

A dramatic increase in the relative percent of thaumarchaeotal reads

between the field sample and laboratory To suggests that Thaumarchaeota may be

more resilient to perturbation than MG-1I Euryarchaeota. Within the Euryarchaeota

(Fig. 9), the relative abundance of reads identified as belonging to MG-I declined

sharply from 88% in the field sample to 6% in Laboratory To, and never rebounded

significantly. From 44 to 212 h in Tanks A and C (ammonia + bicarbonate and

control) the percent of euryarchaeal reads assigned to MG-I increased slightly, from

6% in to 16 and 20%, respectively. In Tank B (amino acids) the percent of

euryarchaeal reads assigned to MG-I only reached 8% in the same time period.

The diversity of MG-I and the fact that only a single MG-I genome is available may

distort this picture; it seems likely that reads identified as being from other

Euryarchaeota may simply be derived from ecotypes of MG-II that are dissimilar to

the assembled MG-Il genome (Iverson et al., 2012). In any case, the euryarchaeal

community response to the amino acid amendment (Tank B) appears different from

that of the other treatments. This taxonomic shift may potentially be related to the

distinct GDGT pattern (Fig. 6).

Bacteria

At the phylum level, bacterial reads in all samples were dominated by

Proteobacteria (Fig. 10). As expected in the transition from light to dark incubation

conditions, cyanobacterial reads declined sharply in relative percent from 24% to

88



<5% in the first 44 h, and then to < 3% in each of the three tanks by the end of the

212 h experiment. Bacteroidetes increased significantly between Incubation To and

the endpoint in Tank B, which received the amino acid amendment.

At the bacterial class level, reads affiliated with Alteromonodales became

dominant in the first 44 h (Fig. 11). This is consistent with an understanding of

Alteromonads as motile copiotrophs able to respond quickly to increases in

dissolved organic carbon (McCarren et al., 2010; Shi, Tyson, Eppley, & Delong, 2010)

that likely occurred during the demise of phytoplankton and cyanobacteria during

the initial "rotting" phase of the experiment. Some Alteromonads are known to

degrade lipids (e.g. (Duflos, Goutx, & Wambeke, 2009)) so this class may have

contributed to the decline in GDGT concentrations between the field and Laboratory

To.

A second wave of bacterial community succession involved the increase in

the relative percent of reads affiliated with Rhodobacterales, which occurred

between 44 and 212 h. Rhodobacter species are metabolically diverse, with some

capable of photosynthesis, lithotrophy, and aerobic and anaerobic respiration. Such

diversity makes it difficult to create hypotheses for the role of these bacteria in the

incubations based solely on DNA. However, Rhodobacter species have shown

chemotaxis toward ammonia under nitrogen limitation (Poole & Armitage, 1989), so

they may have contributed to the ammonia drawdown observed in Tanks A and C.

Thus, in these experiments in which MG-I are a minor component of the microbial
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community, nitrification may have been a smaller sink for ammonia than use of

ammonia as a nitrogen source by the abundant Rhodobacter.

Reads affiliated with Rhodobacter have the lowest relative abundance at an

endpoint in Tank B (amino acids amendment), where they were offset by an

increase in Flavobacteriales, sustained presence of Alteromomodales and an increase

in Ricketsialles.

Eukarya

Eukaryotic community composition inferred from the taxonomic affiliation of

protein coding reads assigned at the Kingdom level showed only minor variation

across the sample set (Fig. 11). The greatest change was an increase in the relative

percent of Stramenopiles and a 20% decrease in Viridiplantae reads from field to

To, expected during the transition from light to dark incubation conditions.

Viruses

Viral community composition inferred in the same manner was also

relatively consistent across time and between treatments. At the "species" level,

reads most closely related to Cafeteria roenbergensis increased between Laboratory

To and all three treatment endpoints, with the greatest representation in Tank B.

Functional gene representation

We studied differential representation of genes encoding KEGG categories of

interest to the investigation of C metabolism, lipid biosynthesis and lipid
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metabolism in the five metagenomic datasets generated for this study (Fig. 14). An

increased importance for motility in the "rotting experiment" stage of the first 44 h

of the incubation was evidenced by increased relative representation of the KEGG

categories for secretion systems, flagellar assembly and bacterial motility proteins

between the field and Incubation To. These changes are consistent with those

observed in an experimental metatranscriptomic study of dissolved organic matter

degradation (McCarren et al., 2010).

Representation of lipid, fatty acid and terpenoid backbone biosynthesis KEGG

pathways declined in the metagenome during the rotting stage, at the same time as

glycosphingolipid biosynthesis pathways became more highly represented.

Glycosphingolipids are present in some gram negative proteobacteria lacking

lipopolysaccharide, and have been proposed to facilitate uptake of hydrophobic

aromatic compounds (Kawahara, Kuraishi, & Zahringer, 1999); potentially, they

contribute to the copiotrophic capacity of Alteromonadales that bloomed during the

first 44 h.

Not surprisingly, the pattern of relative abundance of KEGG orthologs for

steroid biosynthesis is closely related to the relative abundance of protein coding

reads affiliated with eukaryotes (Fig. 7). The sharp decline seen in the abundance

of KEGG orthologs for photosynthesis proteins, carotenoid biosynthesis and

photosynthetic carbon fixation was also predictable given the incubation conditions.
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Conclusions and prospectus

Although the poor response of archaeal groups to experimental conditions

made it impossible to measure incorporation of 11C into archaeal lipids, this study

has provided novel information about factors that may influence the relative

abundance of GDGTs in the water column. Specifically, the distinct GDGT pattern

seen in the amino acid amendment warrants further investigation. Future

incubation studies including replicates and additional carbon substrates such as

lipids, with parallel community characterization, should be conducted to gain

insight into how factors such as nutrients or carbon substrate might impact archaeal

membrane lipid composition. The use of seawater from coastal or other less

oligotrophic provinces likely to contain higher archaeal cell counts could improve

the odds of successful measurement of isotopic label incorporation.

The addition of a MG-II genome (Iverson et al., 2012) to databases greatly

increases the potential for experimental metatranscriptomic analyses to shed light

on processes influencing and underpinning archaeal carbon metabolism and factors

promoting growth of particular groups or ecotypes in mixed communities.
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Fig. 2. Ammonium, phosphate, nitrate + nitrite, and silicate concentrations meas ured in
incubation experiments. Solid lines indicate nutrient data in the nM range, plotted at the
scale on the left y axis; dashed lines mark data in the pM range plotted at the scale on the
right y axis. The vertical grey line marks the addition of label at 44h.
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Fi. 3. Dissolved inorganic carbon data from incubation experiments. Filled red circles indicate

a' C values plotted on the scale shown in the left y axis. Open circles indicate DIC

concentrations (right y axis). The vertical grey line marks the addition of label at 44h.
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Fig. 4. Dissolved organic carbon data from incubation experiments. Filled blue circles indicate
a' C values values plotted on the scale shown in the left y axis. Open circles indicate DIC
concentrations (right y axis). The vertical grey line marks the addition of label at 44h.
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Fig. 5. Total lipid extracts from, left to right, ALOHA 130 m field sample; Laboratory
To; Tank A ammonia + bicarbonate amendment TF, Tank B amino acids amendment;
Tank C control. Pigmentation increases in Tank A and C may be attributed to large
increases in the relative proportion of Rhodobacter, which synthesizes yellow
pigments in dark aerobic conditions (Yue et al., 2009).

96



Aloha 130 m
0 hours

Lab To
44 hours

212 hours

HC0 3and NH4

Tank A

4,

E GDGT-0

E GDGT-1

* GDGT-2

"GDGT-3

El Crenarchaeol

N Crenarchaeol
isomer

Amino acids

Tank B

Control

Tank C

Fig. 6. Relative distributions of core GDGTs (sum of free + acid-hydrolyzed) detected
in incubation experiments.
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Fig. 7. Taxonomic affiliation of protein coding reads in incubation metagenomic
datasets at the Domain level, with viruses, normalized to 100%, BIT score >50.
Archaeal representation declined sharply from the field sample to Incubation To
sampled 44 h after collection of seawater at HOT Station ALOHA.
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Fig. 8. Normalized taxonomic affiliation of archaeal protein coding reads in
metagenomic datasets from incubation timepoints and treatments, BIT score >50.
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Fig. 9. Normalized taxonomic affiliation of euryarchaeal protein-coding reads
assigned at the genus level, BIT score >50. The category "other Euryarchaeota"
includes methanogens and halophiles, but its existence may be an artifact caused by
the high diversity of MG-II and the presence of only one MG-II genome in the
reference database.
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Fig. 10. Normalized taxonomic affiliation of bacterial protein-coding reads assigned
at the Phylum level, bit score >50. Only taxa representing >1% of total matches
were included in this plot.
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Fig. 11. Normalized taxonomic affiliation of bacterial protein-coding reads assigned
at the Class level, bit score >50. Only taxa representing >3% of matches were
included in this plot.
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Fig. 12. Normalized taxonomic affiliation of eukaryotic protein-coding reads
assigned at the Kingdom level, bit score >50.
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the Species level, bit score >50.
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Fig. 14. Relative representation of KEGG pathways, level 3 hierarchy. Data in the
heatmap are normalized row-wise; the least represented pathway is red, most
represented green, and intermediate represented are gray.

KEGG PATHWAYS - SELECTED FUNCTIONAL GENE REPRESENTATION (DNA)
(bit score >50, counts >10)

0

MOTILITY

02000 Transporters [BR:ko02OOO]

02044 Secretion system [BR:ko02O44]

02040 Flagellar assembly [PATH:ko02O4O]

02035 Bacterial motility proteins [BR:ko02O35]

LIPIDS / BIOMASS RELATED

01004 Lipid biosynthesis proteins [BR:ko01004]

00550 Peptidloglycan biosynthesis [PATH:ko005501

00061 Fatty acid biosynthesis [PATH:koOO061]

00900 Terpenoid backbone biosynthesis [PATH:ko00900]

01040 Biosynthesis of unsaturated fatty acids [PATH:ko01040]

00100 Steroid biosynthesis [PATH:koOO100]

00603 Glycosphingolipid biosynthesis - globo series [PATH:ko00603]

00604 Glycosphingolipid biosynthesis - ganglio series [PATH:ko00604]

00904 Diterpenoid biosynthesis [PATH:ko00904]

00564 Glycerophospholipid metabolism [PATH:koO0564]

00600 Sphingolipid metabolism [PATH:ko00600]

00071 Fatty acid metabolism [PATH:koO0071]

00565 Ether lipid metabolism [PATH:ko00565]

00564 Glycerophospholipid metabolism [PATH:ko00564]

00561 Glycerolipid metabolism [PATH:ko005611

00561 Glycerolipid metabolism [PATH:koO0561]

00071 Fatty acid metabolism [PATH:koO0071]

CARBON METABOLISM

00194 Photosynthesis proteins [BR:ko00194]

00195 Photosynthesis [PATH:koO0195]

00196 Photosynthesis - antenna proteins [PATH:koO0196]

00906 Carotenoid biosynthesis [PATH:ko00906]

00720 Reductive carboxylate cycle (C02 fixation) [PATH:ko00720]

00710 Carbon fixation in photosynthetic organisms [PATH:ko00710]
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Chapter 4

Archaeal and bacterial glycerol dialkyl glycerol

tetraether lipids in chimneys of the Lost City

Hydrothermal Field *

Abstract

We detected archaeal and bacterial glycerol dialkyl glycerol tetraether (GDGT)
lipids in carbonate chimneys of the Lost City Hydrothermal Field, an alkaline system
near the mid-Atlantic Ridge. Isoprenoidal, archaeal tetraethers from this site include
"H-shaped" GDGTs, crenarchaeol and GDGTs with 0-3 cyclopentane moieties (here
referred to as GDGTs 0-3). Concentrations of GDGT-3 do not track those of GDGTs 0-
2 across the sample set, suggesting that its biosynthesis may be subject to different
controls. Two branched, bacterial GDGTs (brGDGTs) common in terrestrial
environments were also detected. Consulting previously published surveys of
microbial diversity at Lost City and literature on known precursor-product
relationships, we investigated the provenance of these GDGTs. The principal source
of GDGTs 0-3 is likely ANME-1 archaea, abundant at Lost City. H-shaped GDGTs are
likely derived from thermophilic Methanobacteria and Thermoprotei. Marine Group
I Thaumarchaea detected in Lost City chimneys are a potential source of
crenarchaeol, but it is unclear whether they are autotrophic nitrifiers or
representatives of a hydrothermal ecotype with different physiology. The detection
of branched GDGTs, possibly synthesized by Acidobacteria at Lost City, adds to a
growing body of evidence that the capacity for their biosynthesis is not restricted to
acidophilic soil bacteria and that they cannot strictly be considered indicators of
terrestrial contributions to marine sediments. Input of hydrothermally derived
lipids has the potential to complicate paleoproxy applications based on GDGTs. We
propose that H-GDGTs be viewed as indicators of hydrothermal input and that their
detection in sediments warrants caution in proxy application when a hydrothermal
origin for co-occurring isoprenoidal and brGDGTs cannot be excluded.

* In press, Organic Geochemistry. Included with permission of Elsevier.

Lincoln, S.A., Bradley, A.S., Newman, S.A., and Summons, R.E., 2013. Archaeal and
bacterial glycerol dialkyl glycerol tetraether lipids in chimneys of the Lost City
Hydrothermal Field.
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1. Introduction

Membrane-spanning glycerol dialkyl glycerol tetraether (GDGT) lipids (Fig.

1) are widespread in the environment and the sedimentary record. Isoprenoidal

GDGTs have sn-1 glycerol stereochemistry characteristic of the domain Archaea; sn-

3 glycerol stereochemistry distinguishes branched GDGTs (brGDGTs) as bacterial in

origin. The cores of brGDGTs are composed of hydrocarbon chains with varying

numbers of methyl substituents and cyclopentane moieties. GDGT cores, composed

of isoprenoid chains, can contain both cyclopentane and cyclohexane moieties.

The analysis of GDGTs in the environment has expanded significantly in

recent years, driven largely by their utility in paleoproxies and microbial ecology.

Despite advances in understanding the phylogenetic distribution of brGDGT and

isoprenoidal GDGT biosynthesis (e.g. Knappy et al., 2011, Sinninghe Damst6 et al.,

2011) and reports of these molecules in many modern ecosystems and sedimentary

records, controls on the occurrence of GDGTs and the ecology of the microbes that

synthesize them remain poorly understood. Moreover, expanded analytical methods

have revealed a previously unknown breadth of structural diversity in GDGTs (e.g.

Liu et al., 2012a), highlighting gaps in our understanding of the provenance and

significance of the full inventory of tetraether lipids in the environment.

Microbes that synthesize GDGTs have been isolated and enriched from the

environment but it is unclear how their activity in culture compares to the activity

of related organisms in complex natural communities. Parallel, cultivation-

independent studies of GDGTs and nucleic acids in diverse environments have the
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potential to provide new insight into the biogeochemical significance of these lipids

and the microbes that synthesize them, as well as the foundations of paleoproxies

that employ them.

Here, we document the occurrence of GDGTs in the Lost City Hydrothermal

Field, an alkaline hydrothermal system near the mid-Atlantic Ridge (Kelley et al.,

2005; Fig. 2). Relatively low temperature (<150*C) interactions between seawater

and peridotite at Lost City give rise to serpentinization, a process involving a series

of exothermic reactions that control hydrothermal fluid chemistry and sustain a rich

microbial ecosystem. Lost City vent fluids are alkaline (pH 9-11), with calcium

concentrations up to 30 mmol/kg. Calcium carbonate precipitates when these fluids

mix with seawater, building chimneys as tall as 60 m. The vent field is estimated to

have been active for at least 30,000 years (Fruh-Green et al., 2003), and contains

both active and "extinct" chimneys. Unlike structures common to black smoker

hydrothermal systems, Lost City chimneys lack a central orifice; rather, fluids

emerge from networks of channels and fissures. Actively venting structures are

more porous and friable than the inactive chimneys, which tend to be well lithified

(Kelley et al., 2005).

Methane (1-2 mmol/kg) and hydrogen (1-15 mmol/kg) in hydrothermal fluids

sustain the microbes that inhabit the carbonate structures (Kelley et al., 2005).

Members of the most abundant bacterial phyla detected -Gammaproteobacteria,

Alphaproteobacteria, Firmicutes and Chloroflexi - are thought to be capable of

oxidizing reduced sulfur species and hydrogen in vent fluids (Brazelton et al., 2006).
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Archaeal diversity was found to be low at the site, with biofilms in active chimneys

composed primarily of the phylotype Lost City Methanosarcinales (Schrenk et al.,

2004). Brazelton et al. (2010) further investigated archaeal diversity, obtaining

sequences of >200,000 ribosomal RNA amplicons ("tag sequences" of the V6 region

of the16S gene), and again found Methanosarcinales to be the dominant archaeon.

Other major groups detected include ANME-1, common in inactive chimneys, and

Marine Group I (MGI) archaea, present in the youngest, hottest chimneys and vent

fluids.

Organic geochemistry provides complementary insights into the microbiology

and biogeochemistry of Lost City and integrates a longer time-window than nucleic

acid-based studies. Previous work focusing on diether membrane lipids common to

Methanosarcinales found evidence for methanogenesis and carbon limitation at Lost

City (Bradley et al., 2009). Here we survey the less abundant but ubiquitous GDGTs

in order to expand the geochemical record of microbial activity at Lost City and,

through comparison with tag sequence data, explore the provenance of these

compounds in the environment.

2. Samples and methods

2.1 Sample sites and collection

Samples were collected from carbonate chimneys across the Lost City

Hydrothermal Field during Atlantis cruise AT-7-41 using the submersible Alvin and

numbered with eight digit identifiers standardized across cruise reports (Kelley et

al., 2005). Those designated as "active" are from chimneys that were observed to be
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venting fluids during collection; "inactive" samples are from chimneys with no

detectable venting, but the duration of inactivity is unknown. Vent fluid

temperatures at active chimneys ranged from 34-70*C; "inactive" samples were at

ambient seawater temperature (-7C) when collected. Chimneys sampled were

730-850 m below sea surface. After collection samples were stored in Teflon

containers at -20*C until processing.

2.2 Sample preparation

Subsamples (15-25 g each) of chimney carbonates were freeze dried, crushed

to a fine powder, and extracted by sonication in dichloromethane:methanol 3:1 (3x).

Total lipid extracts were separated into polar and neutral lipid fractions by cold

acetone precipitation (Kates, 1986). Both polar and neutral lipid fractions were

analyzed, but only the neutral fraction contained core GDGTs. Polar lipid analyses

are reported elsewhere (Bradley et al., 2009b).

Neutral fractions were dissolved in hexane:isopropanol 99:1 and filtered

through a 0.45 im PTFE syringe filter, evaporated to dryness and brought to a

concentration of 2gg/pl (pre-filtration mass) in hexane:isopropanol 99:1.

2.3 LC-MS

Samples were analyzed by high performance liquid chromatography -

atmospheric pressure chemical ionization mass spectrometry (HPLC-APCI-MS) in

positive mode using an Agilent 1260 Infinity series LC coupled to a 6130 quadrupole

mass spectrometer using a method modified from Hopmans et al. (2000).

Separation was achieved on a Prevail Cyano column (150mm x 2.1mm, 3pm, Alltech,
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USA) maintained at 25*C. The injection volume was 10pl and compounds were

eluted isocratically with 100% eluent A (hexane:isopropanol 99:1) for 5 minutes,

followed by a linear gradient to 15% eluent B (hexane:isopropanol 9:1) over 15

minutes and a return to 100% eluent A over 5 minutes, all at a flow rate of

0.4ml/min. Between analyses the column was equilibrated with 100% eluent A at

0.6ml/min. for 10 minutes. APCI-MS conditions were as follows: gas temperature

350*C, vaporizer temperature 380*C, drying gas flow 61/min., nebulizer pressure

30psi, capillary 2000V, corona 5pA. GDGTs and archaeol were detected by selected

ion monitoring; full scans were run periodically to monitor background and to

confirm compound identification.

Compounds were quantified through comparison of ion trace peak areas to

an external standard curve of archaeol (Avanti Polar Lipids, USA) and a synthetic C4 6

tetraether (Huguet et al., 2006). The C46 tetraether was not used as an internal

standard because of coelution with the crenarchaeol isomer. Quantification cannot

be considered absolute because a 1:1 response factor between GDGTs and the C46

tetraether was assumed. Reproducibility for duplicate analysis of random samples

was within 20% and the response factor of standards was within 10% over the

course of analysis.

3. Results

3.1 GDGTs and archaeol

GDGTs and the isoprenoidal diether lipid archaeol were detected in all

samples at concentrations ranging from pg to ng/ptg extract (Fig. 3). All samples,
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both active and inactive, contained archaeol. The highest concentration detected

(614 pg/tg extract) was in an active sample, but average concentrations were

higher in inactive samples. Branched GDGTs with 4 or 6 methyl substituents (9 and

11, Fig.1 and here termed brGDGT-4 and brGDGT-6) were detected in 9 of the 12

samples and were more common and abundant in inactive chimneys.

Selected chromatograms showing branched and isoprenoidal GDGTs in an

active and inactive vent sample are shown in Fig. 4. Crenarchaeol was detected in 4

active and 4 inactive vent samples, with higher average concentrations in inactive

vents. It was the dominant GDGT in sample 3877-1501, at a concentration of 1.6

ng/tg extract, the highest value for any GDGT in this study. The crenarchaeol isomer,

when detected, was at 1-12% the concentration of crenarchaeol, with no significant

difference between active and inactive sites. GDGT-0 was detected in all samples (2-

916 pg/pg extract), with higher average concentrations in inactive sites; GDGTs 1-3

were present at lower concentrations but followed a similar pattern between active

and inactive sites. Among GDGTs 0-3, concentrations decreased with increasing ring

number.

Generally, concentrations of GDGTs 0-2 tracked each other across sites (Fig.

3). For instance, sample 3877-1501, with the highest concentration of GDGT-0, also

contained the most GDGT-1 and GDGT-2 of any sample. GDGT-3, however, was most

abundant in sample 3864-1647 and its concentration does not appear correlated

with concentrations of GDGTs 0-2 across the sample set.

H-GDGT-0 was identified based on retention time and the lack of fragments
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with masses corresponding to the loss of an alkyl side chain; only losses of water

and glycerol were observed, as reported by Schouten et al. (2008a) and Liu et al.

(2012a). This compound was detected in 3 active and 3 inactive vent samples and

concentrations were highest (413 pg/ptg extract) in sample 3867-1113, for which no

information about activity is available. There was no significant difference between

the average concentration of H-GDGT-0 in active and inactive sites. When present in

active vent samples, however, it represented a slightly higher percent of total GDGTs

and exceeded the concentration of GDGT-0. Peaks corresponding to putative H-

GDGTs 1 and 2 (isoprenoidal GDGTs with covalently linked biphytane chains and 1-

2 cyclopentane moieties) appear in the SIM traces of m/z 1298-1299 and 1296-

1297 (Fig. 4). Clear spectra could not be obtained in scan mode because of low

abundances. The -5 minute offset in retention time between early and late peaks

within these SIM traces is consistent with that seen between GDGT-1 and H-GDGT-0

in the m/z 1302-1303 trace.

3.2 Proxy calculations

GDGTs are the basis for the sea surface temperature proxy TEX86 (Schouten

et al., 2002) and the branched and isoprenoidal tetraether (BIT) index (Hopmans et

al., 2004), which has been considered a measure of terrestrial input to marine

sediments. We have calculated TEX86 temperatures and BIT values following the

equations of Kim et al. (2008) and Hopmans et al. (2004) at Lost City (Fig. 1, Table

1) in order to assess the potential impact input of hydrothermal sediments may

have on these proxies. TEX86 temperatures ranged from 11 to 31*C, with averages of
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25 and 20'C for active and inactive vents, respectively. BIT index values ranged

from 0 to 1.

4. Discussion

4.1 Origins of tetraether lipids at Lost City

In considering the potential sources of isoprenoidal GDGTs at Lost City we

rely on precedent literature concerning known product-precursor relationships and

on 16S rRNA amplicon ("tag") sequence data of Brazelton et al. (2010). Near-

asymptotic rarefaction curves showed the archaeal community to be thoroughly

sampled; sampling of bacterial communities was less complete. Samples for lipid

analysis and V6 sequencing were collected at different times and sites within Lost

City. As a result, we view the microbial assemblages described by Brazelton et al.

(2010; VAMPS database, http://vamps.mbl.edu) simply as catalogs of microbes

known to be present in the ecosystem and make no attempt to correlate the

abundance of specific GDGTs with tag counts in a quantitative manner.

4.1a GDGTs 0-3

Among the archaea detected at Lost City, ANME-1 and Methanosarcinales

were dominant, accounting for 9 and 90% of the 160,475 tags in the database

(Brazelton et al., 2010). The remaining 1% of the tags were split between 15 classes

of Archaea. No members of the euryarchaeal order Methanosarcinales, which

includes the dominant phylotype and major constituent of chimney biofilms at Lost

City, are known to synthesize GDGTs. Multiple other archaeal clades at Lost City,

however, have the potential to contribute to the pool of isoprenoidal GDGTs
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detected in our samples.

The euryarchaeal class Methanomicrobia (containing ANME-1, the second

most abundant archaeal phylotype detected by Brazelton et al. (2010)) includes

archaea known to synthesize GDGT-0 (Koga et al., 1998). ANME-1 has not been

cultivated, but Black Sea carbonate reef samples in which the phylotype

predominates yielded biphytanes representative of GDGTs 0-3 upon ether cleavage

(Blumenberg et al., 2004). Rossel et al. (2008) detected GDGTs with intact polar

headgroups in a Black Sea microbial reef sample in which the archaeal community

was comprised exclusively of ANME-1, providing strong evidence for GDGT

synthesis within this clade. Because of its high representation in the V6 tag dataset

(Brazelton et al., 2010) ANME-1 organisms are likely to be the primary source of

GDGTs 0-3 at Lost City.

The less abundant members of the archaeal population may also contribute

to the isoprenoidal GDGT pool at Lost City. Brazelton et al. (2010) detected Marine

Group I (MGI) Thaumarchaea (previously classified as Crenarchaeota) in chimneys

and fluids at the youngest, hottest chimneys surveyed. N. maritimus, a cultivated

representative of MGI, is closely related to common marine phylotypes and

synthesizes GDGTs 0-4 and crenarchaeol (Schouten et al., 2008a), suggesting MGI at

Lost City may synthesize a similar suite of compounds.

The tag sequence dataset includes three representatives of the euryarchaeal

class Thermoplasmata: Marine Groups II and III, and the South African Goldmine

Group. Some Thermoplasmata synthesize GDGT-0 (Langworthy et al., 1972) as well
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as GDGTs 1-3 (Uda et al., 2001), so these organisms cannot be excluded as a possible

source of isoprenoidal GDGTs at Lost City. The class Methanobacteria, with

members that synthesize GDGT-0 (Koga et al., 1998), has been detected at Lost City

(Brazelton et al., 2010). Isoprenoidal GDGTs 0-3 are also synthesized by members of

the crenarchaeal group Thermoprotei, which includes thermophiles such as the

well-studied Sulfolobus (Langworthy et al., 1974). Thermoprotei were detected at

Lost City at low abundance (Brazelton et al., 2010); other potential but likely minor

sources of GDGTs 0-3 include uncultivated crenarchaea such as Marine Benthic

Group A.

4.1b GDGTs: Crenarchaeol

Crenarchaeol has been detected in a wide range of marine, lacustrine, and

terrestrial settings. To date, the capacity for its biosynthesis is thought to be limited

to ammonia-oxidizing archaea (Spang et al., 2010). Initially identified in the marine

water column, it was named for its association with pelagic Crenarchaeota

(Sinninghe Damst6 et al., 2002), since reclassified as Thaumarchaeota.

Mesophilic planktonic marine thaumarchaea potentially contribute to the

pool of GDGTs 0-3 and crenarchaeol at Lost City via deposition from the water

column. True hydrothermal sources of crenarchaeol, however, may be more

significant in the vent field. There are several reports of crenarchaeol in terrestrial

hydrothermal systems (e.g., Pearson et al., 2004, Schouten et al., 2007, and Pitcher

et al., 2011) and the cultured thermophilic, ammonia-oxidizing Candidatus

Nitrosocaldusyellowstonii synthesizes crenarchaeol (de la Torre et al., 2008).
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Reports of crenarchaeol in submarine hydrothermal systems are limited. Hu

et al. (2012) detected GDGTs in sediments of the Eastern Lau Spreading Center in a

pattern typical of marine environments, with crenarchaeol and GDGT-0

predominant; concentrations were highest at sites proximal to vents, suggesting a

hydrothermal origin.

Several metagenomic surveys have provided information about distributions

of MGI ribosomal RNA (rRNA) genes in submarine hydrothermal sites and, by

extension, may help explain the occurrence of crenarchaeol at Lost City. Huber et al.

(2002) found MGI archaea to be well represented in clone libraries from diffuse flow

vents at Axial Seamount (Juan de Fuca Ridge) but hypothesized that they were from

ambient deep seawater entrained by hydrothermal circulation. A similar origin for

crenarchaeol in Lost City chimneys cannot currently be excluded.

Takai et al. (2004) found a stronger association between MGI rRNA and

hydrothermal activity at the Central Indian Ridge and the Okinawa Trough.

Quantitative PCR at those sites showed that MGI constituted a higher proportion of

the archaeal community in ambient seawater adjacent to chimneys and

hydrothermal emissions than in deep, distal seawater or in hydrothermal plumes.

The occurrence of crenarchaeol, postulated to be a biomarker for

thaumarchaeal nitrification (de la Torre et al., 2008), raises the question of whether

this process is feasible at Lost City. The potential for abiotic ammonia production at

this site exists (Russell et al., 2010), and ammonia concentrations as high as 6 pM

have been reported (Lang et al., 2013). At pH 9-11 and temperatures of 40-90'C
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chemical equilibrium favors ammonia over ammonium (Olofsson, G., 1975) but the

fugacity of ammonia under these conditions is high and substantial loss from

hydrothermal fluids is likely (Li et al., 2012). Thaumarchaea may be positioned at

oxic-anoxic interfaces between vent fluids and ambient seawater, where some

oxygen is available for the oxidation of this effluxed ammonia. The high specific

affinity of N. maritimus strain SC1 for ammonia and its ability to function under low

levels of ammonia (Martens-Habbema et al., 2009) suggests that thaumarchaea may

be able to carry out nitrification at Lost City even if ammonia levels are low or the

flux is not constant.

This scenario could explain the higher concentrations of MGI that Takai et al.

(2004) detected in deep seawater proximal to chimneys and hydrothermal fluids. It

is also consistent with the view of some MGI as interface organisms; hydrothermal

fields may contain oxic-anoxic transition zones analogous to those of marine oxygen

minimum zones (OMZs) such as the Eastern Tropical South Pacific OMZ, where MGI

and close relatives have been found to be abundant, show high transcriptional

activity, and are the predominant nitrifiers (Stewart et al., 2011).

Our detection of higher concentrations of crenarchaeol in inactive than in

active vents may appear at odds with the findings of Brazelton et al. (2010), who

reported MGI to be more abundant in the hottest chimney sample and absent from

inactive sites. It is possible, however, that the inactive chimneys we sampled simply

record a long history of MGI activity at those vents, and that the longevity of nucleic

acids in this environment is significantly shorter than that of crenarchaeol.
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4.1c GDGTs: H-GDGT

H-GDGTs were first identified in Methanothermusfervidus (Morii et al., 1998),

a thermophilic methanogen with an optimal growth temperature of 83*C (Stetter et

al., 1981). M.fervidus was found to be endemic to Icelandic hot springs (Lauerer et

al., 1986). H-GDGTs were also detected in Pyrococcus horikoshii (Sugai et al., 2000),

isolated from a hydrothermal vent in the Okinawa Trough; in three strains of

Thermococcus grown at 85'C (Sugai et al., 2004); in Methanobacter

thermautotrophicus (Knappy et al., 2009); and in Aciduliprofundum boonei

(Schouten et al., 2008b). These archaea are all members of the Euryarchaeota, and

H-GDGTs were initially considered restricted to that phylum. More recently Knappy

et al. (2011) detected H-GDGTs with 0-4 cyclopentane moieties in the crenarchaeon

Ignisphaera aggregans, expanding the known phylogenetic distribution of the

capacity for H-GDGT biosynthesis to both major archaeal phyla. To date, however,

H-GDGT biosynthesis appears to be confined to thermophiles. Among the archaea

detected at Lost City (Brazelton et al., 2010), Thermoprotei (crenarchaea) and

Methanobacteria (euryarchaea) fall within groups that include members known to

synthesize H-GDGT.

H-GDGTs have only rarely been reported in environmental samples. Jaeschke

et al. (2010) detected H-GDGTs 0-4 in an active sulfide chimney in the Loki's Castle

black smoker field. Liu et al. (2012b) reported H-GDGT-0 in sediment from an ODP

leg 201 site in the Peru Margin, one of 20 globally distributed marine sediments

analyzed. Schouten et al. (2008b) detected H-GDGT-0 in 10 marine and lacustrine
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sediments described as having been deposited in slightly basic, non-hydrothermal

waters (T <35'C). H-GDGT-0 represented less than 1.5% of the total isoprenoidal

GDGTs in these samples, with the exception of sediment from ODP site 913b

(Norwegian-Greenland Basin, 75*29'N, 6*56'W) where it comprised 6% of

isoprenoidal GDGTs. The Norwegian-Greenland Basin has been the site of

submarine alkaline volcanic activity from the late Paleocene to the present

(Chernysheva and Kharin, 2007), so it is difficult to exclude a marine hydrothermal

source for H-GDGTs detected there.

Several other sites described by Schouten et al. (2008b) may be subject to

input of hydrothermally derived biomarkers; Lake Tanganyika, for instance, has

sublacustrine hydrothermal vents (Tiercelin et al., 1989) likely to host thermophilic

archaea, and the watershed of Lake Malawi contains hydrothermal systems

(Branchu et al., 2005). Therefore, it is not clear that an allochthonous hydrothermal

source for H-GDGTs can be excluded in many of these settings. Although it has been

suggested that Marine Group II Euryarchaea (MGII) may be the source of these

lipids (Schouten et al., 2008b) - and these archaea are present at Lost City - H-

GDGTs have never been detected in close relatives of MGII, are rare in marine

sediments, and have not been reported in the marine water column where MGII are

frequently detected.

4.1d brGDGTs

We detected brGDGTS-4 and-6 (Fig. 1, 9 and 11) at Lost City. Branched

GDGTs are common in terrestrial environments, lacustrine sediments and nearshore
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marine sediments (Schouten et al., 2000). Based on glycerol stereochemistry

determined by NMR these lipids were assigned a bacterial origin (Weijers et al.,

2006) and Acidobacteria were proposed as the source because of their abundance in

soils and peats where brGDGTs are found (Weijers et al., 2009). In addition, Weijers

et al. (2006) suggested that the occurrence of brGDGTs in peat bogs might be

associated with the acidic conditions in such environments.

Recently, brGDGT-4 (9, Fig.1) was detected in 3 of 17 Acidobacteria strains

analyzed, all in aerobes (Sinninghe Damst6 et al., 2011). Other brGDGT are also

typically detected in terrestrial environmental samples, and the possibility that

bacteria other than Acidobacteria contribute to the pool of brGDGTs was not

excluded (Sinninghe Damste et al., 2011). Sequences belonging to the Acidobacteria

comprise a small proportion (113 of > 200,000 amplicons) of the 16S V6 tags

sequenced by Brazelton et al. (2010); it is possible that Acidobacteria contribute

some proportion of the brGDGTs observed at Lost City.

Although brGDGTs are typically inferred to derive from soil or peat bogs,

they have also been reported in other environments. Several studies have found

evidence for in situ production in lacustrine water columns and sediments (e.g.

Tierney and Russell, 2009, Sinninghe Damste et al., 2009, Bechtel et al., 2010),

marine sediments (Peterse et al., 2009), estuaries (Zhang et al., 2011) and in

stalagmites (Yang et al., 2011). Hu et al. (2012) detected brGDGTs in sediments from

the Eastern Lau Spreading Center. They found that brGDGT concentrations were

typically higher near sites with hydrothermal activity, suggesting that they originate
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in or near hydrothermal vents. The absence of long chained C27 to C3 3 waxy

hydrocarbons derived from land plants in these sediments provided evidence that

they have not been subject to terrestrial input and that the brGDGTs detected in

them are autochthonous. Blumenberg et al. (2007) found branched hydrocarbon

chains potentially derived in part from brGDGTs in the ether cleavage products of

extracts from an extinct hydrothermal sulfide chimney in the Turtle Pits

Hydrothermal Field, mid-Atlantic Ridge. The authors considered these compounds

as likely derived from the macrocyclic archaeols that are abundant at the site, but

allowed for some contribution from brGDGTs, which were not directly measured.

Schouten et al. (2008b) detected brGDGTs "in abundance" at ODP site 913b, where

they co-occurred with H-GDGT-0 (Norwegian-Greenland Basin, 3.1b, above).

Together with the presence of brGDGTs at Lost City, these results point to a

pattern of brGDGT occurrence in hydrothermal environments with no obvious

terrestrial inputs. In addition, the detection of brGDGTs in the highly alkaline Lost

City system extends the range of pH at which brGDGTs are known to occur.

4.2 Implications for GDGT-based proxies

The TEX86 proxy rests on the assumption that isoprenoidal GDGTs are

primarily autochthonous, derived from archaea that lived in the water column

above the sediment studied. The major utility of the BIT index is in identifying

sediments where allochthonous, terrestrial-derived GDGTs potentially influence

paleotemperature reconstruction.

TEX86 temperatures calculated at Lost City (11.3-31.3*C, Table 1) fall in a
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broad range with no evident trend toward high or low temperatures. As a result, a

hydrothermally derived input of isoprenoidal GDGTs from this or similar sites could

confound paleotemperature reconstructions. Similarly, the presence of brGDGTs

and crenarchaeol at Lost City and other submarine hydrothermal systems warrants

concern that their input to sediments may complicate the application of the BIT

index as a proxy for terrestrial matter. Reconstructions of mean air temperature and

soil pH that are based on distributions of brGDGTs (MBT/CBT, Weijers et al., 2007)

in marine and lacustrine sites could also be impacted by hydrothermal GDGTs.

We suggest that the presence of H-GDGTs in sediments serves as an indicator

of likely hydrothermal input and may preclude the application of GDGT-based

proxies. However, in our study H-GDGTs did not always co-occur with brGDGTs and

they were not present in some samples with outlying TEX86 temperatures;

consequently, the absence of H-GDGTs alone does not ensure that sediments have

been free of hydrothermal GDGT input.

5. Conclusions

Several clades of archaea are likely to synthesize isoprenoidal GDGTs

detected at Lost City. The abundance of ANME-1 archaea suggests that they are the

predominant source of GDGT-0, but there are several candidates for GDGT 0-3

biosynthesis among the less abundant thermophilic and mesophilic euryarchaea

and crenarchaea reported at Lost City. Marine Group I Thaumarchaea may

contribute to the pool of GDGTs 0-3, and are a likely source of crenarchaeol. The
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detection of brGDGTs at Lost City adds to growing evidence that they are not limited

to terrestrial systems or acidic environments.

H-GDGTs may be synthesized by several thermophilic euryarchaea and

crenarchaea detected at Lost City. The presence of H-GDGTs in sediments is a likely

indicator of hydrothermal input, and warrants caution in application of

paleoproxies when hydrothermal origins for co-occurring GDGTs cannot be

excluded.
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Fig. 1. Structures of tetraether lipids detected in Lost City carbonates (1-9; 11) and
discussed in text (10), archaeol (8), and equations used in proxy calculations. The
position of the bond linking biphytane moieties in H-GDGT-0 (7) is unknown, as are
the positions of methylation on the alkyl chains of brGDGTs.
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Fig. 2. Location of the Lost City Hydrothermal Field.
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Fig. 3. Archaeol and tetraether lipid concentrations in active (red) and inactive
(white) vent samples. No information about vent activity is available for sample
3867-1113 (gray).
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Fig. 4. Composite ion chromatograms of active vent sample 3867-1104 and inactive
vent sample 3871-1442, with mass traces shown for sample 3871-1442. Peak
numbers correspond to compounds numbered in Fig. 1: 1, GDGT-0; 2, GDGT-1; 3,
GDGT-2; 4, GDGT-3; 5, crenarchaeol; 7, H-GDGT-0; 9, brGDGT-4; 11, brGDGT-6.
Asterisks mark peaks of putative H-GDGT-1 and H-GDGT-2.
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Table 1. H-GDGT-0 as a percent of total GDGTs measured, TEX86 temperature and
BIT index calculations for Lost City carbonates. Vent type "A" denotes active and "I"
inactive vents; no information about vent type is available for 3867-1113.

H%
Sample Vent total TEX, 6  BIT

type GDGTs T (C)

3867-1104

3867-1225

3876-1436

3881-1201

3881-1228

3881-1408

3871-1442

3877-1501

3871-1512

3881-1256

3864-1647

3867-1113

A

A

A

30

0

A 37

A 66

A 0

1 6

1 5

1 0

1 15

1 0

n/a 17

25.0 0.41

- 1.00

20.9 0.00

31.3 0.00

31.1 1.00

14.4 0.66

27.1 0.79

11.3 0.19

22.9 0.00

23.1 1.00

17.4 0.12

22.3 0.27
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15
BIOMARKERS: INFORMATIVE

MOLECULES FOR STUDIES
IN GEOBIOLOGY
Roger E. Summons and Sara A. Lincoln

Massachusetts Institute of Technology, Department of Earth and Planetary Sciences, 77 Massachusetts Ave.,
Cambridge MA 02139-4307, USA

Where have all life's molecules gone?
Recycled to carbon dioxide every one!
Ah! But look - a hardy few remain
As biomarkers imprisoned in the fossil domain

Geoffrey Eglinton (2004)

15.1 Introduction

Biomarker molecules are natural products that have dis-
tinctive structural and/or isotopic attributes. These
attributes convey information about the origins of the
molecule with various degrees of specificity. For envi-
ronmental and geological studies the most effective bio-
markers have a limited number of well-defined sources,
are recalcitrant, are readily measured in environmental
samples and can be tracked through diagenesis, that is,
the chemical changes that ensue after death. Accordingly,
biomarkers can be proxies for different biogeochemical
processes taking place in modem environments as well
as chemical fossils that afford a paleobiological record of
the past activities of living communities (Brocks and
Summons, 2003; Gaines et al., 2009). This chapter briefly
describes the chemistry and biological origins of some
commonly encountered biomarkers, illustrated with
examples of their use in environmental geomicrobiol-
ogy and in paleoreconstruction.

15.2 Origins of biomarkers

In geobiology and astrobiology, the most commonly
studied molecular biomarkers are lipids. These include
pigments as well as cell wall and interior membrane

constituents essential to the integrity and physiology of
cells. Other biochemicals, such as carbohydrates, pro-
teins and nucleic acids, are accessible food sources for
bacteria and fungi and generally do not survive for long
after the death of a cell. In contrast, lipids have recalci-
trant, hydrophobic hydrocarbon moieties that are much
more difficult to degrade, especially in the absence of
oxygen. Thus, even fatty acids that were linked to glyc-
erol by hydrolysable ester linkages have some preserva-
tion and diagnostic potential. Polycycic or highly
branched structures, such as are found in polyisopre-
noid lipids, are even more resistant to biodegradation
and have the greatest preservation potential. In this
respect, cyclic triterpenoids, such as steroids (Fig. 15.1)
and hopanoids (Fig. 15.2), are well established as excel-
lent biomarkers for Eukarya and Bacteria, respectively
(Brassell et al., 1983). Further, their hydrocarbon cores
can be preserved in sediments and petroleum for hun-
dreds of millions to billions of years (Dutkiewicz et al.,
1998, 2006; Brocks et al., 2003a; Eigenbrode et al., 2008;
George et al., 2008; Grosjean et al., 2009; Waldbauer et al.,
2009). Hydrocarbon biomarkers can be diagnostic, with
varying degrees of confidence, for the physiological
activities of organisms, paleoenvironmental conditions
and the thermal history of sediments. Biomarkers have
long been used in exploration for fossil fuels (Peters
et al., 2005).

15.3 Diagenesis

Biomarkers undergo transformations once an organ-
ism dies and its cellular contents are released into the
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environment. These alteration processes are termed
diagenesis. Only the most recalcitrant structures sur-
vive. In the case of intact polar lipids (IPLs) the stable
entities are the hydrocarbon cores, that is, the alkyl
chains that are bound to glycerol by ester or ether
bonds. Preservation of carbon compounds is strongly
aided by the exclusion of electron acceptors such as
oxygen and sulfate (Canfield, 1989) and a tight associa-
tion with minerals (Hedges and Keil, 1995), and is
enhanced by the presence of sulfide which is a reduc-
ing agent and can contribute to the removal of unstable
features such as double bonds (Adam et al., 2000;
Hebting et al., 2006; Kohnen et al., 1989). Complex ter-
penoid lipids such as sterols, bacteriohopanepolyols
(BHPs) and carotenoids can be reduced to their hydro-
carbon skeletons without compromising the basic
structural features that confer diagnostic utility. One
important and potentially very useful aspect of diagen-
esis is the propensity of some lipids to undergo pre-
dictable stereochemical modifications as well as
structural ones. These changes tend to be progressive
and a sample in the earliest stage of diagenesis can
already have a dizzying array of compounds derived

Figure 15.1 Generic structures of a A5-sterol (1) and
a 4-methyl stanol (3) along with a selection of
side-chains (a-i) that commonly are attached to C17.
These steroids, including dinostanol (3f), sitosterol
(1c) and cholesterol (1a), are typical of those found in
the membranes of protists, plants and animals. The
4-methylsterane dinosterane (4f), stigmastane
(sitostane) (2c) and cholestane (2a) are formed from
their precursor sterols during burial and diagenesis
and are representative of the diversity of eukaryotic
molecular fossils found in sediments and petroleum.

from a single original precursor (Fig. 15.3). Biomarker
stereochemistry can be used to assess the maturity of
the sample and to investigate the possibility of contam-
ination by younger organic matter.

15.4 Isotopic compositions

Accurate elucidation of the chemical structures of lipids
from cultured organisms provided the original basis for
assignments of the biological sources of chemical fossils
(Eglinton, 1970). However, given the conservative
aspects of lipid biochemistry, and the paucity of lipids
that are exclusive to a single organism, such assign-
ments are often ambiguous. Early on it was also realized
that metabolites inherit C, H, N and 0 isotopic composi-
tions that are set when the organism acquires its carbon
and the precursor molecule is biosynthesized (Abelson
and Hoering, 1961). Thus, isotopic data is another means
of refining the assignments of biomarkers to their
sources provided that we have sufficient knowledge to
reliably interpret isotopic variations (Hayes, 2001, 2004).

The first-order controls on the isotopic compositions
of an entire organism lie in how it acquires its carbon,
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Figure 15.2 Structural diversity in bacteriohopanepolyols
(BHP; 5-7) and the derived hopanoid hydrocarbons
(8-10) that are found in sediments and petroleum.
3 p-Methylbacteriohopanepolyols (6) and
2 p-methylbacteriohopanepolyols (7), and the derived
hydrocarbons (9 and 10) have been have been proposed as

hydrogen, nitrogen and other elements, as well as the
isotopic compositions of the substrates for these elements.
In the case of carbon, this is determined by physiology,
namely whether the organism is autotrophic or hetero-
trophic and, in the case of the former, the assimilation
pathway (House et al., 2003). Once assimilated, carbon is
further fractionated during respiration and biosynthesis.
The isotopic fractionations that take place as carbon flows
through biosynthetic pathways are of particular interest
(Hayes, 2001) and are discussed further below. Other var-
iables known to affect the C-isotopic composition of bio-
mass and individual components include the size of an

organism, the rate of growth, the stage of the growth
cycle and how the carbon is compartmentalized.

The burgeoning technical capability to conduct iso-
tope analysis on individual compounds (i.e. compound-
specific isotope analysis, CSIA) on trace amounts of
lipid has greatly enhanced the accuracy of lipids as
proxy for both the organisms that produced them and/
or their physiologies (Bradley et al., 2009; Ohkouchi et al.,
2008; Zhang et al., 2009). Isotopic data also increase the
depth of historical information that can be derived from
fossil molecules and builds confidence in our interpreta-
tions of this record (Hayes, 2004). C-isotopic composi-
tions of molecules are likely highly conserved over long

R4

8 R, R1= H, bacteriohopane
R, -9 R =H, R, =CH

10R =CH, R, = H
R4 can be H, CH3 to n-CHI

12 gammacerane

14 oleanane

biomarkers for methanotrophic bacteria and cyanobacteria
respectively. Tetrahymanol (11) and f-amyrin (13) are
represented in the fossil record by the hydrocarbons
gammacerane (12) and oleanane (14) which are considered to
be good biomarkers for bacteriovorous ciliates and flowering
plants, respectively.

periods of geological time because, without destroying
a molecule, there are no known processes that allow
exchange of its carbon atoms. Hydrogen isotopic
compositions are also set during biosynthesis
(Schimmelmann et al., 1999; Sessions et al., 1999) and, in

the case of bacteria, reflect the physiology of NADPH
production in central metabolism (Zhang et al., 2009).
However, 8D values are also prone to progressive cor-
ruption through exchange reactions over long timescales;
some H-atoms are more easily exchanged than others
(Sessions et al., 2004). The N-isotopic compositions of

chlorophyll-derived biomarkers (Chikaraishi et al., 2005,
2008 Ohkouchi et al., 2006) provide important data on
nitrogen sources for biosynthesis and can serve as a
proxy for reconstructing ancient nitrogen cycling.
Compound-specific oxygen isotopic measurements on
lipids are more difficult because few lipids have high
O/C ratios; for this reason, the O-isotopic composition of
lipids has not been exploited to any extent in contrast to
measurements on oxygen-rich molecules such as cellu-
lose (Sternberg et al., 1984). Most recently, a continuous
flow technique utilizing inductively coupled plasma
mass spectrometry (ICPMS) has been developed to meas-
ure the PMS values of individual compounds (Amrani
et al., 2009) thereby completing the array of light, bioactive
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Figure 15.3 Some of the steps in the complex diagenetic pathway from sterols to steranes (Mackenzie et al., 1982) and illustrating
the major stereochemical changes. Sterenes and diasterenes (16) are initially formed from sterols and steryl esters by dehydration
or elimination reactions and these are then reduced to the sterane isomers 17 and 18. Alternatively, they may undergo a backbone
rearrangement and reduction to form diasteranes (rearranged steranes; 19).

elements amenable to isotopic analysis. Clearly, simulta-
neous measurement of C-, H-, 0-, N- and S-isotopic
compositions of an individual biomarker compound is
challenging but would provide the ultimate characteri-
zation (Hinrichs et al., 2001).

15.5 Stereochemical considerations

The vast majority of biomarkers exhibit some kind of
stereospecificity. In some ways this is analogous to the
homochirality that is characteristic of amino acids with
the important difference being that biomarkers generally
have multiple asymmetric centres. The common sterol
cholesterol (Fig. 15.1, la) has eight. The plant sterol
sitosterol (Fig. 15.1, 1c) has nine as does the dinoflagel-
late-specific dinosterol. Bacteriohopanepolyols (BHPs)
are even more complex with bacteriohopanetetrol
(BHtetrol) having at least eight in the C. pentacyclic
ring system and four in the side chain. This could result
in a bewildering collection of potential stereoisomers
except for the fact that biosynthesis generally produces

one isomer exclusively (Figs 15.1-15.4). This fact imme-
diately leads to a method for distinguishing the bio-
markers of extant and recent organisms from those in
the geologic past because the latter are invariably mix-
tures, often quite complex, of stereoisomers.

The post mortem stereochemical changes that biomark-
ers undergo encode valuable information about diage-
netic conditions and thermal histories. Acyclic isoprenoids
readily isomerize very early in their burial so that the fos-
sil forms comprise mixtures of diastereoisomers (aka dias-
tereomers) (Patience et al., 1978). Steroids may form pairs
of diastereoisomers at former sites of unsaturation (double
bonds). Some hydrogen atoms at ring junctions are prone
to isomerize while the whole steroid backbone may also
rearrange especially if acidic clays are abundant in the
enclosing sediment (Mackenzie et al., 1982; van Kaam-
Peters et al., 1998). Diagenesis in carbonate sediments pro-
ceeds differently and such re-arrangements are often
suppressed (Rullkdtter et al., 1984). As mentioned above,
the changes are progressive so that in geological samples,
which have experienced long periods of burial, all
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biomarkers will come to comprise mixtures dominated by
the most thermodynamically stable stereoisomers. This is
illustrated for steroids (structures 1-4) and triterpenoids
(5-14 and 15-19) in Figs 15.1-15.3.

15.6 Lipid biosynthetic pathways

The hydrocarbon skeletons of lipids fall into two broad
categories. First there are the acetogenic lipids which are
those with straight chains (normal) or simple branching
patterns (e.g. iso-, anteiso-, etc.). As the name implies,
acetogenic lipids are constructed from acetate units orig-
inally donated from acetyl coenzyme-A (De Niro and
Epstein, 1977; Hayes, 1993). Additional carbons can be
acquired from other short-chain fatty acid precursors
and from methyl groups donated by S-adenosyl methio-
nine (SAM). The second major class of lipids comprises
the polyisoprenoids. These are constructed from a five-
carbon precursor, dimethylallyl diphosphate (DMAPP; 20)
or isopentyl diphosphate (IPP; 21) leading to a diverse
array of structures determined by number of 'isoprene'
building blocks and the manner in which they are assem-
bled (Fig. 14.4). For example, geranyldiphosphate
(GPP; 22) is formed when two C5 units are connected
head to tail; phytol (23) is derived from four C5 units
linked head to tail. A notable feature of acetogenic and
polyisoprenoid lipids, and a point of contrast to other
biopolymers such as nucleic acids and proteins, is that
only a few specific classes of lipids contain hydrolysable
linkages.

The acetyl building block of acetogenic lipids can also
have multiple origins with consequences for the isotopic
composition of its products. In photosynthetic organisms
and heterotrophs acetate is formed primarily through the
decarboxylation of pyruvate, itself a product of the syn-
thesis or degradation of carbohydrates. In one of the first
observations of intermolecular 'isotopic order,' DeNiro
and Epstein (1977) made site-specific measurements of
the isotopic compositions of each carbon atom in pyru-
vate and acetate in cultures of the bacterium Escherichia
coli. They determined that a major fractionation accompa-
nies the decarboxylation of pyruvate leading to a deple-
tionof the carboxylcarbon atom depleted of approximately
15%o relative to the methyl carbon atom. Overall, the
acetate produced by E. coli, and the lipids that were
formed from it, were depleted by 7-8 %o relative to glu-
cose and the pyruvate precursors. Upon further investi-
gation, and working with both yeast and E. coli, Monson
and Hayes confirmed that individual fatty acids were
depleted in 3C by 7%o relative to glucose carbon source
and that the carbon atoms along the chain comprised two
isotopically-distinct groups (Monson and Hayes, 1980,
1982). Odd-numbered carbon atoms, derived from the
carboxyl carbon of acetate, were depleted by around 6%o
relative to the glucose while the even-numbered carbons

were enriched by about 0.5 %o. Research conducted since
these seminal observations has further verified the phe-
nomenon of intramolecular isotopic order and confirmed
that acetogenic lipids are almost invariably depleted rela-
tive to total biomass and other biochemicals (Hayes, 2001;
Schouten et al., 2008c). However, additional factors can
affect the isotopic composition of acetyl-CoA in organ-
isms grown under different conditions and in environ-
mental samples with consequences for correctly
interpreting the results from analyses of geologic samples
(Heuer et al., 2006).

Polyisoprenoid lipids are constructed from C5 (iso-
prene) building blocks. The IPP and DMAPP precur-
sors can be made from acetyl-CoA following the
mevalonic acid (MVA) pathway. The elucidation of the
MVA pathway was based on studies of yeast, and other
easily manipulated organisms and tissues, and was
long assumed to be the exclusive route (Bloch, 1992).
However, in studying the biosynthesis of hopanoid
triterpenoids in bacteria, Rohmer and colleagues
(Rohmer, 2003) discovered evidence for a second path-
way. They observed anomalous labeling patterns when
[1-11C] and [2-13C] acetate were fed to hopanoid-producing
bacteria such as Rhodopseudomonas palustris (Flesch and
Rohmer, 1988). Further experiments with 1

3C isotopom-
ers of glucose (Rohmer et al., 1993) enabled the unrave-
ling of the mevalonate-independent methylerythritol
phosphate (MEP) pathway (Rohmer, 2003), also known
as the DOXP pathway. In this pathway, IPP and DMAPP
are the products of condensation of a C2 subunit formed
by pyruvate decarboxylation and a C3 moiety in the
form of a triose phosphate. Methylerythritol 4-phos-
phate is the first committed intermediate, hence the
naming of the pathway as MEP. MVA is the pathway
common to Archaea and non-plastid bearing Eukarya.
Bacteria can have either MEP or MVA while plastid-
bearing Eukarya can have either or both (Hayes, 2001).
However, MEP is widely present in the chloroplasts of
plants (Eisenreich et al., 1998) and their green algal
cousins presumably reflecting inheritance from the
cyanobacterial ancestor (Lichtenthaler et al., 1997). A
consequence of having two pathways for isoprenoid
biosynthesis is that complexities abound in the inter-
pretation of isotopic data for isoprenoids. At the same
time, the MEP versus MVA dichotomy can be informa-
tive and useful in interpretations of the natural varia-
bility in the isotopic compositions of polyisoprenoids
(Schouten et al., 2008c).

15.7 Classification of lipids

Biological lipids are diverse cellular chemicals that are
largely soluble in organic solvents and insoluble in
water. Some of the important compound classes are dis-
cussed below.
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15.7.1 Hydrocarbons

Hydrocarbons are a diverse compound class. They
encompass some of the simplest and least specific bio-
marker compounds such as n-alkanes as well as com-
plex isoprenoid hydrocarbons of the botryococcene type
which, so far, appear to be exclusive to a single species
of chlorophyte alga, Botryococcus braunii. Interestingly,
methane, the simplest hydrocarbon of all, can be a bio-
marker in certain circumstances because its biosynthesis
is exclusive to the methanogenic Archaea. However,
caution is warranted because methane can have other
origins, for example, the thermal cracking of complex
organic matter. Isotopic and other data are crucial for
understanding the origins of methane (Schoell, 1988).

Important biogenic hydrocarbons include the n-alkanes
found in the leaf wax of plants (Eglinton, 1970), short-
chain normal (n-) and branched alkanes produced by
cyanobacteria (Han and Calvin, 1969; Jahnke et al., 2004)
and some algae, long-chain branched alkanes found in the
waxy cuticles of insects and an array of distinctive isopre-
noid hydrocarbons produced by algae of various types.

Hydrocarbons are also prominent components of petro-
leum and sedimentary bitumen (Peters et al., 2005). Here,
they are the fossilized remains of former functionalized
lipids. Hydrocarbons are the main chemical form in which
biomarkers are preserved in the geologic record and can be
extracted from sediments with organic solvents (yielding
bitumen), or released from macromolecular sedimentary
organic matter (kerogen) by heating in a vacuum, in an
inert gas such as helium or in reactive fluids such as water
or hydrogen (Lewan et al., 1979,1985; Love et al., 1995).

15.7.2 Fatty acids, alcohols and ketones

These are essentially hydrocarbons bearing one or more
oxygen-containing functional groups. Fatty acids are most
commonly found as the acyl chains in the IPLs of Bacteria
and Eukarya. Their carbon numbers and sites of branch-
ing and/or unsaturation confer diagnostic utility (Guckert
et al., 1985). Besides the steroids and terpenoids discussed
below, biomarker alcohols include components of plant
leaf wax (Eglinton and Hamilton, 1967) and the esterifying
moieties of chlorophyll. Phytol (23) is one of the most
prominent alcohol biomarkers found in nature. It origi-
nates mainly from the side chain of chlorophylls a and b
common to plants, algae and cyanobacteria. The hydrocar-
bons phytane and pristane, both of which can be derived
from phytol, are amongst the most ubiquitous and abun-
dant fossil biomarkers (Volkman and Maxwell, 1984).

The best studied ketones are the long-chain alkenones
produced by haptophyte algae (Volkman et al., 1980).
The patterns of unsaturation in the C3 alkenones, pres-
ently known to be derived from haptophyte algae of the
class Prymnesiophyceae, specifically Emiliania huxleyi,
Gephyrocapsa oceanica, and members of the genera

Isochrysis and Chrysotila (Rontani et al., 2004), have been
shown to vary systematically with the temperature of the
waters in which they grew (Prahl and Wakeham, 1987;
Sikes and Volkman, 1993). The C37 alkenones, therefore,
encode a record of sea surface temperature (Brassell et al.,
1986) and this has resulted in the development, testing
and widespread application of the U"' sea surface tem-
perature proxy (Rosell-Mel6 et al., 1995; Sikes et al., 1997).

15.7.3 Chlorophylls and carotenoids

The landmark 1936 paper by Alfred Treibs (Treibs, 1936)
reporting discovery of fossilized organic nitrogen com-
pounds laid foundations for the entire field of biomarker
research. Tetrapyrroles preserved in rocks were so com-
plex that they could only have been sourced from a few
biological precursors, either hemes or chlorophylls.
Consideration of their structures, natural abundances
and distributions all pointed to an origin from the photo-
synthetic pigments such as the chlorophyll a (Chl a) that
is ubiquitous in plants and algae. Although among the
least stable of lipids, chlorophylls and bacteriochloro-
phylls (Bchls) can undergo a sequence of diagenetic
transformations to ultimately form vanadyl and nickel
porphyrins. Their structures, in combination with spe-
cific C- and N-isotopic compositions, can sometimes be
exceptionally diagnostic (Boreham et al., 1990; Chikaraishi
et al., 2005; Ohkouchi et al., 2008). Even after oxidation
leads to fragmentation of the tetrapyrrole ring-system
some of the resulting products, maleimides (1H-pyrrole-
2,5-diones), can be preserved. In most instances, these
have simple methyl and ethyl substitution at positions 3
and 4, thereby rendering their precursor indistinct.
However, maleimides having Me n-propyl and Me
i-butyl substitutions are highly specific since these are
only observed in Bchl c, d and e, common to the filamen-
tous bacteria (Chloroflexaceae) the green sulfur bacteria
(Chlorobiaceae) and the recently described Yellowstone
isolate Chloracidobacterium thermophilum (Bryant et al.,
2007). In an elegant application of C-isotopic measure-
ments, Grice and colleagues (Grice et al., 1996) were able
to measure the C-isotopic compositions of Me n-propyl
and Me i-butyl maleimides in the Permian Kupferschiefer
to show that, in part, they can derived from the bacteri-
ochlorophylls of the green sulfur bacteria.

15.7.4 Steroids and triterpenoids

Steroids (tetracyclic triterpenoids; Fig. 15.1) and penta-
cyclic triterpenoids (Fig. 15.2) are of great interest in geo-
biology because they are demonstrably the most
recalcitrant classes of biomarkers and also because they
are related in having a common biosynthetic precursor,
the ubiquitous C3 acyclic hydrocarbon squalene (24).
The enzymes responsible for cyclization of squalene are
also hypothesized to have a shared evolution (Ourisson
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et al., 1979, 1987; Rohmer et al., 1979). This has become
known as the sterol-triterpenoid biosynthetic bifurca-
tion (Nes, 1974). The bacterial enzyme (squalene-hopene
cyclase: SHC) and the eukaryotic enzyme (oxidos-
qualene cyclase or OSC) have sequence similarities that
betray a shared origin but this alone does not allow one
to unambiguously identify which is the more primitive
(Fischer and Pearson, 2007). However, a connection to

0-P-O-P-O--
20 DMAPP &- 6-

O- P-O- P-O
22 GPP O- 0-

24 squalene

SQMO

[021

26 squalene epoxide

oSC

the oxygenation of Earth's surface seems clear. Oxygen
is required for biosynthesis of sterols but not hopanoids.
In sterol biosynthesis (Fig. 15.4), both the conversion of
squalene to oxidosqualene via the enzyme squalene
monooxygenase (SQMO) and the downstream removal
of the angular methyl groups at C4 and C14 of the pro-
tosterols, lanosterol (27) in the case of fungi and metazoa
or cycloartenol (28) in plants, en-route to the functional

O-P-0-P-O-
21 IPP 6- 0-

OH
23 phytol

SHC

25 dilpene
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[9 02]
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Figure 15.4 Key steps in the biosynthetic pathway to
diterpenoids and triterpenoids such as phytol (23) and
squalene (24) respectively. Squalene is the biosynthetic
precursor of hopanoids such as diplopterol and diploptene (25)
which are formed without involvement of molecular oxygen.
One molecule of oxygen is required for the transformation of
squalene to squalene epoxide (aka oxidosqualene; 26) which is,

HO -, 28 cycloartenol

HO 1a cholesterol

in turn, the precursor of the either one of two protosterols
lanosterol (27) or cycloartenol (28). An additional nine
molecules of oxygen is required to complete the steroid
biosynthetic pathway to cholesterol (la). Oxidosqualene is
also the precursor of P-amyrin (13) in the flowering plants. In
contrast, oxygen is not required to form tetrahymanol (11);
the oxygen in this sterol surrogate is derived from water.
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steroids including cholesterol (1a), ergosterol and
sitosterol (1c) require oxygen. In all, up to eleven moles
of oxygen are necessary for the biosynthesis of a mole of
cholesterol (Summons et al., 2006). Bloch and colleagues
hypothesized that significant functional improvement in
sterols accompanied the evolution of the pathway from
lanosterol to cholesterol (Bloch, 1979, 1987) while others
have noted that sterol structure profoundly influences
curvature and lipid phase separation in artificial mem-
branes (Bacia et al., 2005). More recent research on bio-
chemical networks is consistent with this and identifies
other areas where an increasing availability of molecular
oxygen over geological time has resulted in elaboration
of new pathways (Raymond and Segre, 2006).

Other intriguing aspects of the evolutionary histories
of SHCs and OSCs are encoded into the overall amino
acid sequences, and especially the degree to which the
active sites of these protein families are conserved. For
example, alignment of the sequences of genes encoding
for OSCs reveals a very high degree of conservation
with the active site residues being absolutely conserved
across the known eukaryotic diversity (Summons et al.,
2006), and the same is true for SHCs as applies to bacte-
rial diversity (excluding the enigmatic Planctomycetes)
(Fischer and Pearson, 2007).

15.7.5 Intact polar lipids:

For environmental studies, intact polar lipids (IPLs) carry
the most taxonomic information as they include both the
core lipid (Figs 15.5 and 15.6), with its preservable carbon
skeleton, along with potentially diagnostic polar head
groups (Fig. 15.7). Recent advances in technical capabili-
ties and instrumentation for liquid chromatography (LC)
and mass spectrometry (MS) with soft ionization such as
electrospray ionization and atmospheric pressure chemi-
cal ionization (APCI) have enabled routine analysis of
IPLs including BHPs (Rutters et al., 2002; Sturt et al., 2004;
Talbot et al., 2003,2007). This has stimulated development
of a growing database for the taxonomic distributions of
eukaryotic (McDonald et al., 2007), bacterial (Van Mooy
et al., 2006) and archaeal IPLs (Hopmans et al., 2000; Jahn
et al., 2004). LC-MS technology development has also
increased the range of lipids that can be routinely studied
and the precision with which they can be measured while
considerably reducing the workload. In fact, the revela-
tion of the diverse range of structures that exist within the
membrane-spanning archaeal and bacterial glycerol
dialkyl glycerol tetraethers (GDGTs) was only possible
with the advent of LC-MS technologies (Hopmans et al.,
2000). IPL analyses are particularly powerful when com-
bined with genomic information (e.g, ribosomal DNA
clone libraries and metagenomes) that inform us about
the taxonomic diversity of microbial communities. IPL
analyses are also potentially quantitative thereby giving

information on the absolute abundances of microbes in a
sample (Lipp et al., 2008).

15.7.6 Biomarkers for physiology or phylogeny?

Inspection of the phylogenetic distributions of lipid
classes confirms that, for organisms known to date,
there are significant correspondences between taxo-
nomic positions of organisms and the predominant
types of lipids expressed (Sturt et al., 2004). This is espe-
cially the case for terpenoids and the hydrocarbon cores
and head groups of IPL, at least at the domain and phy-
lum levels (Brocks and Pearson, 2005). Isoprenoid ether
lipids are, as far as we know, unique to the Archaea.
Similarly, and as far as is known, the core GDGT crenar-
chaeol is unique to the Crenarchaeota. Because there are
only a few known exceptions, such as Myxobacteria,
desmethylsterols are robust biomarkers for the Eukarya.
Similarly, C35 hopanoids (bacteriohopanepolyols) are
robust biomarkers for Bacteria. There are a few notable
cases where the structures of lipids are so distinctive
that they can be used to identify organisms at the order,
family, genus or even species level, for example ladder-
ane lipids in the Planctomycetales (Rattray et al., 2008),
the botryococcene-related lipids in Botryococcus braunii
(Metzger and Largeau, 2005) and the long-chain ketones
of the prymnesiophytes (Volkman et al., 1995).

On the other hand, a preoccupation with relationships
between structure of biomarkers and phylogeny draws
attention away from a potentially more profound aspect
of biomarker chemistry: the relationship between lipid
structure and physiology. Lipids always serve some phys-
iological function. Nowhere is this more evident that in
the process of anaerobic oxidation of ammonia (anam-
mox) and the ladderane lipids of the Planctomycetales.
Organisms living via anammox catabolism have anam-
moxosomes that contains the critical hydrazine/hydroxy-
lamine oxidoreductase enzyme. The anammoxosome has
to be impermeable to hydrazine and oxygen and this is
presumed to be accomplished with the aid of membranes
constructed from phospholipids known as ladderane
lipids. The ladderane hydrocarbon cores, with their dis-
tinctive linearly concatenated cyclobutane moieties, are
connected to the glycerol moiety via both ester and ether
bonds. Protection from 02 and provision of the essential
nitrite electron acceptor is afforded through syntrophy
with aerobic ammonia oxidizers. As far as is known, there
is a direct relationship between the physiology of anam-
mox and ladderane lipids (Jetten et al., 2003; Sinninghe
Damst6 et al., 2005). The recent paleorecord of ladderanes
has recently been exploited as a tool for studying varia-
tions in the intensity of the oxygen minimum zone in the
Arabian Sea over the past 1000 years (Jaeschke et al., 2009).
It is therefore somewhat ironic that such a direct connec-
tion cannot be explored in deep time because, despite the
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robustness of anammoxosome membranes in living cells, biosynthetic pathway(s) (Doughty et al., 2009, 2011;
the lipids themselves are thermally unstable on geological Sessions et al., 2009; Welander et al., 2009, 2010).
timescales (Jaeschke et al., 2008).

Rather than asking questions like 'What organisms 15.8 Lipids diagnostic of Archaea
makes what lipids?' biomarker researchers are turning
their attention to learning more about the physiological Three characteristics distinguish archaeal membrane
role of a specific compound, its cellular localization, lipids from those of bacteria: (1) hydrophobic cores are
the environmental conditions that require or allow composed of isoprenoidal hydrocarbon rather than fatty
its production and the phylogenetic distribution of its acyl chains; (2) cores are linked to glycerol moieties by
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Figure 15.5 Comparison of the stereochemistry of bacterial glycerol diester lipids (e.g. 29) with the dialkyl ether lipids of Archaea
typified by the di-O-phytanyl glycerol archaeol (30). DGDs show structural variation including replacement of the C20 phytanyl
chains by C25 (31) and hydroxylation to form sn-2 hydroxyarchaeol (32) and sn-3 hydroxyarchaeol (33).
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Figure 15.7 A selection of polar head groups that occur in the intact polar lipids of Archaea, Bacteria and Eukarya.

ether rather than ester bonds; and (3) glycerol stereo-
chemistry is 2,3-sn-glycerol stereochemistry instead of
the bacterial 1,2-sn-glycerol (Figs 15.5 and 15.6).
However, it is important to recognize that ether lipids
are not exclusive to Archaea and have been isolated
from bacteria including Aquificales (Jahnke et al., 2001),
Mycoplasma (Wagner et al., 2000) and Thermotogales
(Sinninghe Damst6 et al., 2007). Some Archaea are also
known to synthesize fatty acids (Gattinger et al., 2002),
but 2,3-sn-glycerol stereochemistry is an exclusive trait
of Archaea (Peret6 et al., 2004) and the synthesis of lipids
with both ether bonds and isoprenoid cores also appears
confined to this domain (Koga and Morii, 2005).

15.8.1 Intact polar lipids of Archaea

Systematic investigations of the specific patterns of the
cores and polar headgroups in archaeal lipids are rela-
tively recent (Koga and Morii, 2005; Nishihara and
Koga, 1995; Sturt et al., 2004), and many gaps exist in our
knowledge of them. It is not yet clear to what extent
head group composition follows taxonomic lines.
Complicating this picture is the apparent ability of sin-
gle clades to synthesize GDGTs with a variety of head-
groups. For example, the crenarchaeaon Nitrosopumilus
maritimus (Schouten et al., 2008b) synthesizes GDGTs
with hexose, dihexose and phosphohexose head groups.
Until a broader selection of cultures has been analysed it
will be difficult to determine whether biosynthetic over-
lap between physiological groups is extensive; accord-
ingly, the biomarker potential of archaeal IPLS cannot be
fully realized at this time. However, isotopic analysis of
IPLs is likely to provide additional information about

archaeal metabolism in natural populations and will
enable more extensive tracer experiments.

15.8.2 Core lipids

Broadly speaking, archaeal membrane core lipids can
be divided into two classes: C43 diphytanyl glycerol
diethers (DGDs; Fig. 15.5) and C86 membrane span-
ning glycerol dibiphytanyl glycerol tetraethers
(GDGTs; Fig. 15.6), also called caldarchaeols. GDGTs
have varying degrees of cyclization, containing 0-6
cyclopentane rings and 0-1 cyclohexane rings. One
GDGT, crenarchaeol (36), has been given a common,
non-IUPAC name; it contains one hexacyclic and four
pentacyclic rings. The observation that temperature is
one control on the degree of cyclization of caldarchaeol
GDGTs (Gliozzi et al., 1983) led to the development of
the TEX-86 paleotemperature proxy based on their
distribution in marine sediments (Schouten et al.,
2002). Crenarchaeol may alternatively be a biomarker
specifically for ammonia-oxidizing Crenarchaeota (de
la Torre et al., 2008) or more generally for Group I
Crenarchaeota, including heterotrophic species
(Biddle et al., 2006).

An unusual GDGT in which the biphytanyl moieties
are covalently linked was first detected in the hyperther-
mophilic methanogen Methanothermus fervidus (Morii
et al., 1998). This 'H-shaped' core (37) has since been
found in several euryarchaeal hydrothermal vent iso-
lates and was recently detected in both marine and
lacustrine sediments (Schouten et al., 2008a), where its
sources are, as yet, unknown.
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DGDs, like GDGTs, show structural diversity
(Fig. 15.5). Variations on the structure of archaeol (30)
exist. Replacement of one or both of the C2 chains by C25
is common (e.g, 31) while hydroxylation and unsatura-
tion of the isoprenoid moieties is also seen (32 and 33).
Macrocyclic archaeol, a diether containing 0-2 internal
cyclopentane rings, has been identified in Methanococcus
janaschii and in mud volcano carbonates (Comita and
Gagosian, 1983; Stadnitskaia et al., 2005).

15.8.3 Taxonomic distribution of archaeal core lipids:

In Archaea certain lipid structural motifs appear to be
conserved along phylogenetic lines. Within the cultured
Euryarchaeota, halophiles synthesize DGDs such as
archaeol (often as an unsaturated archaeol analogue, and
sometimes substituting one or two C2 chains for C2  31)
(Kates, 1978). Archaeol (30) itself is broadly distributed,
occurring in trace amounts in cultured Crenarchaeota and
co-occurring with GDGTs in some methanogens. It has
been suggested that DGDs may be intermediates in the
biosynthesis of GDGTs, but the biosynthetic pathways
leading to tetraethers are unresolved. Functionalized
archaeols, such as sn-2 hydroxyarchaeol (32) and sn-3
hydroxyarchaeol (33) together with a dihydroxyarchaeol
are prevalent in methanogenic and methanotrophic
archaea (Sprott et al., 1990; Nishihara and Koga, 1995;
Bradley et al., 2009). Pentamethylicosane (PMI) is also
known from cultivated methanogens and methano-
trophic microbial mats (Tornabene et al., 1979; Schouten
et al., 1997; Thiel et al., 1999). These particular lipids appear
to be exclusively synthesized by Euryarchaeota.

Less phylogenetic specificity is apparent among the
GDGTs. Some methanogens synthesize caldarchaeol
GDGTs containing 1-3 cyclopentane rings (Gattinger
et al., 2002) and thermoacidophiles synthesize GDGTs
with as many as 3 cyclopentane rings (Macalady et al.,
2004). Cultured Crenarchaeota, e.g. Sulfolobus solfatari-
cus, previously known as Caldariella acidophila; (Gliozzi
et al., 1983) synthesize GDGTs with 0-6 cyclopentane
rings, with up to four rings per biphytane moiety.
Crenarchaeol, containing four cyclopentane and one
cyclohexane ring, is ubiquitous in marine sediments
and thought to be biosynthesized by marine
Crenarchaeota. However, it has also been detected in
soils and terrestrial hydrothermal environments
(Pearson et al., 2004) and in a cultured thermophile
(de la Torre et al., 2008).

15.8.4 Preservation potential, geologic record

Archaeal lipids, like all biomolecules, become defunc-
tionalized during diagenesis. However, under favoura-
ble conditions archaeal core lipids can be preserved in
the geologic record for hundreds of millions of years.

Kuypers et al. (2001) found archaeal lipids to be a
significant component of organic matter preserved in
mid-Cretaceous shales deposited during an oceanic
anoxic event. Caldarchaeol, GDGT:1, GDGT:2 and cre-
narchaeol were detected intact in these samples, and
remain the oldest intact GDGTs known to date.

GDGT-derived isoprenoid hydrocarbons provide a
means to trace the geologic history of Archaea in older
sediments. The ether bonds of GDGTs and DGDs were
broken when subjected to extreme temperatures in
hydrous pyrolysis experiments simulating diagenesis
(Rowland, 1990), yielding the more resistant hydrocar-
bons biphytane, phytane, and shorter-chained isopre-
noids. Biphytane is specific to GDGT-synthesizing archaea
and is therefore a useful biomarker. Biphytane and other
archaeal biomarkers crocetane, pentamethylicosane and
phytane occur in Late Pennsylvanian seep limestones,
extending the record of the process of anaerobic oxidation
of methane to 300 million years ago, an antiquity nearly
double previous estimates based on macrofossil, isotopic
and biomarker evidence (Birgel et al., 2008).

15.9 Lipids diagnostic of Bacteria

The lipids of Bacteria have many features in common
with those of Eukarya. Most bacterial membranes com-
prise alkyl chains linked to the sn-1 and sn-2 carbons of
glycerol through ester bonds (Fig. 15.5; 29). The polar
head groups are also similar with phospholipids, gly-
colipids and phosphoglycolipids being common.
Important differences occur in the length and function-
alization of the acyl chains with 2-, 3- and 10-methyl
branching, hydroxylation, distinctive unsaturation,
cyclopropyl groups and o>-cyclohexyl groups common.
In addition to lipids with hydrolysable acyl linkages,
some bacteria biosynthesize glycerol ether lipids. These
can be glycerol diethers, glycerols with one ether-linked
alkyl and one acyl chain and membrane-spanning non-
isoprenoidal GDGTs.

Lipids that appear to be diagnostic for bacterial taxa
include the ladderanes specific to Planctomycetales
(Sinninghe Damste et al., 2005), bacteriochlorophylls
and the aromatic carotenoids that, although found in
cyanobacteria (Graham et al., 2008; Maresca et al., 2008)
and actinobacteria, are widely considered characteristic
of the green and purple sulfur bacteria (Brocks and
Summons, 2003; Brocks et al., 2005). The stable hydrocar-
bon cores of the aromatic carotenoids have been found
in rocks as old as 1.64Ga (Brocks et al., 2005). They occur
widely in Phanerozoic sediments and are especially
prevalent during oceanic anoxic events, attesting to the
presence of anoxic and euxinic water columns, the con-
ditions in which their modern counterparts thrive today
(Schouten et al., 2001; Smittenberg et al., 2004; Wakeham
et al., 2007).
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Box 15.1 Example study: Marine archaea

Biomarkers have proven to be useful tools for probing the physiology of the marine archaea, abundant but poorly
understood players in marine microbial communities.

Since the discovery that members of the domain Archaea are widespread in the oceans (DeLong, 1992; Fuhrman
et al., 1992; DeLong et al., 1998), numerous studies have confirmed their abundance and ubiquity. Once thought to
be obligate extremophiles requiring high temperatures, acidic environments, or hypersaline conditions, archaea are
now known to be cosmopolitan. Cultivation-independent genomic surveys have revealed that representatives of
the Archaea are common in non-hydrothermal terrestrial environments and inhabit all marine environments, span-
ning the euphotic zone (Frigaard et al., 2006), the mesopelagic (Kamer et al., 2001; Massana et al., 1997), and the
benthos (Biddle et al., 2006; Lipp et al., 2008) while their range extends from tropical to polar waters. Extrapolating
from data obtained through fluorescence in situ hybridization at the North Pacific Subtropical Gyre and coastal
sites, Kamer et al. (2001) estimated that archaea comprise nearly a quarter of planktonic marine microbes. Of that
number, the majority appear to be Marine Group I Crenarchaeota. Three marine euryarchaeal groups (II-IV) have
been identified, but the Marine Group II Euryarchaeota are typically the most abundant of these (DeLong, 2006).
Together the Marine Groups I and II account for the bulk of extractable archaeal rRNA in the ocean.

Although their importance to marine biogeochemistry is inevitable if only because of their sheer numbers, little
is known about the carbon and energy metabolism of marine archaea. Few representatives exist in culture, so direct
study is difficult. Studies of the isolates Nitrosopumilus maritimus and N. yellowstonii have shown that both marine
and terrestrial Crenarchaeota are capable of oxidizing ammonium to nitrite (de la Torre et al., 2008; Konneke et al.,
2005), while the presence of the light-driven proton pumping pigment proteorhodopsin in many photic zone
Euryarchaeota points to a light-dependent lifestyle. Despite clues such as these, fundamental questions about
marine archaea remain unanswered; importantly, the balance of autotrophy and heterotrophy is unknown. The
stable carbon isotopic composition of GDGTs found in marine sediment did not provide conclusive evidence for
either; their 8'

3C value of -20 to -23%o could indicate consumption of an isotopically heavy carbon source poten-
tially derived from algae, or autotrophic uptake of bicarbonate that is generally enriched relative to CO2 (Schouten
et al., 2008b). Benthic GDGTs also contain levels of radiocarbon that point in favour of autotrophic dominance
(Pearson et al., 2001), but which remain ambiguous due to potential confounding effects of the mixing of pre-aged
material (Shah et al., 2008).

Incubation studies have found evidence for both autotrophy and heterotrophy. Uptake of tritium-labelled amino
acids has been documented in Archaea through a hybridized microautoradiography-FISH approach (Ouvemey
and Fuhrman, 2000; Teira et al., 2006) while the uptake of isotopically labelled bicarbonate in mesocosms has also
been seen (Hemdl et al., 2005; Wuchter et al., 2003).

To investigate the importance of chemoautotrophy among marine archaea in the mesopelagic, Ingalls et al. (2006)
conducted an in situ study in the North Pacific Gyre using natural radiocarbon as a tracer. Measuring the carbon
isotopic composition of dissolved inorganic carbon (DIC) and that of individual GDGTs in >30,000, they found that
surface Archaea incorporate modem carbon into GDGTs, but it was not possible to determine heterotrophy/auto-
trophy because the 1

4C content of organic matter and DIC are similar in surface waters. At depth, however, the 4
C

content becomes more informative. In the 670m sample GDGTs contained more 14C than expected for a purely
autotrophic community. Using an isotopic mass balance model with end members of DIC (151%o) and surface-
derived organic carbon (71%o), Ingalls et al. (2006) determined the mesopelagic archaeal community was -80 %
autotrophic. Whether this figure represents different archaeal groups with different metabolisms or a mixotrophic
community remains uncertain. In any case, the predominance of autotrophy suggests that the impact of marine
Archaea on marine carbon and nitrogen cycling is significant.

The most ubiquitous of lipids diagnostic for bacteria, in that the role of hopanoids as direct sterol surrogates is
both modern and ancient environments are, however, the hypothetical as there have been few successful studies
hopanoids. These are C30-C 35 pentacyclic triterpenoids that unambiguously link hopanoids to a specific phy-
and, because of similarities in their structures, physical siological function. Furthermore, while all eukaryotes
dimensions and biosynthetic origins, they have been require sterols (or a sterol-like molecule such as tetrahy-
hypothesized to fulfill a comparable function to the ster- manol; 11) for correct membrane function, hopanoids are
ols that are obligatory membrane components of Eukarya not universally required by bacteria. Even within particu-
(Ourisson et al., 1987). However, it is important to stress lar bacterial phyla, for example, the cyanobacteria, one
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finds closely related species with and without the capac-
ity to make hopanoids. In a recent study of the purple
non-sulfur bacterium Rhodopseudomonas palustris strain
TIE-1, an absence of hopanoids induced by deletion of the
shc gene encoding for SHC, the enzyme responsible for
cyclization of squalene to the C3 hopanoids diploptene
and diplopterol, results in a mutant that no longer pro-
duced any polycyclic triterpenoids (Welander et al., 2009).
Although this mutant is able to grow both heterotrophi-
cally and phototrophically, it also has a severe growth
defect in that it incurs significant membrane damage
when cells are grown at high or low pH. It is not yet
known if compromising pH homeostasis is a direct or
indirect effect of the inability to produce hopanoids
(Welander et al., 2009). Beyond this, the location of hopa-
noids in some specific kinds of bacterial membranes sug-
gests a physiological connection to membrane behaviour
(Doughty et al., 2009). In the case of the nitrogen-fixing
bacterium Frankia, the concentration of hopanoids in the
vesicles housing the nitrogenase suggests an oxygen-
protection function, at least in this organism (Berry
et al., 1993).

The biosynthesis of hopanoids is widely considered to
have an evolutionary connection to the biosynthesis of

sterols and the oxygen-carrying triterpenoids of plants.
Amino acid sequences suggest that bacterial SHCs and
the eukaryotic OSCs are homologous (Fischer and
Pearson, 2007) despite their different substrates. Further,
the domains that correspond to active sites required for
cyclization are highly conserved. Phylogenetic trees con-
structed for the hopanoid and steroid cyclases suggest
that they diverged from a common ancestor although, at
the present time, there is no way to distinguish which
appeared first (Fischer and Pearson, 2007). Studies of
sqhC gene sequences drawn from environmental metage-
nomes now provides an important new window from
which we might observe which bacteria produce hopa-
noids and where they are produced. A recent compari-
son of SHC amino acid sequences for cultured bacteria
with the sequences for sqhC fragments in publicly avail-
able metagenomic libraries revealed the presence of
many novel sqhC sequences putatively encoding for
cyclase proteins, suggesting that the full diversity of
hopanoid-producers remains to be discovered. The same
data also suggested that hopanoid biosynthesis may be
relatively uncommon, with <10% of the bacteria detected
in these environmental metagenomes capable of produc-
ing hopanoids (Pearson et al., 2007).
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Box 15.2 Example Study: Bacterial and archaeal lipids of the Lost City hydrothermal system

Actively venting carbonate chimneys at the Lost City hydrothermal field (Kelley et al., 2001, 2005) contain signifi-
cant abundances of organic carbon (-0.6%) that include intact polar lipids diagnostic for a metabolically viable
microbial community. Ribosomal DNA analyses show that the living microbial community includes
Methanosarcinales and various groups of bacteria (Brazelton et al., 2006). The 6"C values of the total organic carbon
in these chimneys can be as high as -2.8%o VPDB and they contain high abundances of isoprenoidal and non-
isoprenoidal ether lipids. These lipids also display extraordinary 13C enrichments (Bradley et al., 2009). Isoprenoidal
ether lipid biomarkers with structures typical of methanogenic and methanotrophic Archaea, including sn-2 and
sn-3 hydroxyarchaeols (31 and 32), have 813C values that range from -2.9 to +6.7%o VPDB. In the same samples,
non-isoprenoidal ether lipids, with structures similar to those produced by sulfate reducing bacteria in culture have
813C values between -11.8%o and +3.6%o.

Assemblages of hydroxyarchaeols and nonisoprenoidal glycerol ether lipids have been reported in natural envi-
ronments where methane is being oxidized anaerobically (Hinrichs et al., 1999,2000; Pancost et al., 2000; Blumenberg
et al., 2004) and a feature of these lipids is their characteristic depletion in "C. Yet these same lipids in the Lost City
carbonate towers are manifestly enriched in 13C.

Biogeochemical cycles at Lost City environment are a reflection of the chemical environment created when ultra-
mafic rocks interact with sea water in a process known as serpentinization. This leads to very high hydrogen con-
centrations in the vent fluids. Values of [H2] in excess of 14 mmol kg-1 have been measured in some cases. These high
hydrogen concentrations make it thermodynamically feasible for an unusual co-existence of methanogenesis and
sulfate reduction, while, at the same time, making it unfavourable for anaerobic methane oxidation. Further, the
lipids specific to methane-cycling Archaea are enriched in 13C relative to the methane in vent fluids, thereby making
methane an unlikely carbon source. These observations lead one to surmise that the Methanosarcinales inhabiting
the Lost City towers are methanogens and not methane-oxidizing methanotrophs (Bradley et al., 2009). Moreover,
microorganisms living in the chemical environment of Lost City, unlike the sulfate-requiring organisms of AOM
consortia, are operating totally independently of surface photosynthesis and its by-products of oxygen, nitrate
and sulfate. As such, they are a useful model for a biosphere that existed on Earth prior to the advent of oxygenic
photosynthesis (Martin et al., 2008; Martin and Russell, 2007).
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The precursors of sedimentary hopanoids are the BHPs,
which have a primary carbon skeleton composed of 35
carbon atoms. BHPs are constructed from one of the C 3
precursors, diplopterol or diploptene, linked to a moiety
derived from a C5 sugar, likely ribose. Adenosylhopane is
a possible intermediate (Neunlist et al., 1988). In fact, cor-
relation of the known stereochemistry of adenosylho-
pane with a derivative of bacteriohopanetetrol from
Methylobacterium organophilum enabled the determination
of the configuration of all asymmetric centres of the bacte-
riohopanetetrol side-chain as 22R, 32R, 33R and 34S. While
tetrasubstituted BHPs such as bacteriohopanetetrol are
probably the most ubiquitous hopanoids in the organisms
that have been studied (Rohmer et al., 1984; Talbot et al.,
2008), the advent of LC-MS methods has revealed consid-
erable structural diversity in the BHP side-chains (Talbot
et al., 2007, 2008). When viewed together with modifica-
tions to the basic ring system, where one finds unsatura-
tion and additional methyl groups at either C2 or C3
(Rohmer et al., 1984; Zundel and Rohmer, 1985a, b, c),
there is tremendous richness in the chemistry of BHPs.

Although the vast majority of known hopanoid-
producing bacteria are aerobes, oxygen is not required
for any step in the biosynthesis of these triterpenoids
(Rohmer et al., 1984). Anaerobic hopanoid producers are
now known through studies of cultured organisms'
analyses of their genomes for biosynthetic capability
(Sinninghe Damst6 et al., 2004a; Fischer et al., 2005;
Blumenberg et al., 2006; Rashby et al., 2007). Hopanoids
bearing an extra methyl substituent on the A-ring are of
particular interest in respect to 02 in the environment.
The 20-methylbacteriohopanepolyols (2-MeBHPs; 7)
have been proposed as biomarkers for the cyanobacteria
(Summons et al., 1999) which are, in the main,
oxygen-producing photoautotrophs. The 30-methylbac-
teriohopanepolyols (3-MeBHPs; 6) have been found in
cultured acetic acid bacteria (Acetobacter sp.) and the
methanotrophic bacteria (Type 1 methanotrophs; Zundel
and Rohmer, 1985b) both of which are aerobes. Isotopic
analyses allow one to distinguish between these possi-
bilities in natural environmental samples and in chemi-
cal fossils because, when their isotopic compositions
have been measured, 3-methylhopanoids (9) invariably
have light 1

3C values consistent with an origin from the
microaerophilic methanotrophs (Blumenberg et al., 2007;
Collister et al., 1992).

2-Methylhopanoids have been found in the
Rhizobiales order of a-Proteobacteria (specifically fami-
lies Methylobacteriaceae and Rhizobiaceae) and in the
Cyanobacteria where they are widely distributed across
the taxonomy. A study of genomic data suggests that an
Acidobacterium sp. is also able to make 2-methylhopa-
noids (Welander et al., 2010). Within the Rhizobiales,
the 2-methylhopanoids to be identified first were
the 2P-methyldiplopterols and 2p-methyldiploptenes

(Vilcheze et al., 1994; Zundel and Rohmer, 1985c). These
compounds, together with the extended side-chain ver-
sion, 2p-methylbacteriohopanetetrol (7) were subse-
quently identified in a strain, TIE-1, of Rhodopseudomonas
palustris, a member of the Rhizobiaceae (Rashby
et al., 2007). R. palustris, a metabolically versatile purple
non-sulfur bacterium, is also distinctive in that, in addi-
tion to hopanoids, it also produces triterpenoids of the
gammacerane type, including methylated analogs,
(Bravo et al., 2001). R. palustris can grow as an anoxy-
genic photoautotroph, a photoheterotroph and as an
aerobic heterotroph. Based on its ability to produce
2-methylhopanoids under all these conditions, it is now
clear that 2-MeBHPs are not directly required for
oxygen-producing photosynthesis and are not exclusive
to cyanobacteria. On the other hand, the presence of
2-MeBHPs in marine cyanobacterial mat samples (Allen
et al., 2010), and the distributions of 2-methylhopanoid
hydrocarbons in sediments and petroleum, and espe-
cially their high abundances in marine carbonate rocks
and sediments deposited during oceanic anoxic events
suggests that cyanobacteria are the predominant source
of these compounds in the marine sedimentary record
(Farrimond et al., 2004; Kuypers et al., 2004; Knoll et al.,
2007; Talbot et al., 2008; Cao et al., 2009).

15.10 Lipids of Eukarya

Biosynthesis of sterols, with very few exceptions, is a
characteristic of eukaryotic organisms (Rohmer et al.,
1979). Although sterols (or surrogates such as tetrahy-
manol) are required by all eukaryotes, animal, plant and
fungal membranes have distinct complements of sterols
that strongly suggest a connection between their struc-
tures and physiological roles (Volkman, 2005). Usually
the sterols vary in their patterns of unsaturation and
side-chain alkylation (Fig. 15.1; la-i). A variety of differ-
ent sterol esters and steryl glycosides are found in plants
and yeast. All eukaryotic organisms require sterols, or a
sterol surrogate, for survival.

15.11 Preservable cores

Steroidal hydrocarbons (2a-i), most commonly those
with 27, 28 and 29 carbon atoms are ubiquitous in sedi-
ments and oils. Less abundant are the C26 and C3 steranes
which have more restricted distributions. Of these, C26
steranes with three distinct motifs are common
(Moldowan et al., 1991). Isomers of 21-norsterane (2g) are
common in rocks of all ages but are particularly abundant
in bitumens from hypersaline depositional environments
(Bao and Li, 2001; Grosjean et al., 2009). 27-Norsteranes
(2h) are also ubiquitous and, along with the 21-norster-
anes, likely reflect specific but unknown biological inputs
(Moldowan et al., 1991; Peters et al., 2005). 24-Norsteranes
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(2i) are the least common but also the most biologically
diagnostic since culture studies have demonstrated that
one of their sources are diatoms (Rampen et al., 2007) con-
sistent with their increased abundances in Cenozoic
rocks and oils relative to older samples (Holba et al.,
1998a, b). Dinosteranes (4f) are known to be robust bio-
markers for dinoflagellates (Moldowan and Talyzina,
1998; Summons et al., 1987) while 24-n-propyl choles-
tanes (2d) are derived from the sterols of marine pelago-
phyte algae and useful for recognizing petroleums of
marine origin (Moldowan, 1984). The isomeric 24-i-pro-
pylcholestanes (2e) are the only fossil steroids so far
known to be derived from animals. Their sterol precur-
sors (e.g, le) are characteristic of sponges while the ster-
anes are notably abundant in Terminal Neoproterozoic
and Cambrian sediments and oils from (McCaffrey et al.,
1994; Love et al., 2009).

15.11.1 Forms of bias in biomarker records

It is important to pay close attention to the numerous
forms of bias when using biomarker records for paleore-
construction. A prime example stems from operational
considerations that lead to the heavy focus on the tracta-
ble and volatile saturated and aromatic hydrocarbon
fractions of the solvent extractable component (bitu-
men) of sedimentary organic matter. It is rare to see as
much attention paid to the dominant and demonstrably
in situ insoluble component (i.e. the kerogen). Even
microscopic analyses of kerogen can reveal much about
the sources, heterogeneity and maturity of preserved
organic matter.

To be detectable through molecular, isotopic or even
microscopic analyses, source organisms have to be pro-
lific and comprise a significant fraction of the environ-
mental biomass, and/or their biomarkers of interest
must be highly resistant to degradation. This leads to a
preponderance of preserved organic matter derived
from the dominant photoautotrophic components of an
ecosystem such as plants, algae and cyanobacteria as
well as robust records of the more stable isoprenoid
lipids relative to more vulnerable acetogenic lipids.
There are very few examples of known biomarkers rep-
resentative of organisms at the top of trophic structures
(e.g, most animals) as is the case for microbes that
occupy highly specialized environmental niches (e.g,
many symbionts). Ballasting, and rapid transport and
burial in anoxic sediments, is an important pathway to
organic matter preservation. Organics entrained in rap-
idly settling fecal pellets or adhering to biogenic miner-
als and clays (Hedges and Hare, 1987; Hedges and Keil,
1995) will be preserved in preference to organics dis-
solved in water.

The environment in which organic matter is formed
has to be conducive to preservation. Organic matter

produced, transported and sedimented subaerially is
less well represented in the record compared to organics
formed and sedimented subaqueously. Formation and
transport through oxygen-rich waters is very destruc-
tive with roughly 95-99% of neoformed organic matter
in the ocean being recycled through aerobic respiration.
Bioturbated sedimentary environments, which are irri-
gated with waters containing oxygen, also tend to be
poor sites for preservation. Respiration with nitrate and
sulfate acting as electron acceptors consumes much of
the organic matter remaining after sediments become
anoxic. In contrast, sulfidic (euxinic) conditions, which
can be associated with stratified water bodies and evap-
oritic environments, lead to exceptional preservation
because the sulfide is toxic to most grazers. Sulfide is
also a chemical reductant that assists in removing unsta-
ble functional groups and replaces them with C-S cross-
linkages (Adam et al., 2000; Kohnen et al., 1989).
Incorporation of sulfide is one of the most important
diagenetic pathways through which organic matter is
preserved but it introduces another source of bias by
way of the preservation of especially susceptible entities.
An understanding of the issues surrounding selective
preservation is critical to accurate paleoenvironmental
reconstructions.

The sedimentary rock record is, itself, biased.
Sediments deposited on the passive margins of conti-
nents and in intracratonic basins are well represented in
the record. Sediments deposited in the middle of ocean
basins tend to be subducted and destroyed as are those
continental settings that are uplifted and more readily
eroded. Accordingly, the biota inhabiting passive conti-
nental margins, marine and continental evaporitic envi-
ronments large rift lakes, deltas and estuarine systems
are well-represented in the biomarker record.

15.11.2 Biomarkers in ancient sediments

Abundantly preserved organic matter is, in itself, a bio-
marker. There are no known examples of high TOC sed-
iments where the organics are demonstrably abiogenic.
The isotopic composition of biogenic organic matter
overlaps with that of organic matter formed by abiotic
processes (McCollom and Seewald, 2006, 2007).
Although we know of abiogenic catalytic processes that
can naturally form small hydrocarbons (Sherwood
Lollar et al., 2006; McCollom and Seewald, 2007;
Proskurowski et al., 2008), evidence for significant geo-
logical accumulations of carbonaceous matter formed
by abiotic processes is lacking. Because of their potential
as archives of early life, analysis and interpretations of
molecular fossils from ancient sediments has been a
prime focus of organic geochemists. This is especially so
in the microbial world where the vast majority of the
protagonists lack any preservable and recognizable
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entities apart from their lipids. The prime enemies that
conspire to prevent our having a representative sedi-
mentary record of past microbial life are uplift and
weathering, thermal metamorphism and damage from
ionizing radiation. This leads to a rock record that is
heavily skewed toward more recent geological periods
and events. The Quaternary, Cenozoic and Mesozoic
eras are all well documented in respect to the molecular
fossil records of microbes and environments. Paleozoic
sediments are also well represented, as are the major tran-
sitions in Earth's history including the Neoproterozoic-
Cambrian interval that saw the rise of complex,
multicellular life and the major mass extinction events
of the Phanerozoic Eon.

The Proterozoic Eon, during which Earth's ocean,
atmosphere and surface environments became oxygen-
ated, is recorded on a few stable cratons with sedimen-
tary rock sequences that contain abundant and
well-preserved organic matter that has proved to be
amenable to molecular and isotopic analysis. However,
this record is temporally and/or geographically discon-
tinuous and there are large gaps when momentous
occurrences, including the 2.5-2.2Ga 'Great Oxidation
Event' and the 'Snowball Earth' intervals, have not been
adequately evaluated using the tools of molecular
organic geochemistry.

The Archean Eon is recorded in just a handful of sedi-
mentary rock sequences that are amenable to molecular
investigation. All the known ones, on the Pilbara,
Kaapvaal and North American cratons have been heated
well beyond the 'oil window', that is, they have time/
temperature histories where hydrocarbon generation
would have been complete. Only small contents of
extractable hydrocarbons remain and their study is at
the very edge of feasibility. Consequently, investigations
of these rocks have attracted controversy because of the
potential for contamination by younger hydrocarbons
that have migrated through the rocks or which have
been introduced inadvertently during sampling, han-
dling storage and laboratory analysis (Grosjean and
Logan, 2007; Sherman et al., 2007; Brocks et al., 2008). The
rocks of the Hamersley Basin overlying the Pilbara
Craton have received most attention and yielded suites
of diagnostic, microbially derived hydrocarbons that
were initially assessed as 'probably syngenetic' (Brocks
et al., 1999, 2003a, b). Interpretations of isotopic data by
Rasmussen and colleagues (Rasmussen et al., 2008) have
been proposed to falsify the findings of Brocks et al.,
1999-2003 and others (Summons et al., 1999).
Unfortunately, the stratigraphic sampling intervals of
the rocks analysed by Rasmussen et al. (2008) were not
reported. Furthermore, conventional approaches to bio-
marker analysis in ancient rocks destroy them in the
process so it is not possible to reproduce the exactly
the same experiments on exactly the same samples.

Therefore, we must turn to different cores and/or rock
units and improve techniques and methodological
approaches in order to test and retest this most challeng-
ing and contentious aspect of the biogeochemical record.

Different approaches to testing the provenance of the
steroids and triterpenoids detected in Archean and
Paleoproterozoic rocks have appeared recently. In one
that circumvents the potential contamination problems
inherent in studies of shale-hosted hydrocarbons
Dutkiewicz, George and coworkers have extracted and
analysed biomarkers from Palaeoproterozoic oil-bear-
ing fluid inclusions (Dutkiewicz et al., 2006; George et al.,
2008). They studied ca. 2.45Ga fluvial sediments of the
Matinenda Fm., Elliot Lake, Canada and, although the
origin of oil is not completely constrained, the timing of
its emplacement is. Most likely its source was the con-
formably overlying deltaic McKim Fm. Hydrocarbons
trapped in quartz and feldspar crystals during early
metamorphism of the host rock, probably before 2.2 Ga,
have been entombed in a closed system, and protected
from thermal cracking, evaporative loss and contamina-
tion ever since. The methodology is founded on identifi-
cation and isolation of the inclusion-bearing crystals,
fastidious cleaning protocols and achievement of sys-
tem blank levels near to zero (George et al., 1997).

In further studies of the Hamersley Basin sedimentary
sequence that had earlier been investigated by Brocks,
Eigenbrode employed statistical methods to investigate
relationships between different classes of biomarkers
extracted from 15 Neoarchean sediments and bulk geo-
chemical properties of the host rocks (Eigenbrode, 2007).
Of particular note were the observation of significant
correlations between dolomite abundance and the
2-methylhopane index (100 x [10/(10 + 8)] %), a proxy for
cyanobacteria, on one case and the S'3C of kerogen and
the 3-methylhopane index (100 x [9/(9 + 8)]%), a proxy
for methane oxidizing bacteria, on the other. The relative
abundances of 2a-methylhopanes in both shale and car-
bonate from shallow-water sediments showed a strong
correlation to carbonate abundance as would be
expected if these compounds were largely derived from
organisms, such as cyanobacteria, that inhabit shallow
water lagoonal environments where carbonate tends
to be a predominant lithology (Eigenbrode, 2007;
Eigenbrode et al., 2008). Analyses of Phanerozoic petro-
leum yields a similar result; 2c-methylhopanes tend to
be relatively more abundant in oils sourced from car-
bonates and marls deposited in low latitude paleoenvi-
ronments (Knoll et al., 2007). In the same Hamersley
Basin rocks, the relative abundances of 3p-methylho-
panes were strongly anticorrelated to the 8

13C of coeval
kerogen; more 30-methylhopane was found in rocks
having insoluble organic matter with higher 81

3C values
(Eigenbrode et al., 2008). This result, although unex-
pected, might be explained if the kerogens most enriched
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in 13C are derived from organic matter formed in the
shallow water settings and, assuming that oxygenic
photosynthesis was extant, this would also have been
where oxygen was produced and available as an elec-
tron acceptor. In the modem world, at least, 3p-methyl-
hopanoids are known to be biosynthesized by micro-
aerophilic bacteria. Observations such as these will need
to be further tested in other late Archean terrains as well
as in the younger rock record to determine if they are
reproducible.

In a third approach, the spatial and stratigraphic dis-
tributions of hydrocarbons were measured in two cores
drilled 24km apart on the Campbellrand Platform of the
Neoarchean Kapvaal Craton, South Africa. Sediments of
diverse lithologies, including iron formations, stroma-
tolitic carbonates and shallow to deepwater shales were
recovered under clean drilling, sampling, handling pro-
tocols (Knoll and Beukes, 2009; Sherman et al., 2007).
This was one of the prime goals of the Agouron
Griqualand Drilling Project where over 2500m of ther-
mally mature, yet well-preserved Transvaal Supergroup
sediments, dating from ca. 2.67 to 2.46Ga were fully
cored. The same stratigraphic sequence, representing
different water depths, was intersected in the two wells
and the various units could be correlated lithologically
and from the presence of multiple impact spherule beds
(Simonson et al., 2009). Biomarker patterns from the cor-
related intervals showed similarities and differences
which provide support for their syngenetic nature.
Notably, these sediments were devoid of hydrocarbons
known to be of anthropogenic origin (Brocks et al., 2008)
and there was a sharp discontinuity in molecular matu-
rity parameters across the -2 Gyr unconformity between
the Neoarchean units and the overlying Permian Dwyka
Formation. The suite of molecular fossils identified in
these Neoarchean bitumens included hopanes attribut-
able to bacteria, potentially including cyanobacteria and
methanotrophic proteobacteria, and steranes of eukary-
otic origin. The results, should they be reproducible in
other, similarly ancient rocks, speak to the existence of
cellular life comprising the three domains and, at that
time, the existence of oxygenic photosynthesis and the
anabolic use of 02 (Waldbauer et al., 2009).

15.11.3 Biomarkers in petroleum and bitumen

Petroleum is ubiquitous in the geological record of the
Phanerozoic and there are traces of oil in rocks that are
much older (Dutkiewicz et al., 1998., 2006; Jackson et al.,
1986). Its status as a fossil fuel derives from the fact that
petroleum constituents are the molecular remains of
past organic life. Many of the molecules that occur abun-
dantly in petroleum (acyclic isoprenoids, steroids and
triterpenoids) are so structurally complex that they
could not have been formed through non-biological pro-

cesses. There are no robust data to support alternative
theories (Gold, 1992) that specify a primordial nature for
subsurface hydrocarbons.

The patterns of hydrocarbons in petroleum hold a
detailed account of the history of photosynthetic
organisms in the oceans, lakes and rivers of the past
(Knoll et al., 2007). However, it is a biased history since
oil-prone sedimentary rocks reflect the preferential pres-
ervation of coastal margin and intracratonic basin envi-
ronments. Sediments deposited at low paleolatitude are
more disposed to preserve organic matter. Petroleum is
also unevenly distributed through geological time with
certain periods being biologically, climatically and tec-
tonically favourable for the deposition of petroleum
source rocks (Klemme and Ulmishek, 1991). Logically, it
is also comprised of the remains of the most quantita-
tively significant organisms in sedimentary environ-
ments, being cyanobacteria and algae in the ocean and
in lakes and vascular plants on land and coastal marine
settings. Seemingly contrary to this, if one is interested
in long-term evolutionary trends, analyses of petroleum
samples avoids many of the biases inherent on looking
at small pieces of rock from core or outcrop. Petroleum
accumulates as fluids that are expelled over millions of
years from large volumes of deeply buried sediment
that were themselves deposited across aerially extensive
basins and over multi-million year timescales (Tissot
and Welte, 1978). Therefore a reservoir rock contains
hydrocarbon that is spatially and temporally integrated.
Volumetrically large samples of petroleum, provided
that they have been carefully collected and curated,
should also be less prone to contamination.

From analyses of petroleum samples one can discern
secular successions in the ocean plankton (Grantham
and Wakefield, 1988; Schwark and Empt, 2006). For
example, the Triassic radiation and rise to prominence of
dinoflagellates can be observed in the increasing quanti-
tative importance of dinosteroids in bitumens and oils
(Summons et al., 1987, 1992; Moldowan and Talyzina,
1998). The Cenozoic rise of some diatom taxa is evident
in the abundances of HBI and 24-norcholestanes (2i) in
oils (Holba et al., 1998a, b; Sinninghe Damst6 et al.,
2004b). Aromatic hydrocarbons that are derived from
land-plant debris have made an indelible imprint on the
isotopic compositions of petroleum hydrocarbons (Sofer,
1984; Murray et al., 1998). An evolving biochemistry of
vascular plants, together with the Cenozoic rise of angi-
osperms and their paleogeographic distributions is also
preserved in the patterns of petroleum hydrocarbons
(Moldowan et al., 1994). Lastly, the hydrocarbons found
in bitumen and petroleum attest to the antiquity of spe-
cific taxa such as the green and purple sulfur bacteria
(Brocks et al., 2005) as well as the biosynthetic pathways
they employed to build their lipids (Ourisson and
Albrecht, 1992; Ourisson et al., 1979).
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Box 15.3 Example study: Mass extinctions

Biomarkers offer considerable promise for elucidating biogeochemical processes associated with mass extinction
events. This is because much of the knowledge about these events stems from the study of the rich and diverse
record of macroscopic and microscopic fossils; the entire Phanerozoic timescale is fundamentally underpinned by
descriptions of profound changes in abundance and diversity of body organisms. In contrast, the record of molecu-
lar and isotopic fossils speaks to the successions of organisms that do not leave morphologically recognizable
remains, the redox structure of water columns and, possibly, to atmospheric perturbations.

William Holser (Holser, 1977) was one of the first to link the overt disruption of ocean chemistry to biological
mass extinction. Subsequent research has provided many examples of shifts in the isotopic compositions of carbon,
oxygen and sulfur in marine sediments (Holser et al., 1989) and their links to extinction-radiation of marine plank-
ton, animals and plants. The term 'Strangelove Ocean' has been used to dramatize rapid trends near to the
Proterozoic-Phanerozoic transition (Hsu et al., 1985; Kump, 1991) that were interpreted as signifying a great reduc-
tion in biological activity. Various geological, paleoceanographic and biological processes have been explored in an
effort to test the linkages between these chemical phenomena and the mass extinction and ensuing recovery in
biodiversity. At the present time, there is no real consensus on the precise causal links between the chemical 'events'
and biotic extinction and re-radiation. However, there is consensus about the existence of C-cycle isotopic anoma-
lies associated with the Permian-Triassic Boundary (PTB) (Magaritz et al., 1988, 1992; Cao et al., 2002; Payne et al.,
2004), Cretaceous-Paleogene (K-P) (Arthur et al., 1987; Zachos et al., 1989; D'Hondt et al., 1998; Arens and Jahren,
2000) and Paleocene-Eocene Thermal Maximum (PETM) (Kennett and Stott, 1991; Dickens, 2003; Zachos et al., 2005)
events.

One tool that has been applied only relatively recently is the study of secular trends in biomarker lipids. Time
series of changes in biomarkers and their carbon isotopic compositions opens a window onto plankton successions
and geomicrobiological processes which appear to be driving the C- and S-isotopic excursions that characterize
many mass extinction events, and especially the PTB (Sephton et al., 2002, 2005; Xie et al., 2005; Grice et al., 2006;
Hays et al., 2007; Wang, 2007; Wang and Visscher, 2007).

Precise correlations of geochronologic, biostratigraphic and chemostratigraphic data for the PTB have become
available relatively recently and particularly relate to the Global Stratotype, Section and Point (GSSP) at Meishan,
China. Biomarker data collected from sediment samples through a core recently drilled through the Meishan GSSP
shows there was a protracted and global euxinic ocean prior to and throughout the Permian to Triassic transition.
Of particular note are the trends in the abundances of biomarkers derived from the green sulfur bacteria
(Chlorobiaceae) throughout sediments deposited throughout the last few million years of the Permian and into the
Early Triassic implying shallow water euxinic conditions were pervasive and protracted (Cao et al., 2009).
Independent modelling shows that toxic hydrogen sulfide would have been upwelling from the deep ocean onto
continental shelves and entering the atmosphere (Kump et al., 2005; Riccardi et al., 2006; Meyer et al., 2008).
Together, these results suggest sulfide toxicity may have contributed to the biological extinction in the marine
realm as well as on land. Well-documented sections of PTB Event distributed across the Tethys, Panthalassic and
Boreal oceans all show molecular evidence for euxinic conditions in the upper water column (Grice et al., 2005;
Hays et al., 2006, 2007; Cao et al., 2009). Isotopic and biomarker data from the Meishan section suggest there was a
long-term disruption to the N-cycle and C-cycles. The relative abundances of hopanoids and steroids suggest that
bacteria, and not algae, may have been the dominant primary producers in planktonic communities for significant
periods of time presaging and following the extinction in the vicinity of Meishan (Cao et al., 2009). Biomarker data,
therefore, may record the existence of a 'bacterial ocean' at the end of the Permian Period with strong ocean redox
stratification.

15.12 Outlook. .
to processes of the past. The geologic record is also

Established biomarkers can be exploited to gain insight largely unexplored, containing numerous paleoenviron-
into nearly any question in geobiology Increased explo- mental transitions that have yet to be investigated using
ration of unusual environments, as well as those as biomarkers. It is also important to expand the temporal
comparatively 'mundane' as the soil in our cities or the breadth of our studies from the known perturbations
waters at our shores, gives us the opportunity to make and transitions to sediments deposited during the more
progress toward understanding the transformations of stable times between in order to better position such
matter and energy that occur there and to connect them extraordinary events in a larger geological context.
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Perhaps a greater challenge and opportunity in bio-
marker research lies in developing our understanding
of the genetics responsible for biomarker biosynthe-
sis. Even the genes responsible for key steps in bio-
marker synthesis in many cultured and genetically
sequenced organisms remain unknown; moreover,
the environment is replete with microbes of which we
have far less knowledge. Once we know the genes
responsible for a biomarker, we can then query envi-
ronmental nucleic acid databases to understand
whether the organisms we think contain the bio-
marker are present in the environments in which we
find it. Thus, by exploring the biological underpin-
nings of biomarkers we can make them more robust
tools in geobiology.

Physiology is another area in which geobiologists are
poised to make great strides using tools of molecular biol-
ogy. Perturbations on very different scales, from altering
genes to experimenting with conditions in environmental
mesocosms, have the potential to reveal the function of
specific biomarker molecules. Ultimately, by understand-
ing the function of a biomarker in an organism we can

better interpret the presence of that biomarker in both the
modem world and in deep time.
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Appendix 2

A culture-based calibration of benthic foraminiferal

paleotemperature proxies: d180 and Mg/Ca results*

Abstract

Benthic foraminifera were cultured for five months at four temperatures (4, 7,
14 and 21 "C) to establish the temperature dependence of foraminiferal calcite 6180
and Mg/Ca. Two Bulimina species (B. aculeata and B. marginata) were most
successful in terms of calcification, adding chambers at all four temperatures and
reproducing at 7 and 14 C. Foraminiferal 6180 values displayed ontogenetic
variations, with lower values in younger individuals.The 6180 values of adult
specimens decreased with increasing temperature in all but the 4 "C treatment,
exhibiting a relationship consistent with previous 6180 paleotemperature
calibration studies. Foraminiferal Mg/Ca values, determined by laser ablation
inductively coupled plasma mass spectrometry, were broadly consistent with
previous Mg/Ca calibration studies, but extremely high values in the 40C treatment
and higher than predicted values at two of the other three temperatures make it
challenging to interpret these results.

166

* Published as: Filipsson, H.I., Bernhard, J.M., Lincoln, S.A., and McCorkle, D.C. 2010.
A culture-based calibration of benthic foraminiferal paleotemperature proxies: a
180 and Mg/Ca results. Biogeosciences 7, 1335-1347.



Biogeosciences, 7, 1335-1347, 2010
www.biogeosciences.net/7/1335/2010/
doi: 10.5194/bg-7-1335-2010
C Author(s) 2010. CC Attribution 3.0 License.

_(Biogeosciences

A culture-based calibration of benthic foraminiferal
paleotemperature proxies: 18O and Mg/Ca results

H. L. FilipssonI, J. M. Bernhard2 , S. A. Lincoln3 , and D. C. McCorkle2

1GeoBiosphere Science Centre, Dept. of Geology, Quaternary Sciences, Lund University, Solvegatan 12, 22362 Lund,
Sweden
2Geology and Geophysics Department, Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA
3Dept. of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Received: 16 December 2009 - Published in Biogeosciences Discuss.: 18 January 2010
Revised: 15 April 2010 - Accepted: 20 April 2010 - Published: 29 April 2010

Abstract. Benthic foraminifera were cultured for five
months at four temperatures (4, 7, 14 and 21 *C) to es-
tablish the temperature dependence of foraminiferal calcite
3180 and Mg/Ca. Two Bulimina species (B. aculeata and
B. marginata) were most successful in terms of calcification,
adding chambers at all four temperatures and reproducing
at 7 and 14'C. Foraminiferal B180 values displayed onto-
genetic variations, with lower values in younger individuals.
The 8180 values of adult specimens decreased with increas-
ing temperature in all but the 4'C treatment, exhibiting a
relationship consistent with previous B180 paleotemperature
calibration studies. Foraminiferal Mg/Ca values, determined
by laser ablation inductively coupled plasma mass spectrom-
etry, were broadly consistent with previous Mg/Ca calibra-
tion studies, but extremely high values in the 4*C treatment
and higher than predicted values at two of the other three
temperatures make it challenging to interpret these results.

1 Introduction

Quantitative paleoceanographic reconstructions are an essen-
tial component of efforts to understand the oceans' role in
climate, to document natural climate variability on a range
of time scales, and to predict the impact of future climate
change. The isotopic and elemental compositions of the cal-
cium carbonate tests (shells) of fossil foraminifera are widely
used to estimate ocean chemistry and temperature at the time
of calcification (e.g., Shackleton et al., 1984; Rosenthal et

al., 1997; Lear et al., 2000). Most foraminiferal paleochem-
ical and paleotemperature reconstructions rely on modern-
ocean empirical calibrations, which are based on core-top
sediments, but the inherent environmental variability in the
ocean, and the co-variation of many important environmen-
tal, ecological, and physiological factors in the ocean can
complicate interpretation of these empirical calibrations. An
alternative way to investigate the controls on foraminiferal
geochemical proxies is to grow the foraminifers in the labo-
ratory under known environmental conditions.

Culturing studies using planktonic foraminifera provide
well-known examples of this approach (e.g., Erez and Luz,
1982; Bijma et al., 1990; NUrnberg et al., 1996; Lea and
Spero, 1992; Spero et al., 1997; Bemis et al., 1998; Bijma
et al., 1999). Culturing studies also have been used to in-
vestigate the stable oxygen and carbon isotopic composition
(Chandler et al., 1996; Wilson-Finelli et al., 1998; McCorkle
et al., 2008; Barras et al., 2010) and trace metal content
(Russell et al., 1994; Toyofuku et al., 2000; Toyofuku and
Kitazato, 2005; Havach et al., 2001; Segev and Erez, 2006;
Hintz et al., 2006a, b) of benthic foraminifera. Here, we used
a single seawater reservoir to culture benthic foraminifera
at four different temperatures. Because microhabitat effects
were minimized and the water chemistry kept constant across
the range of temperatures, our culture experiment addresses
key uncertainties in the existing, field-based calibrations of
benthic foraminiferal 8180 and Mg/Ca.
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Fig. 1. Figure la Map showing sampling locations, indicated with crosses, in the NE Skagerrak and Gullmar Fjord (GF). Figure lb. Sampling
locations indicated with circles at Charleston Bump (CB) and Great Bahama Bank (GBB). Map from www.aquarius.ifm-geomar.de

Table 1. Sampling details from the sites in the North Atlantic.

Site Date Water depth (m) Water T (*C) Corer Screen size (jum)

Gullmar Fjord 8/2006 118 6 Gemini 63
Charleston Bump 5/2006 ~220 9 Soutar boxcorer 90, 125, 500
Skagerrak 8/2006 330 6.7 Gemini 63
Adjacent to Great Bahama Bank 5/2006 466-814 8-10 Soutar boxcorer 90, 125,500

2 Methods

2.1 Collection and maintenance

Living foraminifera were obtained by coring the seafloor
at various locations and transporting surface sediments (top
-2 cm) to the laboratory at Woods Hole Oceanographic In-

stitution (WHOI), USA. Samples were collected from the
northeastern Skagerrak (330 m), Gullmar Fjord, Sweden
(118 m), the Charleston Bump off South Carolina, USA
(-220 m), and at three sites near the Great Bahama Bank

(466-814 m) (Fig. 1, Table 1). Bottom water was collected

at each site using a CTD-Niskin rosette, maintained at near

bottom-water temperatures, and used for sieving to remove

fine material and concentrate the benthic foraminifera. Im-
mediately after sieving, the samples were transferred to a

plastic container and stored at 5-7 *C until the samples were
transported in coolers to WHOI after the cruise.

In our shore-based 7 'C environmental room, the sam-

ple containers were plumbed into a recirculating seawa-

ter system, designed to maintain stock cultures of benthic

foraminifera (Chandler and Green, 1996). The foraminifera.
were fed weekly with a mixture of Dunaliella tertiolecta and

Biogeosciences, 7, 1335-1347, 2010

Isochrysis galbana (Hintz et al., 2004). Subsamples were

taken from the stock cultures and sieved, using chilled arti-

ficial sea water, over a 63-ym screen. Specimens showing

signs of activity, by containing algae or having colored cyto-

plasm, were picked from the >63-ym fraction and incubated

at 7*C in Petri dishes with artificial sea water and calcein
(10 mg/I) solution for two to four weeks, following Bernhard
et al. (2004). The samples were fed every week and the cal-
cein solution was changed every 3-4 days.

Just before initiation of the experiment, specimens were

examined using epifluorescence microscopy at 480-nm ex-
citation and 520-nm emission, and fluorescent specimens,
which had precipitated calcite during the calcein incubation,
were picked using a fine brush or pipette. All examination,
sorting, and picking were carried out on ice. Fluorescent
specimens were transferred to cell tissue culture cups (8-ml
volume; 8-pm nominal pore diameter) and placed in acrylic

culture chambers (Hintz et al., 2004). Each culture cup con-
tained a 2-3 mm thick layer of HPLC-grade silt-sized silica

to provide a substrate for the foraminifera.
Most culture chambers were inoculated with a mix of

species, with all inoculates in any given culture chamber

from the same sampling site. The exceptions were three

www.biogeosciences.net/7/1335/2010/
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"monoculture" chambers that contained a mix of Bulimina
aculeata andB. marginata from Charleston Bump and ad-
jacent to the Great Bahama Bank (see below). Skager-
rak species included Bolivina skagerrakensis, Bolivinellina
pseudopunctata, Bulimina marginata, Cassidulina laevigata,
Globobulimina turgida, Hyalinea balthica, Melonis bar-
leeanum, Pullenia bulloides, Quinqueloculina seminulum,
Stainforthia fusiformis, and Uvigerina spp.; Gullmar Fjord
species included Bolivina skagerrakensis, Bolivinellina
pseudopunctata, Bulimina marginata, C. laevigata, Elphid-
ium excavatum, G. turgida, H. balthica, Nonionella turgida,
Nonionellina labradorica, Pyrgo williamsoni, Q. seminulum,
and S. fusiformis; Charleston Bump species included Bu-
limina aculeata, Bulimina marginata, Bulimina mexicana,
Cibicidoides spp. Lenticulina sp., Melonis barleeanum, and
Uvigerina spp.; Bahamas species included Bulimina ac-
uleata, Bulimina marginata, Bulimina mexicana, C. laevi-
gata, Cibicides lobatulus, Cibicidoides spp., Globobulimina
sp., Lenticulina sp., Melonis barleeanum, and Uvigerina spp.
As noted, three culture chambers contained "monocultures"
of the Bulimina aculeata/B. marginata complex. These two
species were not separated, as juveniles of these two species
were indistinguishable, and even the adult populations exhib-
ited a spectrum of morphologies - some specimens appeared
as typical B. marginata or B. aculeata while others exhib-
ited traits of both species. Thus, we refer to our results on
these species from the Charleston Bump and Great Bahama
Bank to be from the Bulimina aculeata/B. marginata species
complex.

The experiment was initiated on 19 December 2006, and
was terminated between 15 and 23 May 2007. Five culture
chambers were placed in each of three refrigerators (4, 7,
14 C) and, in addition, two were placed at room temperature
(-21 'C). Temperatures were monitored using Onset Tidbit
T loggers. The culture chambers were individually plumbed,
each with two outlets and two inlets at the top and at the
bottom, to avoid geochemical gradients in the culture cham-
bers, following Hintz et al. (2004). All culture chambers
were connected to one single reservoir (200 L) of filtered sur-
face seawater from the Gulf Stream, which was diluted with
8.4 L of MilliQ water to achieve a salinity of 35; this dilution
also lowered the alkalinity from 2390peq/kg to 2258peq/kg.
The water from the large reservoir was pumped to a header
tank and both tanks were continuously bubbled with air from
the building air intake. The air was first bubbled through
a carboy of distilled water to increase its relative humidity.
From the header tank, the water flowed to culture chambers
by gravity; flow rates averaged 4 ml/min. The residence time
of water in culture chambers was approximately 2 min.

Every 10 days, flow was stopped and a mixture of D. terti-
olecta and I. galbana was introduced into each culture cham-
ber to allow the foraminifera to feed. After an hour, the flow
was reinstated after the algae settled to the silica surface. Af-
ter experiment termination, the material from each culture
chamber was rinsed over a 63-pm sieve and sorted into ju-
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veniles (63-200pm), young adults (200-300pm) and adults
(> 300pm). Non-fluorescent calcite, which formed during
the experiment as new chambers or offspring, was identified
using epifluorescence microscopy as noted above.

Sampling for salinity, alkalinity, dissolved inorganic car-
bon (DIC), and 818 0 from the reservoir tank occurred ap-
proximately every third week. Salinity samples were mea-
sured by the WHOI Hydrographic Analysis Facility using an
Autosal salinometer. The alkalinity and DIC data were an-
alyzed by closed-vessel titration of large-volume (- 100 ml)
samples using an automated titration system (Bradshaw et
al., 1981; Brewer et al., 1986), and the alkalinity and DIC
concentrations were determined using a nonlinear curve fit-
ting approach (Department of Energy, 1994), and standard-
ized using certified reference materials obtained from Dr. A.
Dickson (Scripps Institution of Oceanography). The stan-
dard deviation of replicate analyses of culture water was
0.4peq/kg for alkalinity and 13 ymol/kg for DIC (n=6 pairs).
The carbonate ion concentration [CO--] and the pH (to-
tal scale, "pH(t)") were calculated from the alkalinity and
DIC data using the "CO2SYS" program (Lewis and Wallace,
1998), with the carbonate dissociation constants of Roy et
al. (1993), the calcite solubility of Mucci (1983), and the as-
sumption that the boron/salinity ratio of the culture system
water was equal to the seawater value.

The 818O of water was analyzed in the laboratory of Dr.
D. Schrag (Harvard Univ.) using a VG Optima mass spec-
trometer with a VG Isoprep 18 automated shaker/equilibrator
(Schrag et al., 2002). The standard deviation of replicate
318 0 analyses was 0.04%o (n = 6); 8180w values are reported
relative to Standard Mean Ocean Water (SMOW).

2.2 Stable oxygen isotopes of foraminiferal calcite

The stable oxygen isotopic composition of foraminiferal cal-
cite was determined using a Kiel III Carbonate Device con-
nected to a Finnigan MAT 253 mass spectrometer. The in-
strument was calibrated via NBS-19 and NBS-18 standards,
with a long-term precision of replicate NBS-19 and in-house
standards of <0.08%o (Lynch-Stieglitz et al., 2009). Pro-
cedures and precision for this instrument can be found at:
http://www.whoi.edu/paleo/mass-spec/. Depending on avail-
able calcite mass, samples consisted of pooled individuals
ranging from 3 to 80 individuals or portions of individuals
(see below). Foraminiferal stable isotopic data is expressed
relative to VPDB. The paleotemperature equation

(T = 16.5- 4.80. (8180c VPDB - (818 0 w,sMOW -0.27))

was used to calculate 8180 equilibrium values (8180,q), the
8180 values of calcite (8180c,VPDB) in equilibrium with wa-
ter (

18
Ow,sMow) at the given temperature (Bemis et al.,

1998).

Biogeosciences, 7, 1335-1347, 2010
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2.3 Microdissection using laser ablation

In cases where an inoculate specimen added chambers dur-

ing the experiment, the pre-existing (fluorescent) calcite was

removed from the non-fluorescent calcite formed during the

experiment using laser ablation microdissection (Hintz et al.,
2006b). A conservative approach was used when microdis-

secting. We preferred to lose some of the newly added calcite

rather than risk inclusion of pre-existing calcite in the subse-

quent analyses.

2.4 Mg/Ca analysis

Benthic foraminifera from deep-sea sediments are typically

cleaned before solution ICP-MS Mg/Ca analysis, and sev-

eral protocols (e.g., Martin and Lea, 2002) have been de-

signed to remove clay and adhering contaminants that may

be high in Mg relative to foraminiferal calcite, as well as

high-Mg phases of calcite known to occur in some planktonic

foraminifera (e.g., Brown and Elderfield, 1996; Dekens et al.,
2002). The specimens in this study were not cleaned because

the cultured foraminifera were lightly calcified and fragile,
and rigorous chemical cleaning would likely have precluded

analysis at 4 C and reduced the number of analyses possible

at 7, 14 and 21 *C. This approach seemed justified because

the culture substrate (HPLC-grade silica) was clean, mini-

mizing the risk of contamination.

Specimens chosen for Mg/Ca analysis were affixed to

trimmed, gridded micropaleontology slides with gum traga-

canth, and individually photographed under both reflected

light and epifluorescence microscopy before analysis. Sev-

eral mm-sized crystals of the OKA carbonatite standard

(Bice et al., 2005) were also affixed to each slide. Mg/Ca

analyses were made using the Thermo Element HR-ICP-MS
equipped with a New Wave UP213 laser ablation sampling
device. Raster patterns were defined in the NewWave soft-

ware, using each specimen's micrographs to guide selection
of a suitable .sampling region. Raster paths were typically
spaced 30ypm from one another but on several specimens

with few experimentally precipitated chambers the paths

were condensed to 20ypm spacing. Scan speed was 5pum/s,

repetition rate 10Hz, scan depth Opm, spot size 40pm and

laser power 50%. Ablated material was removed from the

chamber by helium carrier gas (0.42-0.5 Iiminute) which

was combined with argon (0.8 IJmin) to form the final sam-

ple gas. Mass spectrometer settings closely followed those

outlined in Hathorne et al. (2003). Isotope masses monitored
were 

25Mg, 
43

Ca, 48Ca, 86Sr, and 88Sr, with each analysis
consisting of 70 to 90 cycles through these five masses.

Blanks (run without laser input) and the OKA carbon-

atite standard were analyzed after every 3-6 samples, and
25 Mg and 

43
Ca curves were constructed for blanks and stan-

dards analyzed over the course of each day's analyses. These
blank values were subtracted from both samples and stan-

dards, and the sample 
25 Mg/

43Ca ratio was normalized to an

Biogeosciences, 7, 1335-1347, 2010

OKA Mg/Ca of 4.55mmol/mol, as determined by (Bice et

al., 2005). In some cases, Mg and Ca intensities varied sig-

nificantly over the course of an analysis. When Mg and Ca

intensities peaked simultaneously this was interpreted as the

result of rapid introduction of calcite to the mass spectrom-

eter, perhaps when a larger-than-typical amount of calcite

was ablated. Other, less regular fluctuations in signal inten-

sity, including the anticorrelation of Mg and Ca, may reflect

instrument tuning problems, though we cannot rule out the

possibility of extremely heterogeneous material. Only those

analyses in which the individual peak intensities remained

stable over a minimum of 25 contiguous cycles were consid-

ered acceptable; analyses not meeting this criterion were re-

jected. Mg/Ca error for each data point was determined using

a standard error propagation formula (Weiss, 2004). Analy-

ses of the OKA carbonatite standard provide one estimate

of the reproducibility of LA-ICP-MS Mg/Ca measurements:
the relative standard deviation for 12 OKA measurements

made over two months was 1.7%. However, no direct test

of the reproducibility of LA-ICP-MS Mg/Ca measurements
of foraminiferal calcite was possible because specimens are

likely to exhibit intratest and intertest heterogeneity (Pena et

al., 2008).

3 Results

3.1 Water chemistry

The cytoplasm of all specimens born in culture was green at

the end of the experiment, indicating active feeding at that

time. We assume that most calcification by these specimens,
and by the adults as well, occurred in the final months of the

experiment, and focus on water chemistry between February
and May 2007. The salinity increased from 35.0 to -35.8
during the entire experiment (Fig. 2a), and 3

180, increased
from 0.7%o to 0.95%o (Fig. 2b). The average 8180w value
between February and May was 0.9%o (range 0.1%o) and the

average temperatures for the same period were 3.8 *C (range

-1 C), 7.0*C (range 0.5-1 C), 14.1 'C (range 0.5-1 C),
21.0 C (range 1-2'C) (Fig. 2c), abbreviated to 4, 17, 14, and

21 'C. The coldest and warmest treatments showed the most

temperature variation. Temperature did not systematically

increase or decrease over the experiment, although long-term

trends were noted in the 21 'C treatment, which was not ther-
mostatted.

Alkalinity increased by 0.7% during the course of the ex-

periment, from 2258pueq kg-1 to 2273peq kg-1 (Fig. 3a,
Table 2). This increase is smaller than would be predicted
from the observed salinity increase, suggesting a modest con-

sumption of alkalinity, either due to the release of metabo-

lites, or to leaching of trace acidity from the system com-
ponents (tubing, culture chambers, etc.) during the experi-

ment. Dissolved inorganic carbon (DIC) showed a similar

increase through most of the experiment, but decreased in
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Fig. 2. Salinity, 8 0, and temperature measured during the ex-
periment. Two water samples from the reservoir tank were taken
for salinity and 818

0w at each sampling occasion, temperature was
measured continuously with data loggers.

Table 2. Water chemistry measured during the course of the ex-
periment together with calculated values of pH(total scale), C 3
and Q. The average measured salinity, alkalinity, and DIC of
the 200L reservoir (35.35 (SD 0.26); 2264.Opeq/kg (SD 6.6), and
2001.0pmol/kg (SD 6.8)) were used for calculations at all four tem-
peratures, the standard deviations are presented within parenthesis,
shorten to SD.

Temperature Calc. Calc. 0

(*C) pH (total scale) [C0 --](pmol/kg)

3.8 8.304 182.5 4.30
7.0 8.248 182.7 4.35
14.1 8.129 187.5 4.46
21.0 8.018 191.5 4.57

April and May 2007 (Fig. 3a). Because alkalinity and DIC
covaried, the carbonate ion concentration [COn-] remained
relatively constant at values between 188 and 191 pmol/kg,
increasing to 202pmol/kg in the final sample (Fig. 3b). The
pH(t) showed a similar trend, ranging between 8.00 and 8.03
(Fig. 3b).

3.2 Calcification at different temperatures

Bulimina aculeata and B. marginata were the most success-
ful taxa in the experiment, in terms of calcification, so we fo-
cus on these two species. In addition, Cassidulina laevigata
also reproduced at 7 *C. The reproductive yield of C. laevi-
gata was sparse, and the mass produced was insufficient for
proxy analyses. Specimens of Hyalinea balthica and Mel-
onis barleeanum, originally from the Skagerrak, also added
a few new chambers at all temperatures except at 21 *C. The
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Fig. 3. Water chemistry data during the course of the experiment.
Alkalinity and DIC were analyzed from water samples from the
reservoir tank, and used to calculate [CO ] and pH(t).

specimens originating from the Gullmar Fjord grew little and
did not reproduce at any of the temperatures; we omit further
discussion of the fjord material. A few specimens of Ros-
alina sp. occurred in all culture chambers except those at
room temperature, despite not being observed in the initial
inoculate.

At the lowest temperature (4*C), several specimens of
B. aculeata/B. marginata added one to three chambers to
their tests, but little growth occurred in the remaining 4 C
specimens, and no reproduction took place at 4 *C (Table 3).
At 7 'C, B. marginata from the Skagerrak reproduced abun-
dantly, yielding approximately 90 new specimens, which had
reached the 63 to 200pm size fraction (the smallest fraction
collected) by the end of the experiment (Table 3). Consid-
erable growth of B. aculeata/B. marginata occurred in the
three remaining 7*C culture chambers, enabling microdis-
section of new (experimental) calcite from many specimens
(Table 3). Reproduction also occurred at 14*C, producing
hundreds of offspring that had reached the 63-200pm size
fraction by the end of the experiment (Table 3). Some spec-
imens of the B. aculeata/B. marginata complex also repro-
duced at 14 'C, and a large proportion of those offspring grew
to the >300pm size fraction (Table 3). It is likely that more
than one reproduction event occurred at this temperature be-
cause there were specimens ranging from juveniles to adult
that were all born in culture (Table 3). Dozens of inocu-
late specimens displayed substantial new growth, adding at
least three chambers and increasing in test volume by up to
a factor of 5. In the two culture chambers at room temper-
ature (21 *C), reproduction did not occur; those specimens
that grew added just one or two new chambers (Table 3).

Biogeosciences, 7, 1335-1347, 2010
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Table 3. Number of inoculated specimens from the different source regions together with the results from the culturing experiment, organized
according to temperature and size classes. "Monoculture" refers to monocultures of Bulimina aculeata/marginata, originating from the
Charleston Bump and near the Great Bahama Bank. Juveniles, young adults, and adults were born in culture; "new growth" is material
precipitated during the experiment.

Culture chamber Geographical T (-C) No. of inoculated Juveniles Young adults Adults New growth
source area (experimental) B. aculeatal (63-200pm) (200-300pm) (>30014m) (no. micro-

B. marginata dissected specimens)

13 Skagerrak 3.8 19 - - - 6
14 Gullmar Fjord 3.8 12 - - --
15 C. Bump 3.8 50 - - - 2
16 Monoculture 3.8 -60 - - - 6
17 Bahamas 3.8 64 - - --

7 Skagerrak 7.0 20 70 17 5 6
8 Gullmar Fjord 7.0 12 - - - -

9 C. Bump 7.0 50 - - - 19
10 Monoculture 7.0 -60 - - - 24
11 Bahamas 7.0 62 - - - 48
1 Skagerrak 14.1 20 -100 38 9
2 Gullmar Fjord 14.1 10 - - -
3 C. Bump 14.1 50 8 16 24 23
4 Monoculture 14.1 -60 2 11 42 11
5 Bahamas 14.1 62 - - - 47
19 Skagerrak 21.0 0 - -

20 Monoculture 21.0 30 - - 9

3.3 Stable oxygen isotopes

The amount and type of test material available for B. ac-
uleata/B. marginata stable isotope analyses (microdissected
new growth vs. offspring born in culture) varied between
the different temperatures (Table 4). In general, larger spec-
imens (>300pum) at 7*C were closer to 818eq than smaller
specimens (Fig. 4a). At 14*C the oxygen isotope data from
all size classes were similar, and slightly higher than the pre-
dicted 8180eq, except for the 14*Cjuveniles which had lower
8180 values (Fig. 4b). For comparison with the cultured
specimens, stable isotopic analyses were also performed on
pre-existing calcite from samples originating from the Sk-
agerrak, Charleston Bump, and Great Bahamas Bank (Ta-
ble 4); the 3180 values from the pre-existing calcite varied
depending on source region where the largest scatter came
from the monocultures of B. aculeata/marginata complex.

3.4 Mg/Ca ratios

Mg/Ca analyses were performed on microdissected, new
growth from all four temperatures, and on young adults
and adult specimens born in culture from the 14C treat-
ment. The foraminiferal Mg/Ca values ranged from 3.4 to
22.7 mmol/mol (Table 5, Fig. 5). No significant difference in
Mg/Ca was observed between specimens from different cul-
ture chambers maintained at a single temperature (e.g., cul-
ture chambers 3 and 10 at 7 'C; culture chambers 15 and 16
at 4*C), and the Mg/Ca of specimens born in culture at 14 *C
did not differ significantly from that of chambers added dur-
ing the course of the experiment at this temperature (Fig. 5).

Biogeosciences, 7, 1335-1347, 2010
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Fig. 4. The uppermost panel (a) shows 8180 values at 7 *C and the
lower panel (b) for 14*C for the different size classes, together with
the equilibrium calcite line for each temperature.

4 Discussion

4.1 Growth and reproduction with respect to
temperature

Bulimina aculeata and B. marginata occur widely, rang-
ing latitudinally as well as by water depth, occurring from
deltas to the deep sea (Murray, 2006). In the South Atlantic
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Table 4. Stable oxygen isotopic data for the cultured foraminifera presented for each temperature and size class, together with isotope data for
pre-existing calcite. The standard deviations refer the analytical precision of the mass spectrometer. "Monoculture" refers to monocultures
of Bulimina aculeata/marginata, originating from the Charleston Bump and near the Great Bahama Bank. N refers to number of specimens
or microdissected parts of specimens analyzed. * = small samples with lower analytical precision.

Culture Source T Material 8180 8180 N
chamber area (OC) mean (%o) SD (%o)

13+15+16 Skagerrak+C. 3.8 New Growth 1.27 0.06 13
Bump+Monoculture

7 Skagerrak 7.0 Juveniles 2.16 0.03 74
7 Skagerrak 7.0 Young adults 2.47 0.04 15
7 Skagerrak 7.0 Adults 2.59 0.03 5
9 C. Bump 7.0 New growth 2.67 0.04 6
10 Monoculture 7.0 New growth 2.63 0.02 10
11 Bahamas 7.0 New Growth 2.77 0.03 10
1 Skagerrak 14.1 Juveniles 0.80 0.04 80
1 Skagerrak 14.1 Juveniles 1.01 0.04 42
1 Skagerrak 14.1 Young adults 1.25 0.02 20
1 Skagerrak 14.1 Young adults 1.23 0.01 24
1 Skagerrak 14.1 Adults 1.23 0.04 5
1 Skagerrak 14.1 Adults 1.77 0.05 4
3 C. Bump 14.1 Juv.+ young adults 1.27 0.03 13
3 C. Bump 14.1 Juv.+ young adults 1.26 0.03 14
3 C. Bump 14.1 Adults 1.34 0.03 5
3 C. Bump 14.1 Adults 1.44 0.04 5
4 Monoculture 14.1 Juv.+ young adults 1.39 0.04 13
4 Monoculture 14.1 Adults 1.35 0.02 8
4 Monoculture 14.1 Adults 1.38 0.02 8
4 Monoculture 14.1 Adults 1.51 0.04 8
5 Bahamas 14.1 New growth 1.33 0.02 6
5 Bahamas 14.1 New growth 1.38 0.05 6

20 Monoculture 21.0 New growth -0.20* 0.17
3 C. Bump NA Pre-existing -0.79 0.04 8
4 Monoculture NA Pre-existing 0.14 0.05 8
5 Bahamas NA Pre-existing -0.64 0.02 20
9 C. Bump NA Pre-existing -0.11 0.05 10
10 Monoculture NA Pre-existing 0.13 0.04 13
11 Bahamas NA Pre-existing 0.16 0.02 16
13 Skagerrak NA Pre-existing 2.69 0.05 5
15 C. Bump NA Pre-existing -1.55* 0.05 3
20 Monoculture NA Pre-existing -0.76 0.09 9

Ocean, B. aculeata is present at sites with temperatures as
low as 0.5 C (Mackensen et al., 1993) demonstrating that
this species can grow and reproduce below 4 C. Here, how-
ever, the cultured specimens grew at 4 'C, but they did not re-
produce. The cultured specimens may not have been adapted
to this lowest temperature; the temperatures at the coring
sites ranged from -7 'C (Skagerrak) to -8-10 'C on the
Charleston Bump and the Great Bahama Bank (Bernhard et
al., 2006, SMHI database SHARK). At the lowest culture
temperature, growth is likely to be slow, so a longer experi-
ment may have been required to produce similar mass as at
higher experimental temperatures. The specimens from the
Charleston Bump and the Bahamas grew at 7 C, but only

www.biogeosciences.net/7/1335/2010/

the Bulimina marginata specimens from the Skagerrak repro-
duced at this temperature. This temperature is similar to the
average temperature at the sampling site in NE Skagerrak,
and is slightly warmer than the reported lower temperature
limit for B. marginata (Husum and Hald, 2004). The high-
est yield reproduction events took place at 14 C, and were
observed in specimens from all collection sites. This tem-
perature is considerably higher than the temperature at any
of the sampling sites. However, we note that both species
(B. aculeata and B. marginata) have been reported from ar-
eas with relatively high temperatures; B. marginata for in-
stance from the South Brazilian Shelf (13-20 C) (Eichler
et al., 2008) and the Red Sea (Edelman-Furstenberg et al.,

Biogeosciences, 7, 1335-1347, 2010
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Table 5. Mg/Ca data for the calcite precipitated during the experiment presented for each temperature and analyzed material (new growth;

young adults and adults) together with specimen length and length to LA raster.

Culture T Material Total length Length to Mg/Ca (mmol/mol) Mg/Ca

chamber (*C) of specimen (um) analyzed calcite (pm) uncertainty (%)

15 3.8 New growth 238 145 10.91 21

15 3.8 New growth 374 274 18.43 7

16 3.8 New growth 188 152 22.70 23
10 7.0 New growth 553 249 5.92 5
10 7.0 New growth 478 297 4.83 7
10 7.0 New growth 432 307 4.22 7

9 7.0 New growth 630 400 4.50 7
9 7.0 New growth 425 354 3.92 7

10 7.0 New growth 483 314 2.97 7
10 7.0 New growth 414 284 3.97 7
9 7.0 New growth 395 321 6.35 9
9 7.0 New growth 527 390 6.13 7

9 7.0 New growth 505 341 6.04 7
9 7.0 New growth 505 343 6.15 7

9 7.0 New growth 434 345 9.78 7
9 7.0 New growth 472 343 6.19 9
9 7.0 New growth 528 379 3.35 5
3 14.1 Young adult 240 134 5.18 8

3 14.1 Young adult 265 111 6.22 8
3 14.1 Adult 331 220 6.97 8
3 14.1 Adult 398 275 7.46 8
3 14.1 Adult 352 289 6.69 8
3 14.1 New growth 551 363 4.55 8

3 14.1 New growth 529 405 10.17 8

3 14.1 New growth 450 302 10.07 8
3 14.1 New growth 465 324 3.92 8
3 14.1 New growth 465 305 6.15 8

20 21.0 New growth 401 304 9.48 5

20 21.0 New growth 376 255 8.25 6
20 21.0 New growth 410 330 7.89 6

2001), and B. aculeata from the Ebro Delta (14-19 C) (Mur-

ray, 2006; Cartes et al., 2007).
We do not know whether successful reproduction in cul-

ture implies that the slightly warmer temperature was more

favorable for the foraminifera, or whether reproduction was

a stress response to the elevated temperature. The absence

of reproduction at higher (21 'C) and lower (4C) temper-

atures suggests that temperature stress does not consistently

promote reproduction. These results - elevated reproduction

at intermediate temperatures - are consistent with the obser-

vations of Barras et al. (2009).

4.2 Ontogenetic trends in isotopic values

A substantial fraction of the observed oxygen isotopic vari-

ability is related to test size, suggesting age-related (onto-

genetic) effects on test chemistry (Fig. 4). Several studies

have suggested that younger (smaller) individuals precipitate
CaCO3 with lower b180 values than older (larger) specimens

Biogeosciences, 7, 1335-1347, 2010

(e.g., Dunbar and Wefer, 1984; Schmiedl et al., 2004; Mc-

Corkle et al., 2008), though this pattern does not always exist
(e.g., Wefer and Berger, 1991; Corliss et al., 2002). A size-

linked (ontogenetic) trend is seen in the 7'C 3180 data, with

the most pronounced depletions in the smallest specimens

(Fig. 4a). This pattern is less clear in the 14C data, where

all groups >200jpm show similar 8180 values (Fig, 4b). On-

togenetic isotopic depletions were most pronounced in the

smallest size fractions analyzed by McCorkle et al. (2008),
who suggested that adult specimens approach an asymptotic

isotopic composition. Indeed, our data suggest a tendency for

older (larger) specimens to approach isotopic equilibrium.

4.3 Oxygen isotopic composition as a function of

temperature

Variability in foraminiferal 318O, including the impact of

ontogenetic effects, can be assessed by considering the off-

sets (AS 180 values) between the observed foraminiferal
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Fig. 5. Mg/Ca (mmol/mol) over the experimental temperature gra-
dient, presented by sample type (new growth and size classes). For
7 and 14'C, data is presented in two columns to allow visualization
of result from different samples types, see legend for details.

8180, and the predicted foraminiferal 8180eq for each exper-
imental temperature (Fig. 6). These AS18 0 values were cal-
culated using the paleotemperature equation from Bemis et
al. (1998). Where there are sufficient data (7*C and 14*C),
similar B180, values (Table 4) and A8180 values (Figure 6)
are seen in both new growth and born-in-culture specimens.
The range in A818 0 for new growth and adult specimens
at the three warmest temperatures (roughly 0.6) was only
slightly larger than the range of ABI 80 values previously
observed in single-temperature culturing experiments, which
ranged between 0.2 and 0.5% (McCorkle et al., 2008). The
observed A8 180 range is also similar to that reported for field
samples of B. aculeata, (McCorkle et al., 1997; Mackensen
et al., 2000).

The foraminiferal 8180c values decreased with increas-
ing temperature from 7 *C to 21 *C (Fig. 7). However,
the single, unreplicated value at 4*C (0.62%) is roughly
2%o lower than we would expect from the paleotemperature
equation estimates discussed below, and instead is similar to
the 3180c - 8180 values of the 14*C specimens (Fig. 7).
This 4*C isotopic analysis used microdissected, new growth
calcite from multiple specimens, raising the possibility that
the sample inadvertently included some pre-existing calcite,
precipitated at a higher temperature in the field. We do not
think that this occurred, but while we have no reason sim-
ply to reject the data point at 4'C, we will not use it in the
following assessment of the temperature dependence of Bu-
limina 8180.

The 818 0e - 818 0w values provide a culture-based assess-
ment of published oxygen isotope paleotemperature equa-

, e
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Fig. 7. Temperature vs. 8 180 -8 180, together with the pale-
otemperature equations from Shackleton (1974), Kim and O'Neil
(1997), McCorkle et al. (1997), and Bemis et al. (1998). The sym-
bols represent calcite precipitated during the experiment.

tions (Fig. 7) (Shackleton, 1974; Kim and O'Neil, 1997;
McCorkle et al., 1997; Bemis et al., 1998). Although the
14'C culture data are most consistent with the "warmer"
paleotemperature equations (Shackleton, 1974; McCorkle et
al., 1997), the best overall agreement, over the 21 *C to 7 *C
temperature range, is with the paleotemperature equation of
Bemis et al. (1998) (Fig. 7).

A previous culture study reported small depletions from
predicted equilibrium calcite 8180 values (McCorkle et al.,
2008) and proposed that these isotopic offsets could reflect
the elevated carbonate ion concentration of the culture sys-
tem, relative to typical bottom-water values, following the
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Fig. 8. Mg/Ca vs Temperature including Cibicidoides core
top calibration of Lear et al. (2002), Mg/Ca= 0.867 ± 0.49exp
(0.109+0.007-BWT), where BWT is bottom water temperature).

results of Spero and co-workers (Lea and Spero, 1992; Spero
et al., 1997; Bijma et al., 1999). However, the Bemis et
al. (1998) paleotemperature expression, which provides the
best match to the multiple temperature results of this study,
would have been in better agreement with the S180 data of
McCorkle et al. (2008), obviating the need to invoke a car-
bonate ion effect. The higher-than-predicted 3180 values in
the 14*C cultures cannot be explained by elevated carbonate
ion concentrations, which are expected to cause depleted iso-
topic values (and which were, in any case, present at all four
temperatures). At present, we have no proposed mechanism
for the 14*C offset.

4.4 Mg/Ca ratios with respect to temperature

The foraminiferal Mg/Ca values from the 21 *C treatment
vary by roughly h 10% about a mean of 8.5 mmol/mol, but
the Mg/Ca values from the other three temperatures show
much more scatter, varying by factors of 2 to 3. In addition
to this variability, the absolute values of the foraminiferal
Mg/Ca ratios in the 4, 7, and 14*C treatments are much
higher than the values predicted by studies of core-top field
specimens. To illustrate this offset, we plot our culture data
with the benthic foraminiferal (Cibicidoides) Mg/Ca temper-
ature calibration curve of Lear et al. (2002) (Fig. 8). The
Mg/Ca values from the 21 'C cultures span the Lear et al.
calibration curve, but the remainder of our Mg/Ca data are
substantially higher than predicted by the Lear et al. (2002)
relationship, and other published calibrations (Martin et al.,
2002; Healey et al., 2008). Anand and Elderfield (2005) and
Sadekov et al. (2005, 2008) observed high intra-test variabil-
ity in the Mg/Ca of planktonic foraminifera, and inferred that
factors other than calcification temperature can influence test

Biogeosciences, 7, 1335-1347, 2010

Fig. 9. Mg distribution coefficients plotted versus length from the
proloculus to LA raster, presented together with the data from Hintz
et al. (2006a) study of ontogenetic effects on Mg/Ca of B. aculeata.
DMg for the cultured foraminifera from the present study was cal-
culated assuming a sea water Mg/Ca ratio of 5.109.

Mg/Ca. However, while deep-water Mg/Ca paleothermome-
try continues to be a topic of active study and debate, none
of the field-based data sets report low-temperature values ap-
proaching those we observed (Lear et al., 2002; Martin et al.,
2002; Marchitto et al., 2007; Healey et al., 2008).

We do not believe that the high Mg/Ca values reflect
species-dependent variation in Mg incorporation. We know
of two sets of Mg/Ca analyses of field collected Bulimina,
including -4.5 *C deep-sea data from Lear et al. (2002), and
shallow water data (-7*C) from the Skagerrak and Gull-
mar Fjord (Groeneveld and Filipsson, personal communica-
tion). These Bulimina field data agree well with the Lear et
al. (2002) Cibicidoides calibration curve, and include no val-
ues higher than -2.5 mmol/mol.

Dissard et al. (2010) reported no difference between the
Mg/Ca values of the shallow-water benthic foraminifera
Ammonia tepida cultured at 10 *C and at 20 *C. However,
strongly elevated Bulimina Mg/Ca values were observed in
a previous culturing study (Hintz et al., 2006b). Single-
individual whole-specimen Mg/Ca values, cultured at 7*C
and measured by solution ICP-MS, reached values equal
to the highest LA-ICP-MS values observed in this study,
and included several specimens with Mg/Ca values above
5 mmol/mol. In Hintz et al. (2006b), elemental analyses
of laser microdissected chambers revealed that chambers lo-
cated between -150-225pm from the test apex - similar in
size to our study's 4*C foraminifera - had the highest Mg
contents (Fig. 9). Ontogenetic effects, and their underly-
ing variations in calcification mechanisms, may explain the
elevated Mg/Ca values in our study. However until these
trends have been observed again over a temperature range,
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and cleaning and analytical artifacts including the possible
effect of the Mg content in the algal chlorophyll have been
further tested and ruled out, we are unwilling to take these
first multiple temperature culture-based Mg/Ca data at face
value.

5 Conclusions

We cultured benthic foraminifera at 4, 7, 14, and 21 'C, and
observed reproduction and copious calcification of Bulim-
ina aculeata/marginata at temperatures close to or slightly
higher than in situ temperatures (7 and 14 C treatments),
with no reproduction and less calcification at either substan-
tially lower (4C) or higher (21 *C) temperatures. The ab-
sence of reproduction at higher and lower temperatures sug-
gests that temperature stress does not consistently promote
reproduction; instead there appears to be a temperature win-
dow where environmental conditions are most beneficial for
these species' reproduction and growth.

Observed ontogenetic variations in foraminiferal stable
oxygen isotope values are consistent with patterns observed
in culturing studies by McCorkle et al. (2008) and Barras et
al. (2010). Further, the observed 5180 data are more consis-
tent with the paleotemperature equation proposed by Bemis
et al. (1998) than with those proposed by e.g., Shackleton
(1974), and McCorkle et al. (1997). In contrast, the high
observed foraminiferal Mg/Ca values in this study are not
consistent with published benthic foraminiferal Mg/Ca: tem-
perature relationships. This discrepancy may reflect ontoge-
netic variations in foraminiferal elemental compositions, but
at present we cannot rule out sample cleaning or analytical
explanations for these high values.
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