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1. Workshop program and objectives

Program

Monday, May 2
Arrival in the afternoon or evening. Joint dinner at 20:00.

Tuesday, May3

09:0017:00

Scientific presentations and discussions at the Center for Geomicrobiology, Aarhus
University.

A light lunch is served. Return to hotel after 17:06r®¢hop dinneat 19:00.

Wednesday, May 4

09:0013:00

Open discussions of scientific geatesearch opportunities, and funding strategies.

A report summarizing discussions and proposals will be written during and shortly after the
workshop. The meeting ends with lunch at 1 pm.

Objectives
(the folloowinginformationwassent to participais before the workshdp

The objective of this workshop is to discuss and propose future directions of marine deep
biosphere research and how this may be more strongly integrated and funded in Europe. We
invite a group of active researchers in this fielgare their ideas of the major scientific
challenges and new opportunities that will move the science forward in the coming years. We
wish to strengthen the European engagement in future drilling proposals and expeditions. We
invite participants to contyute their opinions and expertise to a report that, together with a
series of other reports from workshops during 2010will contribute to a white paper that

will provide background information for the planning of the EU Framework Program 8.

WP1 Lithosphere - biosphere interaction and resources
WP2 Sedimentary seafloor and sub-seafloor ecosystems:

Bujdwes

Jo0easqns dyPads-UoISSIW £dM

past, present and future links
WP3 Deep biosphere

WP4 Sediment dynamics and geohazards
WP5 Geofluids and gas hydrates
WP6 Climate change and response of deep-sea biota

swiayshsods bundaye
59]613UAs pue aInydNIISELU| 8dM

affecting humans

l WP9 Management & Science-policy interfacing |

During winter-spring 20162011, each of the work packages 1 to 8 off/b8ee graphics)
will arrange separate workshops and write a report on their conclusions and



recommendations. These reports are due end of June 2011 and will be attached to the final
white paer.

Workshop tasks

The primary task of the workshop participants will be to contribute with information, ideas
and suggestions for deep biosphere research in the new IODP and the new EU framework
program, both starting in 2013. The product of the whop will be a written report that
summarizes the outcome and the conclusions and provides sufficient background information
to support these. The proposed format for the workshop protocol and report is shown below.

It is the responsibility oR. JohnPakes and BdarkerJgrgenseto edit and submit the
report. It is the responsibility of all workshop participants to contribute to the writing of the
report.

We ask alparticipantspefore the workshqpo consider the main objectives and themes to
disauss. In the report, we need to define:

What is the current state of knowledge?

What are the key open questions?

What are the recommendations for future research?

What are the instrumental and logistic needs for this research?
What are the infrastructur@a funding needs to reach the goals?
What are the priorities for future drilling sites?

= =4 =4 -8 98 -9

We propose to spend the first morning of the workshop introducing these questions and
structuring our discussiolVe will work in breakout groups during parts of therkshop in

order to discuss specific them¥&ge do not ask for formal talks, and the workshop is not a
time for us to give specific presentations of our data, but we invite you to consider how you
may best contribute to the discussion and the reportulhgwe useful background

information and a few graphs that could be useful for discussion or faggbg,rplease

bring them along.

For further information, please see the’P®/ebpagewww.deepseafrontier.eu).
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DSF Workpackage 3 Group photo

From left to right:
Beth Orcutt, Karen Lloyd, lan Head, Bert Engelen, R. John Parkes, Achim Kopf, Britta
Gribsholt, Laura Wehrmann, Kai Mangelsdorf, Pierre RegridairUwe Hinrichs, Mathias
Middelboe, Laurent Toffin, Ingunn Throseth, Konstantinos Kormas, Bente Aa. Lomstein,
Mark Lever, Hans Rgy, Kasper U. Kjeldsen, Nils Risgd@etersen, and Bo Barker
Jargensen. (Photwy Luc Riolon).



3. Abstract

During theDSF Workpackage 3 workshdp Aarhus, 34 May 2011 22 scientists
from seven European natiomet for two days to discuss marine deep biosphere research and
how this may be more strongly integrated and funded in Europe during the coming decade.
The group cmprised expertise within the fields of microbiology, molecular ecology,
geology, organic geochemistry and mathematical modeling. There were no lectures presented
but the participants discussed the relevant themes in plenum and in breakout groups. The
outcane of these discussions was summarized on the second day of the workshop and writing
tasks were distributed among all participants while some participants were appointed
rapporteurs with the task of coordinating each chapter.

This report is structured ifive chapters corresponding to the five breakout groups.

The "Microbial diversity, biomass, physiology, evolution & biogeogrdpthapter discusse
background knowledge abdife of the deep biosphere and the open questions to be
addressed. The great pregs in DNA/RNA and biomarker based techniques has opened up
new research on the deep communities that are comprised of basicatjsomong cells.

Future research shall address to which extent the cells are active or dormant and what is the
relationshipbetween the phylogenetic and the functional diversity, on the community level
and the singleell level.New approaches to cultivation and experimentation are needed in
order to understand how the predominant archaea and bacteria are adapted to the energy
deprived subsurface world.

The "Microbial activity and link to global element cycles" chapter reports how the
pathways of organic carbon degradation and the rates of predominant reactions can be
explored by new analytical techniques, by more sensikperanentation, and by
mathematical modeling. The controls on the dynamics and efficiency of organic matter
mineralization are a particular challenge as these are critical for the carbon and other element
balances on a geological time scale and therehy axeedback on global climate. The
"Energy, environment and physiological adaptations” chapter discusses the potential energy
sources for the deep biosphere and how these set the energetic limits for subfurface
Other limits mustlsobe studied irthe future in order to understand the full range of
adaptations of subsurface microorganisms. Such studies must also address the questions of
how to determine the absence of life. The role of virngesls to be better understood as
does the role of thepatial structure of communities and environment.

The "Instrumental, methodological, and logistic needs" chapter aiguiesproved
analytical methodand for highthroughput and automated techniques. Contamination tests
remain a critical issue for all dp biosphere research and must be carried out on all relevant
drilling cruises. In situ instrumentation is now being developed and will become even more
important in the future in order to study and monitor microbial populations and processes
over time. Ako onrboard technology is heeded to maintain pressure and temperature in
retrieved samples from the deep sdafloor.

The participants finally proposed and discussed a numhargst sites by which
basic deep biosphere questions can be optimally astteEhe "Priorities for future drilling
sites" chapter lists five types of such sites théthve particularly importanto study during
the next phase of the IODP and that will be particular relevant and unique for European deep
biosphere research.



4. Microbial diversity, biomass, physiology, evolution & biogeography
Rapporteur: Mark Lever

Our knowledge bthe diversity of organisms (bacteriaclaaea, eukaryotes, viru3ebat

inhabit the deep biospheressll fragmentary To significantly advace our understanding,

we need to improve methods for comprehensive and quantitative studies of microbial
diversity, biomass, physiological state, metabolism, distribution, dispersal and biogeography.
These efforts will requiréhe design of novel methods well as the improvement and
adaptation of already existing methottsaddition, thenter-calibration anccomparability of
results obtaing by different laboratories fromrange of samples needs toibgroved This

can only be achieved by standardgimethods. In the followingections we go over

examples fronthe study of microbial diversity, biomass, physiology, evolution and
biogeography that we think require particular focus to advance our understanding of life in
the deep biosphere.

Microbial diversity

Microbial life is ubiquitous in the marine deep biosphere, pervading into the deepest
sediments drilled so far as well as into the oceanic crust. Studies over the past two decades
have revealed a high diversity of deep biosphere life with congptikaryotic communities
consisting of hundreds to thousands of different species. This discovery has resulted in new
important research questions regarding the extent and origin of diversity, how diversity is
linked to space and time, and which organisarsy out key ecosystem functions in the deep
biosphere. To reliably address these questions it is necessary to improve existing methods for
studying microbial diversityto design/implement new oneandto expand sampling efforts.

Retrieval and interptation of taxonomic marker molecules

Knowledge on deep biosphere prokaryotic diversity mostly stems from cultivation
independent studies of taxonomic marker genes and membrane lipids. The extraction and
purification of nucleic acids and membrane lipidsvirdeep biosphere samples is not a trivial
task; yet it is pivotal for the exploration of the microbial diversity of this ecosystem.
Extraction and purification methods already exist but need to be further improved in terms of
their detection limit, and aacacy of quantification. Our current knowledge is biased to an
unknown extent by the choice of method and marker molecule. Perhaps for this reason,
results obtained by different methods often show poor agreement. Therefore a key challenge
for future divergy studies will be to improve methods for robust and quantitative retrieval of
taxonomic marker molecules, even with deeply buried and/oralizatrophic samples.

The performance of extraction and purification methods is likely to vary with the type
of sample matrix and thus methods should be modified accordingly. Identifying the biases
inherent to individual methods will be particularly challenging but invaluable for-cross
sample comparisons. Furthermgdtas important to acknowledge the need forreno
replication (Prosser 2010; Caporaso et al. 2011). New methodological developments should
therefore be compatible with high throughput analysis strategies. Improved replication will
lead to more robust analyses of microbial biogeography, stgatiporaloccurrences, and
provide clues to the identity of syntrophic partnerships (Chaffron et al. 2010).

Deep biosphere micbtal communitis live at a very low energy flux. Hence
distinguishing live from dead cells aadtive from inactive or dormant microbialxa is very
important when analyzing and interpreting microbial diversity data. Special focus should be
devoted to resolving the performance of commonly used taxonomic markers (DNA, RNA




and membrane lipids) as proxies for microbial identity, cellulaginty and activity. How do
results obtained with these biomarkers differ and why? Do discrepancies result from
methodological biases? Are they due to differential preservation of the biomarker molecules
in dead and inactive cells? Or are discrepancieseithdéhformative about the physiological
states of cells in the environment?

The implementation and development of methods allowing the analysis of alternative
marker molecules, for example proteins and cell wall constituanisell as validating
methoddor pure cultures and environmental whole community or single cell extracts
represent further important future tasks.

Eukaryotes and viruses
Most studies of microbial diversity in the deep biosphere have focused on the prokaryotic
component while eukaryic and virus diversity has been mostly overlooked. Consequently,
the abundance and ecological role of eukaryotes and virus in the deep biosphere is not
known.

A recent study applying 18S rRNA as a marker gene for studying eukaryotic diversity
in deep mane sediments is promising (Edgcomb et al. 2011). How&@R primers
targeting this marker gene have not yet been thoroughly evaluated and likely need further
refinement along with nucleic acid extraction procedures for eukaryotic cells given their
potential large size, different cell wall composition and cellular organization as compared to
prokaryotes. In additigrthe 18S rRNA gene may have insufficient taxonomic resolution for
resolving eukaryotic diversity belothie genus level. fiorts shouldtherdore be made to
assay other eukaryotic taxonomic marker genes that are less evolutionary conserved.

Fluorescence and electron microscdyaged approachéavepointedto the presence
of virusesin marine sediments (Filippini & Middelboe 2007his was reently confirmedby
first quantifications of viruses within deep subsurface sediments (Engelhardt et al. 2011,
Middelboe et al. 2011). $sessing virus diversity is hampered by several methodological
challengeshowever Firsty, of all their small size anthe diverse nature of their genome
(dsDNA, ssDNA or RNA) may bias their detection by existing nucleic acid extraction
methods developed for studying prokaryotic diversity. Secotiadyr high genetic diversity
has so far prevented the identification ohserved marker genes universally distributed
amongthevirus, which prevents their broad identification by RBd&sed approaches.
Knowledge on the diversity of virus in the deep biosphere may be advanced through: (i)
refined isolation procedures for virparticles and nucleic acids combined with metagenomic
approaches for retrieving suitable taxonomic marker gene sequénais/elopment of
proteomic methods for analyzing virdsrived proteins (e.g. capsid constituerdasy (iii)
analyzing CRISPR regns in prokaryotic genomes or prokaryotic metagenomic fragments
(e.g. Anderson et al. 2011).

PCRbased retrieval of marker genes

Most knowledge on environmental prokaryotic diversity is derived from-B&iRd
generation of 16S rRNA gene sequence inveasoiPrimer bias is an inherent limitation of
PCRbased approaches even for highly conserved 16S rRNA genes (Teske & Sgrensen
2008). Continuous revaluation and refinement of 16S rRNA gdasgyeted primers and the
comparative use of multiple primer sete anportant to obtaithe most accuraleCRbased
assessment of prokaryotic diversity and abundance. The-ti@osity of deep biosphere
microbial communities remains incompletely resolved and should be studied by
implementing and advancing the use oRP&ssays of less conserved taxonomic marker
genes (e. g. 16S rRNA3S rRNA transcribed spacer regiornmB or recA).




Typically, functional traits cannot be reliably linked to taxonomic marker genes. For
this reason very little is known about the diversihd abundance of individual metabolic
guilds in the deep biosphere. Existing PCR assays targeting functional markerdgefes (
andB for sulfate reducersncrAfor methanogenscsAfor acetogensetc.) should be more
widely implemented and novaksaydargeting key ecosystefanctions e.g. autotrophy,
extracellular hydrolysis, or fermentatishould be developed. Finally, functional and
taxonomic marker gerleased results should be evaluated in concert.

Ab initio detection of diversity

Metagenomicmetatranscriptomic and metaproteomic approaches hold great promise for
future exploration of the deep biosphere microbial diversity. These methodologiesiallow
initio (primer/probeindependent) determination of taxonomic and functional diversity thus
offering a systems biology approach (Ideker et al. 2001) for studying the deep biosphere; and
facilitating the discovery of diversity e.g. eukaryotes and virus as well as completely novel
diversity (Wu et al. 2011). The implementation of these methods inliegphere research

is currently suffering from their high demands on the concentration and purity of the nucleic
acid/protein samples to be analyzed and the high sampling (sequencing) effort needed for
reliably analyzing diverse microbial communitiésethodological advances are being made
however and first results are promising (Biddle et al. 2011).

Sharing ofmethods and knowiow

In order for efficient sharing of basic methodologmsef novel methodological
breakthroughsandfor communicating aciss the deep biosphere research communities in
Europe and beyond, it would be beneficial to establish an intbasetd platform. This
platform could follow a similar format as the IODP database&ghich ship-based methods
for IODP expeditions are shared.

Microbial biomass and physiological state
Among the indamental objectives in deep ssdmfloor biosphere research are to detect and
count prokaryotes, eukaryotes and viruses, as well as estimate their physiological state. A
variety of approaches is nasary to assess these objectives. Cell abundance in marine
subsurface sediments has conventionally been evaluated by routine microscopic observations
of sediments and rocks using Acridine Orange Direct Counts (AODC). These counts have
been made on a widarige of ODP sediment cores (Parked.€2@0) and have
demonstrated that the community sipéprokaryotic celldecreaseavith depthand age
according to a power law function

The AODC countingechnique requires special training for recognizing anshitiog
cells.Over the past decade, another nucleic acid dye, SYBR Green I, has been found to be
more effective due to higher fluorescence intensity and greater specificity to nucleic acids.
Using SYBR Green | a new method has been developed that alleevsrdnation of
fluorescence stainezklls from background fluorescent signbésed omlifferences in
fluorescent spectra artide useautomated cell counting (Morono et al. 2008). While this
method has greatly improved the throymht, problems have pessed with sediments
harboring very low cell numbers, e.g. within ocean gyres. Due to the extremely low cell
densities in oligotrophic or ultraligotrophic deep subeafloor sediments, whole cells need
to be extractednd filteredfrom the sedimermatrixpriortoc ount i ng ( D6 Hondt
This method may be combined with flow cytometry, which has the advantage over automated
microscopic enumerations of being even higher in sample throughput and enaldéing bet
counting statistics blarge numbers ahdividual samplesandby more consistent criteria for
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cell identification. Flow cytometry will thereforesult in higher data resoluti@md more
consistent cell cous than obtained previously. This technidnaes the added advantage of
being able to diiminate and also count FISlkbeled cells.

Further information on the distribution of sabafloor populations can be obtairisd
guantitative reatime PCR (qPCR). This method has higloughput once nucleic acids have
been extracted. However, due itfetential biases of nucleic acid extraction methods and
PCR primers (Teske & Sgrensen 2008), estimates of relative abundances of bacteria and
archaea in subeafloor sediments can vary greatly (Schippers et al. 2005; Lipp et al. 2008).
Considerable effowill therefore be necessary to develop nucleic acid extraction methods
that are exhaustive and PCR probes that have good phylogenetic coverage.

Cell quantifications based on direct counts or gPCR do not reliably discriminate
between living, domant, or &en dead cells. Ae physiological state of microorganisms living
in deeply buried sedimeniss thereforeemained questionabl@uantification of viable
cells can be done more reliably tyorescenin situ hybridization (FISH) or CAREFISH
techniquesby which living or active microbial cells can be detected using tapewific,
fluorescently labeled oligonucleotide probes. Spores can be identified independently of cell
counting or other methods of quantification by their dipicolinic acid contentreliable
identification of norsporeforming dormant cells is currently not possible and represents an
important scientific goal for the future.

In spite of the differences in results obtained even with the same general methods of
cell quantification, e.gqPCR, standardization of protocols and techniques are ddang
goalnecessarto compare microbial biomass abasic oceanographic, geological and
geochemical features. Standardization usingspegified protocols for biomass
guantification will helpidentify important environmental parameters that corttrel
distribution and abundanoé microbial populations.

Cultivation and Microbial Physiology

The gold standard in microbial ecology is still the isolation of indigenous microorganisms as
pure cutures for studying their metabolic versatility aiod linking this information to

ecological question@Batzke et al. 2007)Unfortunately, the majority of species in a given
habitat that were detected by cultivatimmlependent thods have not been dufitedso

far. Due to the extreme conditions in the deep biosphere, the number of isolated
microorganisms is very small. The combination of low energy and nutrient availability leads
to extremely low growth rates that can not easily be mimicked in lalbpetperiments.

Thus, the study of microbial energy production and biomass synthesis in the deep biosphere
requires new, innovative cultivatidsased techniques in combination with molecular
methods.

While longterm cultivation over years might be neceggar slow-growing
microorganisms, higthroughput culvation may help tasolate subsurface microbes with a
potential to grow fasinnovative igh-throughput techniques may involve cultued
isolation procedures based on the combination pringiptkiding the community culture of
microbial cells incorporated in gel miectvopletsandfollowed by sorting and microplate
cultivation(Zengler et al., 2002). Then tkell-cell communications may be maintained by
using a flowthrough culture in parallel mio-bioreactors nourished by community culture
medium and metabolite product$e range of substrates used in the enrichment of deep
biosphere representatives should be expandeeldpyincluding insoluble compounds or
macromolecules, since virtually matg is known about the microorganisms that are involved
in breaking down complex organic matter. These novel cultivation approaches should also
include cecultivation experiments to study syntrophic growth, high pressure, varying redox
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conditions (aerobianaerobic)or enrichments witlor without substratesuch as sediment
particles or basalt.

By establishing statef-the-art cultivatiorindependent methods, thetential
metabolism bunknown microbes calne inferred from their genomes or isotopic
compaitions. Thus, isolations are not always necessary, since enrichments, e.g. when
coupled with isotope probing and radiotracer approaches, can be highly informative and help
to link microbial identity to metabolic properties. For instance, radiotracerationls can be
analyzed by autoradiography or na®iMS in combination with other idefitation methods
such as micrdAR-FISH (Nielsen et al. 2004), or GeR¢SH (Moraru et al. 2010) dhey
might be subjected to stable isotope probing (SIP; Radajewakik99). The isotopic
composition of cells and cell components isolated directly from environmental samples can
serve as an indicator of microbial physiology.

Singlecell genomics is a potential way to link identity to activity on a cellular level to
geochemistry and net ecosystem processes. The identification of speddizatiepathways
might guidenovel isolation strategies. However, it remains unknown how representative the
analyses of singleell genomes are to understand largeale processes aaring in the
environment. While the most abundant cells are most likely to be targeted, keystone species
are often rare, and large numbers of genomes might need to be sequenced and annotated to
understand the ecosystem. Finally, the inferred genomiatgeltdoes not always reliably
indicate the reactions a microhetuallyperforms in the environment. This might be
overcome byn-situ experiments, e.g. under natural pressure, colonization experiments on
natural substrates (e.g. via CORKS), manipulatafraibstrate concentrations, or the transfer
of samples to different environments to observe growth there.

Biogeographyand Evolution

In our efforts to understarsibseafloorecosystems, we still fall short of answering basic
guestions regarding thestliibution and evolution dubseafloodife. What is the maximum
depth to which life existd What is the global distribution and zonation of life across oceanic
sediments and crustal habitats, and what does this tell us about their degree of
interconneatity? Are subseafloommicrobes active colonizers that are adapted to the
prevailing conditions, or are they passively distributed, dying remnants of microbial
communities adapted to other environments? Could life have originatedsulxbeafloo?

Are subseafloorecosystems, like surface environments, characterized by temporal
succession and spatial patterns? To address these questions, we will need deeper, and yet
contaminatiorfree drilling technologies. Moreover, we will need to investigate oceanic
regions that have never been drilled for microbiotbggused purposes.

To obtain an accurate mapping of the deep biosphere, we need to ensure that the
description of the species composition is based on DNA from intact cells rather than
extracellular pod. Special effort should be directed towards eukaryotes, since most of the
current knowledge deals only with prokaryotes. Determining the distribution of eukaryotic
life may reveal whether and to what depth there is a grazing pressure on prokaryotés, as we
as providing insights to pabceanographgnd patoclimate (e.g. distribution of pollen)

The currently available data stress the need to distinguish between microorganisms
that are indigenous to the subsurface (i.e. adapted to the subsurface coadiidnerefore
metabolically active) and ones that were introduced from other habitats. Detailed
geochemical and geophysical descriptionhef prevailing conditions in drilling sites will
assistour efforts to identify distinct microbial distribution pans and provinces (sensu
Schrenk et al. 2010Moreover, we need focused apprioes to determine whether the
microorganisms are deeply buried suors of communities deposited on or livinglag
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seafloor thousargdof years ago avhether they were transported fraitiher sediment layers
andactively colonized the deep biosphere. Identifying the origin and degree of endemicity of
subseafloomrmicrobes will help us answer these fundamental questions, in addition

providing clues concerning key organisms across tiinvdifferent environments.

Adaptations tsubseafloorconditions could be investigated by in situ approaches (e.g.
observatoriessee Orcutt et al. 20L1$uch approaches should be emphasized and
strengthened since they go beyond infigrmetabolism and processes and directly test
hypotheses in the field. Some of the quests that could be tackled with approaches
include temporal succession, competition and competitive outcomes between different
microbial species and/or communities under similar environmental conditions, as well as
alelopathy.

New ways to study rates of evolution should be exathiBgisting molecular clocks may
fail or require recalibration witBubseafloormicroorganisms, since time scales and viability
tend to be different from those in the surface world. The evolution of genes may provide
important clues about the evolutiohtbe organism hosting theny.ef progressive/linear
changes in vertically inherited genes can be detected, or there is evidence for horizontal gene
transfer. Certain genes are transdrfrequently between organismbkereas others form part

of thgefiomee and do not seem to transfer. Wh
organi smés physiology, and how does it influ
specieso? Sediment | ayers that ar ebetveero!l at ed

layers with discrepant physicochemical conditions, e.g. sapropels, may make suitable model
environments for the development of new methods and testing of hypotheses related to the
evolution of microorganisms in the deep biosphere.

Ample dateexistalreadyonsubseafloormi cr obi al occurrence in
Hence, considerable insights regarding the distribution of microbes can be gained from meta
analyses of existing, published data. In analyzing these data, caution needs to be taken to
accaint for methodological biases (i.e. sampling and lab analysis), e.g. by applying network
analysis, as is already done in surface environments bydtspot Ecosystem Research and
Mands | mpact on Eur op e atip://8Bveveshermione.peevehéere ( HER MI
the distribution ofleepsea nematodas examineda goup of animals with no planktonic
life stage but yet showing biogeographic patteBimilar analyses could depict the first
overarching/global pattes in microbial distributions in deep sea habitats, if they exist, as
well as providemproved interpretation archived samples and help selgités for further
drilling.

5. Microbial activity and link to global element cycles
Rapporteur: Kai Man gelsdorf

With the finding of a widespread and diverse deep microbial biosphere, major questions arise
regarding its metabolic activity, the involved physiolpggd the role ofleep microbial fe

for theglobal carbon and other elemental cycles. Comp@arsdrface sediments the rates of
microbial metabolic etivity in the deep biosphere aveders of magnitude lower impeding

the detection of microbial activity in the deep biosphere. Thus, microbial processes in the
deep biosphere are operating on a s$icgmtly lower level anan different time scale that
requirethe development ahore sensive analytical methods. Little is known about

microbial physiologiesf the deep subsurface. What metabolic strategieapguiéeed to
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obtain sufficient energy fdife? How do microorganismscavengeappropriate substrates
from an environmenof recalcitrant organic magt? Althoughthe community size decreases
stronglywith depth, the deep biosphere colonizes a lspgee in the subsurface and
constitutes a majdraction of livingbiomasson Earth (Whitman et al., 1998). Due to its
huge size, wide disseminatianddiversity ofmetabolic processethe deep biospheptays
an importantole in global elemental cycles and impeta r t h 6 on gedlagicabtime
scales

Microbial activity

The influence of theub-seafloormicrobial communitiesind the relative importance of

abiotic versus biotic processes on elemental cycling are poorly understood. This is to a large
extent due t@lack of appropriatéechniqus to quantifymicrobial activity (respiréon,
fermentation and assimilation) undealistic deep biosphere conditiohs.many cases
conventional techniquese notsensitive enough tdetect thanicrobial activity in the deep
biosphereTwo complementy strategies may advanceetfield: a) nference of microbial

activity from inverse modeling of terminal electron acceptors and electron donots, and

direct measuments of microbial activity by experimentatubationausingradiocactiveor

stable isotpelabeled tracerdMajor mnstrainsare low abundance and low activity of the

mi crobial community (JBrgensen arnhdrelBvandondt
microbial pathways, ansufficient knowledge about the microbial habifette determinatin

of microbial activity requires careful sampling of geochemicalgewphysical parameters,
development of new systems for long term incubations (either in the laboratory or in situ
based in natural laboratories) that exert minimal alternations of #r@ement to be studied,

and development and application of new sensitive analytical techniques (e.g., nanoSIMS
togethemwith labeled compounds).

Becausemicrobial doubling timeare longand reation rates aréow in the deep biosphere

( D6 Ho n d t02;dkesaet al., 2005}, Biogeochemicabdelscan be usedt spatial and
tempaal scales that are natcessible through laboratory experime8isch models can
providequantitative information on rates and kinetics of substrate utilizatioofanccrobal
activity (Arndt et al. 2006). They are also well suited to assess the environmental controls on
reaction rates and the response of the microbial community to changes in substrate supply
(Dale et al., 2008a) and organic matter accumulation rates oMeggeal time scales (Arndt

et al., 2009, Marquardt et al., 2018jogeochemicainodels are complementary to the
growing ODP/IODP databasetause they allow reconstruction, baseg@sentday
observations of deep biosphere environmegits,h e s ewlutemodes many thoasds

or millions of years (e.gArndt et al., 2006; 2009; Meister et al., 200Mathematical

modeling of microbial activitieandidentification ofthe involved metabolic processes under
deep biosphere conditions shothérefoe be an integrated part of deep biosphere research.

Microbial carbon and energy sources

The analysis of microbial activity in the deep biospherdten complicatecbecause the
relevant microbial pathways are poorly known. The analysis has so far faruadamited
number of well known metabolic pathways (esgifate reduction, methane oxidation,
methanogenesis, iron reduction etc.) and the turnowelimited number of substrates.
These pathways makiowever, represent only a narrow subset ofdted metabolic diversity
of processethat aramportant in the deep biosphere. Ingg provided frommicrobial
molecular ecology (e.gmetagenomics angroteomics) may provide hints twher microbial
processeqChivian et al., 2008) and cdelp desigrioolsto quantify the microbial activity.
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The presence of a widely disseraied deep biosphere raisggestiors asto the carbon and
energy sources of the micrganisms in the subsurface aheé mechanismisy whichthese
substrates lm®me available. To ostextent the sedimentargub-seafoor biosphere extracts
metabolic energy frorfossil organic material that originates from the photic zone of the
oceans. During buriakheoriginal biomolecules araltered and turned into poorly
characterized gemaciomolecules by biotic and abiotic processes (Hedges et al., 2000).
Below the most reactive layer of the seabed, thisadled kerogei Ear t hdés | argest
organic matter is the central fuel for the deep biosphere. The mechanisms involved in
microbidly mediated breakdown of kereg may be key to understatige energy flux
available to the deep biosphere. The enzymatic and abiotic reactions that break chemical
bonds and thereby release molecul@s the pool of dissolved organic matter (DOM) are
critical for both the fate of organic matter dodthe deep biosphere. Previous studies of
carbon flow in the deep biosphere have typically focused onrolecularweight

compounds known as substrates for terminal methok.gacetate, methane, hydrogen
and amino acids (Hinrichs et al., 2006; Heuer et al., 2009). However, their production is
presumably intimately linked to the slow degradation ofige@romolecules (Glombitza et
al., 2009a; 2009b), a process that is not yet understood.

This poor mechastic understanding is also reflected in the quantitative modelitigeof

complex reaction pathways of organic matter degradation and substrate utilizduicim
remainlimited by the lack of appropriate reaction stoichiometries, rate expresarmhs

kinetic parameters (Regnier et al., 2011). Theoretical approaches such as thiaywawver
reactive continuum models provide quantitative descriptions of organic matter decomposition
during burial, from the shallow subsurface to the deep biosphere. Yetiahmy relate the
substrate reactivity to the nature and accessibility of individual compounds or to the
microbial and environmental factors that may affect the fate of organic matter. In this respect,
anumber of recent developments in the fieldmigeahemicalmodeling could become key

to an improved quarttitive understanding of the sgbafloor processes and energy fluxes

that sustain life in the deep biosphere. Those include expressions that account for the
dependence of reaction rates on the engigg of useable substrates (Jin and Bethke, 2005;

La Rowe and Van Cappellen, 2011), explicit representations of the fate of metabolic
intermediates such as hydrogen, formate or acetate (Dale et al., 2008b; Orcutt and Meile,
2008; Alperin and Hoehler, 200%r linking the rate of substrate production/consumption to
the growth and decay of different resident microbial populations (e.g. Rittmann and
VanBriesen, 1996).

Recalcitrant organic matter

After intense microbial degradation of the sedimentary orgaaiter in the top layeisf the
seabedthe esidual organic mattérecomsincreasingly realcitrant with depth. &ss altered
kerogen however, isstill rich in smallesterlinked fatty acids such as formate and acetate
and other potential substrates floe deep biosphere (Glombitza et al., 2009b). These
substrates might be available to eexymatic attackbut it is also conceivable that these
esterlinked compounds are in equilibrium with the corresponding compounds in the
surrounding pore watgethusreplenishing consumed substrates by an abiotic process.
Molecular characterization of DOM in pore waters of deepsadfloor sediments amd the
buried kerogen matrix couloe key to disentangling relationships between structural
properties of organic atter, kinetics of degradation, production of awlecularweight
substratesand ultimately the energy flux to the deep biosphere. Iddalg observations
shouldbe combined with laboratory microcosm experiments withssafloor sediments
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during which compositional chamg of DOM and kerogen ameonitored. Pramising
techniques to tap the information encoded in molecular DOM composition and kerogen
include chemical degradation, ATR-MS, and NMR (cf. Hedges et al., 2000; Kujawinski,
2002). First stues of DOMin sedimentary pore water suggest that biogeochemical
processes may results in recognizable moledalasl signatures in this pool ¢Bmidt et al.,
2009; 2011). Fst studies on structural kerogen characterization reveal the potential of
kerogen to fuel deep microbial communities with subggs over geologic tim@&lombitza et
al., 2009b).

Future studies exploring the link between organic matter and the deep biosphere should be
guided by tle following working hypothese3he energy flux to theedimentary sukeafloor
biosphere is closely linked to the kinetics of degrading organic macromolecules down to
molecules small enough b incorporated by a microbe through its cell wall. The kinetics

are probably controlled by structural propertieshef poorly characterizadacromolecular
organic matter, the frequency of bond scission byexnxaymes and abiotic mechanisms, and
the abilitiesof themicrobial communitieso utilize this poolln low-temperature sediments,
structural modificabn anddegradation of organic matter acksely linked to the activity of
microbial communities. Thereby, abundance and quality in terms of bioavayiabitiie

organic matter are essentiat the level of microbiahctivity. Important insights intthe
mechamnsms and compound types affected by microbially mediated modification can be
obtained through molecular analysis of the pool of dissolved organic mattef kerdgen.

The processes directly influence the partitioning of carbon in several major poabaif gl
relevarce, i.e., dissolved inorganic and organic carbon in the ocean and dispersed particulate
organiccarbon in sediments and rocks.

In deeper sedimentary successions inert chemical bonds within the kerogen mad¥ix are
activated by rising geotheahtemperaturéParkes et al., 2007; Wellsbury et al., 19@H)ch
increaseshe bioavailability of organic compounds from kerogen. With detfirst
geothermally driven brea#town processe®arly catagenesistart at temperaturélsat are

still compatible with microbial life (Glombitza et al., 2009; Vu et al., 2009). Thus, there are
indications that in deeper zones geothermal proc@sagsustain deep microbial life
(Horsfield et al., 2007; Zink et al., 2003). In addition to high quality deep satiooees in
specific areas with appropriate geothermal heat flow,-teng laboratory experiments with
heating ofsediment material from the deep biosphere and kinetic modeling of the generation
potential of the buried organic matmerequired to eluclate substrate delivery processes
and mechanisms in the deeper and warm parts of the inhabited subsurface.

Organicfueled metabolic activity in the most aligophic regions of the deep biosphere is
extremely low. It is possible, however, that energy cesiother than those derived from

organic matter may be important, e.g.,&0d H (Pedersen, 2000). Opetential sources

the radiolysis of water, wherelblye electron donor ftan be supplied by in situ radiolysis or

by transport of radiolytic kifrom a much deepebiologically dead environment. Water

radiolysis has been described as a potential source of energy for ecosystems in hard rock far
beneath continental surfaces (Pedersen 1996, Lin et al. 2005). Also, earthquakes can
stimulate the productioand release of Hfrom quartz rich granites (Kameda et al., 2003;

Brauer et al., 2005). Dedicated laboratory experiments and in situ measurements are required
to elucidate the quantitative importance of radiolysis in order to constrain the role of
biological vs geological substrate delivery in the deep biosphere.

It is also of importance that studies on the deep biosphere include the characterization of the
sedimentargnvironments the habitat aleep microbiatommunities. The composition of
sedimentay sequences in terms of organic carkoorganicions, fluids, gases and minerals
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(electron donors, electron acceptors and nutrients) as well as physical parameters such as
porosity, permeability and mineral surface areas have a strong impact on tharae,nd
distribution and activity of deep microbial communities. Also the history of the sedimentary
body is fundamentads it providesnformation on basin subsidence and uplift and the

associted heating history. The$mavestrong impact on the delivery géothermally

generated substrates for the deep biosphere (Horsfield et al., 2007) and on the distribution of
the deep biosphere in the subsurface considering the concept eppatearisation

(Wilhelms et al., 2001). Thus, measurements of geochemidataysical sediment

parameters as well as basin modeling are important tools to gain a holistic picture of the deep
biosphere.

Impact onthe global carboncycleand other elemental cycles

The influence of the deep biosphere on global elemeyntiisnot well understoad

However, its widespread distribution in the subsurface suggests that the deep biosphere has a
strong impacbn global cycles, for instan@a thecarbon, nitrogen, iron and sutfcycles.

Although operating atignificantly lower rateshan surface microorganisms, deep sulesef

microbial ecosystems control the remineralizatioorgianic matter in the deep subsurface.

With the production of gaseous compounds, the migration of these compguthdsugh the
sedimentsand finally theie mi ssi on at the surfhcearbbpep eswuwbbk
islinkedt o t he surface fAbiological <cycl ebo. Mor eo
methane and C{are important greenhouse gases. Thus, the deep biospaghavea

strong effect o the temperature regime on Edothinterfering withthe emission of

greenhouse gasesthe decay of gas hydrates which aatural collectors of these gases in
continental margin and permatfrost areas (Kvenvolden, 1999).

6. Energy, environment and plysiological adaptations
Rapporteur: Beth Orcutt

Energetics

Currently, only a fewypes of metabolisrhave been proposed to support life in the
deep marine subsurface. The metabolic pathways that have loeen strough direct
measuremerdf reactats and prducts, to be energetically farable include the reduction of
oxygen, nitratemnanganese, iron and sulfages well aproduction of methaneThese
processs are often energetically faradblewith small, reduced organic and inorganic
moleculessuch as hydrogen, acetate, or formate as the electron donors. However, the range
of substrates available to deep subsgfanicroorganisms is much broader than this and
includes various fermentatioproducts fronthe gradual breakdown of organic mattes\(er
et al. 2010)reduced seawater iortsansition metals, and a variety of intermediate oxidation
states of sulfur, as well as reduced mineamhpounds in the oceanic crushelimportance
of abiotic organic compounds and molecular hydrogen formesibsurface wateick
reactions (e.g. serpentinization) compared to that of biogenic material from the surface world
is not known (Delacour et al. 2008; Proskurowskiatt 2008; Mason et al. 2010)he
potential range of metabolisms present in the subsarppears to be diverse as the
microorganismshat have thus far only been iderd with 16S rRNA gene markers.
Therefore, implementation oew measurement procedures to quarnktigse potential
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substrates in deep subsurface environments will pedkenderstanding their importance to
natural microbial populations.

Current microbial det¢ion methods (cell staining, analysis of lipidrarcleic acid
biomarkers) do not provide information about the activity level of each individual cell. Given
thatenergyyielding processes appear to be very slow in the deep oceanic subsurface, it is
likely that some of the microbes we can detect are either ramiywr permanently
dormant.This makes it difficult to determine the energy availabledch living ell. Future
modding studies could address the eneigebnstraints o€ellsmovingin and out of
dormancy vs. maintaininglaw but steady metabolic levékesearch could also focus on
what are the ecological stress factomsmicrobes that lie dormardrfthousands of yes.

Further research cougarch fola biomarker that is indicative of the quantity of live cells in
the environment.

Alternative energy sources

One of the most important questions in deep biosphere research is what powers and
maintans the significant populations of microorganisms that inhabit the sldeurface?
Photosyntheticallglerived organic carbon that has survived early diagenesis is clearly an
important component of the energy budget of the deep biosphere, and thereniseethde
burial and moderate heating can result in the biogenic release of labile energy sources such as
short chain fatty acids and hydrogen (Parkes et al., 20@VEerttheless, photosynthetically
derived organic carbon is unlikely to be the only soufanergy for the deep biosphere,
especially under conditions where there is a paucity of organic carbon. One of the prime
candidates for an alternative energy source is abiotically generated hydrogen. Several sources
of hydrogen to fuel the deep biosphbexe been proposed. In addition to biogenic hydrogen
from fermentation of organic carbon, organic carbon may give rise to hydrogen from
aromatization of saturated ring structures (Parkes et al., 2007; Jones et al., 2008). Potential
inorganic sources of ldyogen to drive the deep biosphere incladpentinizatiorof
ultrabasic rocks at high temperatures, oxidatioredticed iron minerals iron sidé
formation from pyrite, anfracture-induced reduction of water and radiolysis of water (Lin et
al., 2005a)The last of these is considered the most plausible source of hydrogen in many
deep subsurface environments (Lin et al., 2005a,b). However there is a need to better
constrain the role of different potential sources of reductant as energy sources for deep
subsurface organisms in different settings, and also to investigate novel mechanisms that

have hitherto received |little attention, suc
may provide a novel link between tectonic processes and the deep beq§ankes eal.,
2017).

Although hydrogen from radiolytic splitting of water is likely an important energy
source in the deep biosphere,iarportant, but overlooked, aspect of radiolysis of water is
that it not only generates hydrogen but also oxidizing species suchragérygheroxide and
even oxygenBjergbakkeet al., 1989). e quantities of oxygen produced may be
comparable to the amounts of hygem generated (Draganic, 1991). Since msabsurface
environments are anoxioxidized species generated from radiolydigvater are assumed to
berapidly consuned by oxidation of reduced sulfand iron mineralgherebymaintaining
anoxic conditios (Lin et al., 2005b).n addition to abiotic produion of oxidized sulir and
iron-based electron acceptptise oxidizing spcies generated from radiolysis of water may
also support the graw of aerobic organisnia nominally anoxic subsurface environments.
The role of such oxidized species in the deep subsurfacerentlyunknown and both
theoretical and experimental ansdg will be required to establish the potentalthe deep
subsurfacetoharbo a fAcrypti co communi (Psrkesdal,20ELYy obi ¢ m
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What are the limits on life, how deep does life go, and canendetect the absence of life?

The foremost questions in deepdphere researdrehighlightedin the IODP draft
science plan: \Wat are the limits of life in theubseafloorbiosphere? How deep ahdw
extreme does life persist? Are there places irstiesseafloorwhere life does not exist? If
so, what explaintheabsence of lifé high pressure, high temperatuabdsence of essential
nutrients, carbon and/or energy, extremes in pH or salomityther factors? Scientific ocean
drilling is required to evaluate the influence of some of these factors, suighasdssure
(which requires deep drilling). Other types of seafloor and subsurface sampling may assist
the evaluation of otheilssuch as seabed rock drilling in high temperature environments, or
deep piston coring in organpoor sediments.

To assistn the evaluation of these factors, new or improved tools and techniques are
needed, as well as dedicated microbiological sampling. Improved coring devices designed to
recover highpressure and higtemperature samples undersitu conditions for laboratry
manipulations, similar to the DeeplsoBUG (Parkes et al. 2009) and new high
temperature/pressure incubation vessels (Takai et al. 2008), would be invaluable for
evaluating the influence of high temperature andh lpiggssure on deep lifAs any
evaluaton of the absence of life will require strict contamination controls during sample
collection and handling, microbiologists need to have leading roles in designing coring
campaigns and in evaluating sampling devices for ingrents to avoid contamination.

Limits of detection in molecular methods such as cell counting and DNA extraction need
further improvement to lower the limits of detection.

On the subject of improved detection limits, the scientific community needs to critically
evaluate whether we caeally know if life is absent or if it is just below a detection limit.
Significant advances in cell separation techniques for cell counting have improved the limits
of detection of this method to roughldy 1000
et al. 2009). It is not clear whether this method can be improved further to get a statistically
reliable count on the order of 100, 109rino cells per cubic centimetekikewise,
improvements are needed in DNA and lipid extraction methods to vapields from low
biomass samples.
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The currently established thermal limit for life is 1222°C (Kashefi et al., 2007;
Takai et al., 2008). Howevgt is not clear whether microbial life in deep subsurface
sediments can survitbe extremes that support life in near surface environments or
hydrothermal vents. For example, empirical data on the occurrence of biodegraded petroleum
reservoirs suggest that reservoirs hosted in sediments that have been heated t0@aly 80
are notbiodegraded (Whelms et al., 20013uggesting that the indigenous microbial
communities are inactivated at this temperatiings is the basis of the @atpasteurization
hypothesis. Furthermore, there are few reports of deep subsurface hypertherrtighiles
have been isolated at temperatures greater tH&h(@assia et al., 199@nd interestingly
methanogenesis and sulfate reductonld bemeasure@nly at temperatures between 70 to
83°C in produced waters from Californian petroleum resenaisnot athigher
temperatures, even whéretemperaturef the reservoifrom which the samples camnas
up to 126C (Orphan et al., 2003)Nevertheless, in deeper sediments which experience
temperatures in the range for hyperthermophiles, substantiauoabers have been obsedve

(Parkes et al., 2000; Figure §.1.

Onereason fomodulatednaximum thermal limit for life in some subsurface
sedimentsnay be that the rates of metabolism that can be sustained in a metabolically
constrained system do ndloav for the regeneration of labile molecules involved in

conservation of energy (e.g. ATP and NADH) sufficiently quickly to support the maintenanc

energy requirements of cells (IMelms et al., 2001 It has been shown that cells with low
metabolic actiity have reduced tolerance to environmental extremes (Lloyd et al., 2005).
This may be exacerbated by addiabenergy requirements maintain cell integrity in a

chemicallydemandingenvironment such as crude oil. There are many other extremes found
in deep subsurface sediments that may also conspire to limit the tolerances of microbial life
and it is known that interactions between different environmental factors can act to increase

or decrease an organi smos

Figure 6.2).
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The effects of such interactions are important to define the range of deep subsurface
habitats that are likely to be inhabited by active microorganisms. They are also important to
determine the balandetween the energy available from the thermodynamic disequilibrium
of an environment relative to the energy requirement to combat the detrimental effects of
environmental stressors (Hoehler et al., 2007). Thus, it is important to understand the
interactions between factors such as temperature, pressure, salinity, metal concentration, and
hydrocarbon concentration in limiting the habitability of different regions in the deep
biosphere.

Viruses

Viruses have recently beeound to occur in high abundanicethe deep biosphere,
decreasing with sediment depth from 1 X tiduses crf% at 4 mbsf to 5 x 1Wviruses crit at
96 mbsf, corresponding to an increase in sediment age from 0.5 to 2 Ma (Middelboe et al.
2011). In surface sediments, viruses are known teecaignificant mortality to bacterial
communities with implications for bacterial activity and benthic nutrient cycling (e.g.
Middelboe & Glud 2006, Danovaro et al. 2008), and the production and abundance of viruses
are closely correlated with benthic miakzation rates (Middelboe et al 2006, Middelboe &
Glud 2006). The conditins for virushost interactionandfor virus production and dispersal
are, however, fundamentally different in deep sediments with extremely low metabolic
activity and limited micobial mobility. The presence of viruses in the de@sphere thus
raisesquestions regarding their origin, activity, fate and impact on the microbrahcmities
in these environmentss there sufficient energy available to sustain a yimegluction in
such environmentsr are the viruses remnants from active surface sediments that have been
permanently buried? What are the mechanisms and strategies for the production and
persistence of deep biosphere viruses? How do viruses and prokaryotes intees# in t
environments (lytic infections, lysogenic induction)?

If we assumethat the observed decline in viral abundance with depth in the deep
biosphere (Middelboe et al. 20lrEflects a gradual decay of the viral assemblage over time,
thenthe estimated dmy rate of the viral community is (2 0.3 x 10° y™, corresponding
to a halflife of the viral community of 5.& 10°y. It is likely that part of the viral
community in the deep biosphere represextremely old viruses thefere produced several
hundred thousand years ago ie tipper 280 m of the sedimerndthatsubsequently
became protected from decay and essentially permanently buried in the deep biosphere.
However, this does not excludgrodudion and decay of viruses that ocatra time scale of
months olless, sustained by a small and active prokaryotic commumihe deep biosphere.
Consequentlyit is not known to what extentruses in the deep biosphere are active
cortrollers of microbial communitgynamics and carbon cyclingsthey aren surface
sedimentsor whether theymerely represent a dead end for benthic viruses.

Deep biosphere viruses possibly represent a giant reservoir of relict viral DNA, and
the exploration of this pool may contribute significantly to our undedstg of microbial
evolution over geological time scales. We propose, therefore, to perform metagenomic
analyses of deep viral populations in combination with characterization of specific viral
isolates to reveal the genetic composition, origin and diyevgideep biosphere viral
communities.

Only very few studies have investigateskg biosphere viruses, and our current
knowledge of the production and fate of viruses in the deep biosphere does not provide
answers to even fundamental questions aboutrtblei as regulators of prokaryoactivity
andpopulationdynamics, or their genetic diversity and origin. Exploration of deep biosphere
virusesthereforerepresents an important challenge for future research.
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Spatial structure is important

Cells in sirface sediments are on average only a few cell diameters apart, many are
motile, and celito-cell communication is of vital importance. Cells in deeply buried
sediments are two to six orders of magnitude more sparse, amednenergy fluxper cell
doesnot allow motility. Thus, most of the deeply buried sediment is not in dire¢acowith
organisms on a micrscale and presumably the organisms are not in direct contact with each
other. Current research on microbial diversity and ecophysiology lieeaetiiment as a
homogeneous matrix which is clearly not theecd®esearch should be focused on
understanding the interactions between microorganisms, between microorganisms and their
viruses and the interactions between microorganisms and their s@sstrathe spatial scale
of the individualcells We need ta@onsider whethetellsareclumped around micrscale
6hot spotsd of actwhichstabgtrate compeunds@aksgrbedversusr i but e
available and what the spatial separation betwpeducers and consumers of intermediate
substrates mean f&metic or thermodynamicontrolled interactions. The distribution of
cells could be visualizeid intact sedimentdor example witltechniques like SEM, SIMS,
or optical microscopyand the rsulting datacouldbe coupled to cell metabolism via
measurements and numerical simulation. Knowledge about the mobility of organisms is of
vital importance for such studies since this will constrain the access to immobile substrates
and constrain the exahge of organisms, and thus genes, across sediment depths.

7. Instrumental, methodological, and logistic needs
Rapporteur: Beth Orcutt

Recommendations for a Europeardrilling network

Crosssite evaluation of data from debpsphere samples woule strengthenehly
the development of standardized methods that are routinely apptiéediardized sampling
parameters (usingpecificprotocols) would allow comparison of mi¢xial communities in
relation to basic oceanographic, geological, gedchemtal featuresStandardization of
methods and data would also help to determine which environmental factors are more
important in structuring microbial communitiégarameters such as total cell counts should
be integrated into the set of routinely measyr@dmeters during each ocean drilling
expedition to broaden the database of such basic and important parameters. This would
require training shipboard technicians in the methods for analysigdaiedtion othe
scientific community to request and e\atiel the data. A workshop to develop and define the
standard parameters and protodolsise would greatly benefit tiseientific community.

The study osubseafloorlife depends on the supportgdvernment agencies in
Europeto acquire ship time and a&ss tdarge scientific instrumentation such as ROVs and
submersibles. For example, the EU project EUROFLEETS prouicksss t&curopean
research vessels and associated equipmentdane scientistg Europe. Implementation
of standardized samplinggiocols within this fleet should be recommended to enable a
broader suite of crossomparisos.

Improvements in analytical methods, automationand high-throughput techniques
Standardizeatontamination teston board

The prevention of contamination dugisampling is paramount to accurate dewn
stream geochemical and microbiological analyses. Drilling fluid contamination can be

22



guantified using perfluorocarbon tracers (PFT), which are supplid tilling fluid at
constant concentratiaandsubsequenyl analyzed byreadspace gas analysésediment
samplesAlternatively, fluorescent microspheres can be used. A bag containing these
microspheres is placed above theecoatcher inside the core linmnd breaks immediately
once thecore penetrates thenr during coring. Microsphere presence/absence within
samples is determined microscopically (Smith et al. 2000a).

The PFT method is far more sensitive and teffecient than the microsphere
method, and has the advantage of being quantitative. A pratesigined by Smith et al.
(2000b) and modified by Lever et al. 38) has shown to be effectiveowever, this method
is not being implemented routinely during drilling operations. As a result, IODP technicians
are not being trained to carry out PFT anasysaind shipboard scientists spend precious time
familiarizing themselves with the gas chromatograph on board. By training IODP technicians
to perform PFT quantifications, analyses could be carried out from the very beginning of
cruisesgenabling shipboardeochemists and microbiologists to save valuable time by
focusing on samples that have been show to be clean.

So far, contamination tests using PFT can only be performed during IODP drilling
operations. For samples obtained by gravity coring or dritiimignvolving the pumping of
drilling fluid (e.g. the MeBo (Meeresboddohrgerat) of MARUM Bremen), the use of
microspheres is more feasible. This method could be improved by using microspheres that
can be more clearly distinguished from cells and backgidhan those used in the past (e.g.
Smith et al. 2000a) and by use of automated microscopic (e.g. Morono et al. 2008) or flow
cytometric methods for faster analyses of samples. Furthermore, novel analytical targets
serving as reliable proxies for seawatentamination may be identified.

Wider range of analyte% analytical tools

Currently the range of geochemical compounds analyzed routinely is narrow. Many key
organic compounds that may play important roles in carbon turnover, microbial energy
producton and/or biomass synthesis, e.g. amino acids, carbohydrates, alcohols, methyl
sulfides and amines, are not quantifiedr some of these compounds, useful methods for
analyses exidtut are nobr areonly rardy implemented, for example famino acidge.g.
Mitterer 2006). For other potential key compounds, such as complex polymeric compounds,
carbohydrates and alcohols, there are no methods with sufficient sensitivity for quantification
at natural concerations in the deep biosphere.

A focus of geochmical analyses in the near future should therefora)ibe
implementation of existing methods to quantify aavicange of chemical specie$,tbe
lowering of the detection limits of existing methods to allow quantifications at lower
concentrations ahsmaller sample volumes, angdthe development ahethods for analytes
that are commonly ignored, such as alcohols, monosacchamaesthylated compounds
Therelative importance of thesmmpounds will remain unknown until we can quantify
them.

An aralytical tool that holds great promise for the future is the development of non
destructive microsensdrased methods fquantifying analytes. This approafztilitates
direct measurements oetrieved coreghereby reducing biases associated with paeer
extraction, such as chemical oxidation and loss of volatile and gaseous compounds. To save
resources, it would be useful to share instruments within a consortium of laboratories
studying deep biosphere processes.

High-throughput
Currently analyticaltime imposes a constraiah the number of samples that can be
analyzed. As a resultfuglies with high degrees of replicatiare often noteasible or can
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only be achieved by compromising the number of sites or depths analyzed. Therefore, a
greater effa in deep biosphere research needs to be made to (re)design or improve
geochemical and micbaological methods, so they can be cafmoait at much higher
throughput by scientists or via automated methods. The use ed@alrers needs to be
expanded t@a wider range ofhemical analyse$or whole cell extraction and total cell
counts, as well as nucleic a@gtractionand amplification. Much can be learned from other
fields, e.g., medical research, where automated methods are already usedhmolggiput
nucleic acidsbased approaches.

Instrumental needs for the futurei in situ technology

Ultimately, it will be necessary to confirm laboratdrgsed geochemical and
microbiological analyses using instruments that can accurately quantify and aiegdbte
same analytes under situ conditions.Over the past decade, significant technological
developments have been made in the fielda eftuanalyses and experimentation relevant to
deep biosphere research, including the use offerng subsurfae observatories such as
CORKs for studying microbial life in deep oceanic crust (Cowen et al. 2003; Fisher et al.
2005; Orcultt et al. 2011), and the development of special sampling devices for retrieving
deep sediment samples (Parkes et al. 2009). Tefuatlvance our understanding of
microbial activity and community dynamics in the deep biosphere, our scientific community
would benefit from improveth situtechnologies for measuring a greater range of physical,
chemical and biologidgroperties and aalucting shortand longterm experiments and
monitoring. Development of new or improveedsitutools for deep biosphere researduch
asin situmass spectrometers (for measuring gas concentrations; Wankel et alir2810),
voltammetric sensorsdf measuring a suite of redox species; Glazer and Rouxel, 2009); and
in situsensorgfor quantifying cell desities by deep UV fluorescendghartia et al. 2010)
will expand the range of parameters that could be measus#d with minimal sample
disturbance. Further refinement of such technologies for inclusion on wireline logging tools
(for use during scientific ocean drilling) and for letggm autonomous monitoring would
greatly enhance our understanding of processes in the deep biosphering Baittie initial
successes dbng-term observatories ithe oceanic crust, future development of letegm
sediment observatories is also essential for studying prodassas By partnering with
scientists in other fields, such as paleoceanographat are developing sophisticated long
(~50 m length) piston coring devices (as summarized in the DS3F WP7 report), we may be
able to achieve these objectives.

To achieve our longerm goal of studying and monitoring microbial populations
within intact sub-seafloorsediment and oceanic crust, further technological advances will be
necessary. For example, we would benefit from a suite of submersible robots that can extract
and preserve cells or nucleic acids, or methods allowing online monitoried afentity
and possibly gene expression, such as microfluioised DNA chip technologies ior situ
DNA sequencersSimilar technologieare in development for conductimgsitu molecular
biological analysis on water samples with the ESP instnti@@eholin et al. 2009). Such
innovations need to be brought into the deep biospherstully rates of biogeochemical
processes, daes by which radioisotope laled substrates can be injected into deep
sediment or crust and turnover measuresituwill be crucial, as will be equipment with
which stableisotopelabekd substrates can be released and stable isotope incorporation into
metabolites and biomass can be measimrsdu using mass spectrometers and/or nanoSIMS.

24



Recommendations on sapling and sorage methods

To analyzen situcharacteristics adubseafloorenvironments the development of
advanced samplingchnologieandof storage and incubati@ystemsare required.
Development of a pressurand temperaturanaintainingcoring system isequired to access,
for examplegdeptls greater than 2500 m below the sea sutfdcethis endgonstrudion of
an onboard higipressue core transfer system equipped withltiple (micre) sensors, gas
and fluid extraction port@ndtracer injection systegis needed. As shiboard based
analyses of retrieved material is not always possitde;technology that enables shipping
and storag of live biological material under conditions that maintaisitu properties is
essential

8. Priorities for futur e drilling sites
Rapporteur: Karen Lloyd

The conbined efforts of the Integratgdcean Drilling Program (IODP), the Ocean
Drilling Program (ODP), and the Deep Sea Drilling Program (DSDP) have covered much of
Eart hds o &é)ahoveevel, ¢y adandfid of these expeditions have included a
significant deep biosphere component. Mahthese previouskhdrilled sites could be
revisited for studies with a microbiological emphasis. A few sites are particularly interesting
to the European deep bpdsere community, and will be discussed below. This it not
intended as an exhaustive list of sites that are important for deep biosphere research, but
rather some examples of areas of potentially high scientific impact.

Figure8.1. Map of allpreviouslODP, ODP, and DSDP drilling sites.
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Mediterranean and Black Sea

The Mediterranean and the Black Sea should be hot spots for Europeag drilli
activities due to theiproximity and the wide variety of contrasting environmental features
that can be disa@red within a fairly close spatial range. The sediments at different sites
include active mud volcanoes, brines that derive fesaporatespr periodically occurring
sapropels. The Black Sea can be seen as a modern analogue of the Mediterraneaafin times
sapropel formation during deyater anoxia. In an expedition similar to ODP leg 201, which
was the first leg dedicated to microbiology, microbial abundance, diversity and the response
of indigenous microorganisms to the conditions in these extremetsahiouldbe explored.

Mud volcanoes are generally out of chemical equilibrexhibiting very low
microbial activities but seem to stimulate growth of unique microbial communities near the
seafloor (Niemann et al. 2006). Their analysis offers a dioe&t ihto the deep biosphere as
mud, fluids, gases and probably microorganisms are rising up from deeper reservoirs.
However, it has never been shown whether the detected species have survived the sediment
maturation processes and have been pushed up &low.b

Very ancient microbial communities might be found within or below the
Mediterranean brine pools (Sass et al. 2001). So far, it is unknown how the constant high salt
concerration in the evaporites affedite in the deep subsurface. Deep drillinguabe
necessary to discover whether microorganisms could exist under these hypersaline
conditions.

Mediterranean sapropels repent stepping stones back artgd kistory,a history
that carbeaccurately dated. They are organh sediment layerwith organic carbon
contents of 280%that are formed after regional climate changes that appear due to
astronomical cycles approximately every 21.000 years. They are embedded in organic poor
intervals that are deposi Elevdtedadll couritsmes s i mi
determined on ODP legs 160 and liétlicated elevatethicrobial activitiesn sapropels,
evenin the deepest sapropel laysesmpled (Parkes et al. 2000). In some cases, deep sulfate
intrusiors might additionally drive life within ta different zones. Unfortunately, cell counts
are the only microbiological data available frtim Pliocene sapropels since the previous
ODP expeditions were primarifyaleoceanographic cruisesgH microbial activity was
demonstratetly using advanced rtteods to analyze younger sapropels that are accessible by
gravity coring (Coolen et al.2004; Siiae 2008). Diversity studies ithis mateal have
identified a specifienicrobial community (Suf3 et al. 2004; Suf3 et al. 2008). However, it is
unknown if e detected microorganisms have adapted after burial or if allochthonous
organisms took advantage of the new environment as condii@wmeschanged. Thus, a
revisit topreviously drilled sites would offer ¢hopportunity to look with iproved
methodology subsurface communities in orgafpicor and organicich layers that have
developedver millions of years.

Deep drilling into the Black Seaill provide a unique access to sediments that were
buried in times of tchmatic environmental changes otlee pastwo million years. Similar to
the Baltic Sea, the wateolemn has varied between limnic and marine eneh hypersaline
settings. These changes have influenced microbial communities within the sediments due to
large differences in organic matter supphhile a sapropel is currently formed, an Eemian
sapropel that has a counterpart in the Mediterraneatr&awas foundonly one time bythe
former DSDP drilling Recently, this app. 120,000 years old sapropel was recovered by
gravity coring at a steepope off the coast of Turkey.he first microbial analyses indicate
similarities in community composition between the Mediterranean S5 and the Black Sea
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Eemian sapropel Whether this holds for older sapropels can only be determined by deep
drilling. Furthermore, from the large number of hydrocarbon seeps at the seafloor it can be
inferred that highly active communities are degrading deeply buried organic matter within the
deep biosphere of the Black Sea.

Baltic Sea Basin

The Baltic Sea Basinis onetofh e wo r | d 6-contiheatal basisstithasnt r a
served as depositional sink throughout at least the last several hundred thousand years, and its
sediments comprise a unique higgsolution archive of the paleoenvironmental history of the
huge drainagarea, the basin itself and neighbouring sea areas. The recurrently waning and
waxing of the Scandinavian Ice Sheet has resulted in a complex development, characteristic
for many glaciated regions of the Northern Hemisphere: repeated glaciations, sensitive
responses to sea level and gateway threshold changes, large shifts in sedimentation patterns
and high sedimentation rates. Its position makes it a unique link between the Eurasian and the
NW European terrestrial records and as such also serves asaNiokh Atlantic marine
records and Greenland ice cor8sme of the sediments can be resolved ogramnual
timescales whiclmakes thé3altic Seaunique for sampling sediments from the last glacial
cycle Decades of marine geological and geophysicalreban BSB haveigen a good
understanding of the thickness and distribution of the Quaternary deposits, but no deep
drillings for scientific purposes have been performed.

Scientific drilling in the Baltic Sea will provide unique possibilities to stuslyesal of
the basic deep biosphere questions:

- How has the alternation between a) limnic, brackish and marine conditions, b) oxic
and suboxic/anoxic conditions, c) low and temperate temperature, or d) low and high organic
sedimentation, controlled the Eryotic communities and the biogeochemical processes in
the seabed?

- Are microorganisms that presently live in the deep sediments remnants of these
limnic and marine populations or are they selected by the modern sedimentary environment?

- Do chemical ad genetic fossils (i.e. biomarkers and DNA) of the original
prokaryotic organisms persist today and are they useful as paleoceanographic indicators?

- Which biogeochemical processes predominate today in the glacial and interglacial
deposits, what are theaiates, and which are the microorganisms carrying them out?

- How does the phylogenetic diversity of the deep biosphere in thisciotanental
sea differ from that of deep opecean communities?

Specific Baltic Sea goals will ke understand how thenvironmental and
depositional history of the Baltic Sea system through the Saalian, Eemian, Weichselian and
Holocenehasaffected the phylogenetic diversity of the microbial communifiéss will be
addressed by analyzirige microbiological and biogeoemical responsgo major shifts: a)
between limnic, brackish and marine phases, b) between high and low deposition of
terrestrial vs. manie organic and clastic material. A special challenge witbhenderstand
how the posglacial diffusive penetratioof conservative seawater iohasaltered the
chemistryandthe microbial physiology in the subeafloor biosphere.

Scientific drilling in the Baltic Sea calls for a mission specific platform and is an ideal
drilling mission for the ECORD. A Baltic Sea  p o Batebenvirammental evolution of the
Baltic Sea basin through the | astispgndiagci al cy
by the IODP and has been forwarded to the Operations Task Force for potential
implementation.
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Figure 8.2 Seismicreflection profile (airgun,
frequency interval 25600 Hz) crossing the
northern part of the Landsort Trench (NW to
SE).

Pg=Postglacial sediments
G=Late Glacial sediments
Gs=Glaciofluvial sediments and til

Total thickness of the Gs unit is ca 80 m.

Potential Arctic deep drill sites

Multiple objectives relevant to WP3 and other WPs could be accomplished with deep
drilling in Arctic regions, e.g., off Greenland, Siberia, and Scandindoa.example, the
relationship of se&e cover orsubseafloomicrobial communities and their activity and
physiology could be constrained in a transect from permanentboieered to temporally
ice-covered to ice free sites with similar water depth (cf. Boetius and Damm, 1998).
Quantitatively and qualitatively sfinct fluxes of organic matter are expected to influence
sites in suckatransect andhake it possible to identifyelationships between these variables
andsubseafloorlife.

Another target in Arctic regions asekmarine permafroslepositsvith gashydrates
that are subject to increasing destabilization dugdbal warmingSynergies with the
International Continental Drilling Program (ICDP) could be exploited by combining drilling
in nearby marine and terrestrial sitexcientific problems to b&ckled range from the impact
of destabilizing hydrate on subsurface geochemical processes and microbial communities to
the quantification of methane release (cf. Koch et al., 2088pther highly interesting topic
is the link between the deep biosphanel climate and oceanography. The Arctic has
experienced dramatic changes in temperature and salinity that are recasdledeafloor
sediments (Brinkhuis et al., 2006; Sluijs et al., 2006). Do deep biosphere communities in the
respective sediment hoaas reflect such dramatic changes in climate and oceanography of
the Arctic region?

Arctic mid -ocean spreading ridges

Whereas sulfubased metabolissnof black smokers systems arell known, it hasmore
recently been suggested that oxidation dflfFreeleased by waterock reactions may be a
principal energy source for an extensive {t®mperature, basaftosted deep biosphere.
Furthermore,he finding of hydrogen and methane production by ultramafic-weter

reaction implies that for CHs-based chenmgynthetic ecosystems may be widespread in the
deep oceanic subsurface where wattsracts with ultramafic rockl here is also new
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