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Summary

Marine sediments harbour vast and diverse prokaryotic communities. With ongoing
burial and ageing of respective sediment layers, however, available organic matter
becomes more recalcitrant. Thus, sedimentary microorganisms face starvation and
ultimately death. Nonetheless, live and active cells are present in old and decply
buried sediments, up to 111 Ma (Roussel et al., 2008). During 10DP Leg 307 an
organic-matter poor, cold-water, buried coral carbonate mound was sampled.
Nineteen isolates, mainly Proteobacteria, were obtained from the mound and
surrounding sediments. Additionally, one putative new species belonging to the
genus Ornithinimicrobium (Actinobacteria) was isolated. Strains were subsequently
phylogenetically and phenotypically characterised.

Selected isolates and other sedimentary bacteria were subsequently subjected
to anaerobic starvation-survival experiments and their responses to substrate
limitation were compared to those of near-surface relatives. All strains survived long
periods of starvation (incubated up to 3 years). This was confirmed by constant total
cell counts and only slowly increasing proportions of dead cells (20% after one year).
Culturability and FISH detectability decreased with time but radiotracer experiments
conducted after starvation confirmed viability and potential metabolic activity of
many strains. No significant correlations between FISH detectability and other
viability measures occurred. Instead starvation time was significantly positively
correlated with percentages of dead cells and inversely with culturability.

Pure culture starvation experiments were complemented by a study on an
estuarine, surface-sediment microbial community, which was stressed in sediment
slurry sequential heating experiments. This mimicked burial and resulted in
decreasing total counts, culturability, and FISH detectability but these were still
present even after heating to 90°C. Temperatures above 42°C were significantly
correlated with the reduction of total cells and FISH detectability.

This project showed that marine sedimentary microbes maintain high levels
of viability and culturability during long-term anaerobic starvation and during
sequential heating to mimic burial; this is consistent with the large cell population in

sub-seafloor sediments.
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Chapter I:

Introduction

1. Microbial Ecology as an emerging scientific field

Microbial capacitics were used by mankind for the production of wine. beer and
bread for thousands of yecars, but it was not recognised for a long time that these
processes are mediated by unseen little helpers, microorganisms. These small life-
forms were first discovered and described by Robert Hooke and Antonie van
Leeuwenhoek in 1665 and 1676 (Gest, 2004), respectively. Much later, in the second
half of the 19" century. Koch was the first who linked bacteria to diseases and was
able to prove it (www.rki.de). In France, Louis Pasteur worked on lactic and

alcoholic fermentation and used sterile culture medium for his experiments. This is

said to be the “origin of all microbiological techniques™ (www.pasteur.fr).
Furthermore, he studied infectious diseases (e.g. rabies) and subsequently discovered
vaccines to prevent them. At the same time the industrial use of microorganisms for
purposes like the production of chemicals (e.g. acetone and citric acid) began. Thus,
in the early days microbiology was mainly an applied science or focussed on medical
aspects.

In addition, microorganisms are of great importance to humans not only for
the reasons mentioned above. At the end of the 19" century scientists started to
investigate the role of microbes within the environment, for example their role in
geochemical cycles. Winogradsky, a Russian microbiologist, worked on
geochemically important bacteria isolated from the environment and described the
phenomenon of lithothrophy (Schlegel, 1996). A new science developed: microbial
ccology. Since that time much research has been done in the field of microbial
ccology due to the importance of microorganisms for ecosystems and their effects on
the environment. They are involved in all biochemical cycles (e.g. carbon, sulphur,
manganese, iron etc.) of which many reactions are exclusively driven by prokaryotes

and, thus they affect our lives in many ways.
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2. The deep biosphere

2.1 Discovery of the deep biosphere

In the beginning of the 20" century researchers investigated soils in regard to the
indigenous bacterial population to identify potential pathogens (Schmidt and Weiss,
1902). They found a decrease in plate counts with increasing depth (from 10° cells
cm™ sediment near the surface to 10% cells cm™ sediment at 4.5 metres below the
surface) and concluded that soil is bacteria-free in depths below five metres.
Additionally, since mostly spore-forming bacteria were enriched they concluded that
bacteria were only present in an inactive form in greater depths.

Bastin er al. (1926) were among the first who investigated the widespread
occurrence of sulphate-reducing bacteria in oil producing wells. They addressed the
question whether the microorganisms were indigenous or introduced into the
reservoirs by drilling water due to oil mining operations. Scientists assumed that the
deep subsurface was sterile and thus bacteria within the oil reservoirs were
introduced by human activities (Magot et al., 2004).

Morita and ZoBell (1955) studied pristine marine sediments and concluded
that the marine biosphere ended at the depth of 7.47 m below the surface. They based
this conclusion on their inability to cultivate microbes from deeper layers. At that
time microscopic detection of microbial cells in sediments was impossible. Later, the
use of fluorochromes like acridine orange enabled the detection of microorganisms in
a microscopic sample and made them visible to the human eye (Kepner and Pratt.
1994). Because of these findings the deep-sea was referred as a “microbiological
desert” (Jannasch ef al., 1971) and was even thought to be sterile. This assumption
was supported by results of Jannasch et al. (1971). Their study of food (soaked with
seawater) within a sunken submarine vessel revealed that rates of microbial
decomposition were 10 to 100 times lower than in control experiments under similar
conditions.

However, geologists were interested in the geosphere below the oceans. In
1968 the Deep Sea Drilling Project (DSDP) started. During these scientific journeys
researchers made observations within the sediment that could not be explained by

geological processes alone (e.g. changes in porewater chemistry, production of gas

S0
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etc.; Parkes and Sass, 2007). These geochemical characteristics were indirect
evidence for the occurrence and activity of microbes in deeper sediments. Thus,
microbiologists were integrated within these legs.

The use of acridine orange, a dye that predominantly stains double-stranded
DNA. allowed Parkes er al. (1990) to detect bacteria within Peru margin sediments.
Cell numbers decreased slightly with increasing depth (decpest layer sampled: 80
mbsf, which is a factor of ten deeper than previously investigated), but they assumed
that cells would be present in even deeper layers. Additionally, they observed
dividing cells and furthermore were able to cultivate different physiological groups
from most depths. Thus, they concluded that cells were viable and active within the
subsurface. In 1994, Parkes er al. showed similar results for five different sites in the
Pacific Ocean with viable cells up to 500 mbsf. The investigations of Rochelle er al.
(1992) who were able to extract and amplify undegraded DNA via PCR from Japan
Sea sediments supported the findings of Parkes er al. (1994) that active bacterial
communities are present within the deep subsurface. Today we know that. for
example, marine sediments harbour a deep biosphere up to 1626 metres below the
seafloor (Roussel et al., 2008). Furthermore, it was estimated by Whitman e/ al.
(1998) that half of the Earth’s prokaryotes could be found in this hostile
environment. Following their calculations this corresponds to approximately 60% of
the Earth’s microorganisms in which up to 300 billion tonnes of carbon would be

stored.

2.2 Current knowledge of the deep biosphere

After many years of research focussing on microbial communitics and processes
within the ocean’s sediments, researchers have gained considerable knowledge about
this hostile environment. In this section current understandings and scientific results
will be presented. It is important to note that each drilling site has its own specific
lithological and geochemical setting (i.e. differences in depth profiles of sulphate,
methane, temperature etc.) and biological parameters (i.e. cell counts, community
composition). Despite these site specific variations, general patterns were observed

and will be summarized below.
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Furthermore, it needs to be highlighted that sediment cores obtained during cruises of
the Ocean Drilling Program (ODP) and the Integrated Ocean Drilling Program
(IODP), which were used for microbiological purposes are generally of high quality
and almost contamination-free (Smith er al., 2000, Lever et al., 2006). This is
essential for studying and understanding the effects of microorganisms on

geochemical processes occurring in the deep subsurface.

Researchers have addressed questions about the physiological state of the
microorganisms living in the deep biosphere (Parkes er al., 2000; D'Hondt et al.,
2004; Schippers er al., 2005). It is not fully understood whether the indigenous
prokaryotes are active, dormant or dead and which of these fractions is dominant.
Luna et al. (2002) compared two different protocols for the determination of the
dead, dormant, and active bacterial fractions in surface sediment cores. Bacteria with
an intact membrane were considered to be alive and accounted for only 26% to 30%
of the total bacterial cell counts. Their results further suggested that dead cells
represent the dominant fraction (70%-74%). Additionally, they reported that among
the bacteria with an intact membrane only 4% contained a nucleoid. Only nucleoid-
containing cells are supposedly growing and thus metabolically active. According to
their findings only a minor part of the near-surface bacteria is alive and active. This
contradicts (not only) the results of Schippers ef al. (2005) who reported that a large
fraction of the prokaryotes is alive and active even in 16 million year old sediments
(> 400 mbsf).

The ongoing debate of microbial physiological states and activities in marine
subsurface sediments is also fuelled by the variety of methods available today.
Different techniques and approaches investigating cellular viability (e.g. FISH/
CARD-FISH versus LIVE/DEAD® staining) might lead to different conclusions as
they target different macromolecules essential for survival (ribosomes and cell
membrane, respectively). Potential microbial activities can be dctermined in many
different ways, for example, by the utilization of electron-acceptors or substrates. the
formation of metabolic products, the activity of extracellular enzymes (Bachofen er
al., 1998), or the incorporation of radioactively labelled substances into cell
constituents. All of these approaches address certain aspects of activity which are
most likely very different on a cell-to-cell basis within a mixed prokaryotic

community. Nonetheless, the results obtained by such investigations give an idea
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about the metabolic processes occurring in the subsurface, turnover-rates. and
doubling times, all of which help gauge the degree of activity and thus viability of

the deep biosphere.

2.3 Extent and maintenance of the deep biosphere

Counting the indigenous prokaryotic community provides fundamental information
about a habitat. Linking cell numbers to measured activities leads to implications
about e.g. energy fluxes, turnover times, dividing rates etc. Therefore, assessing the
total cell count of a sample is a standard procedure in microbial ecology, but it can be
achieved in difterent ways. The most established method is the acridine-orange direct
count (AODC), which is used by many microbiologists. Parkes er al. (1994), using
AODC, reported significantly decreasing cell numbers with increasing sediment
depth (Fig. 1.1). Counts decreased from about 10° cells per cm® sediment in the top
few centimetres to circa 10° cells per cm’ at about to 500 mbsf. However, it was
reported that AODC might yield higher counts than DAPI in seawater samples
(Newell et al., 1986). Furthermore, it is evident that both AODC and DAPI technique
cannot differentiate between living and dead cells (Kepner and Pratt. 1994) because
they target nucleic acids and even bacterial spores can be stained (Cragg and Sass,
unpublished). Apparently, a dead cell could still contain its genomic DNA and hence
would be counted as “live” (Kepner and Pratt, 1994).

Decreasing cell numbers with increasing depth are most likely linked to the
rapid microbial depletion of easily degradable organic matter thus only leaving more
recalcitrant organic compounds (i.e. humic acids, long-chain fatty acids; Parkes er
al., 2000). With ongoing burial and associated ageing of the respective sediment
layer, microorganisms, which are not able to utilize this recalcitrant organic matter,
face starvation and subsequently death. However, humic substances might also
support microbial metabolism as they can be used as clectron acceptors for the
anaerobic oxidation of organic compounds and hydrogen (Lovley er al.. 1996). The
electrons are shuttled to Fe(Ill)-oxides, which are then reduced. A recent report by
Nielsen et al. (2010) extends this extracellular electron transfer over more than one
millimetre. They observed that oxygen consumption at the sediment surface was

linked to hydrogen sulphide and organic carbon oxidation within the anoxic zone of
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ribosomal content and supposedly detects less active cells. Schippers er al. (2005)
showed that one-tenth (for ocean-margin site) to one-third (for open-ocean site) of
the sub-seafloor prokaryotes is active, even in very old (16 million years) and deep
(>400 mbsf) sediments. Surprisingly, they reported that bacterial numbers
determined by CARD-FISH did not significantly decrease with depth, in contrast to
AODC. They explained this phenomenon with the ongoing degradation of cells with
age and depth. According to their results the number of active prokaryotes might be
an order of magnitude lower than the number of total prokaryotes previously
estimated with AODC (Parkes e al., 1994). However, Schippers et al. assumed that
they only detected a minimum of active cells with CARD-FISH, as some cells might
contain even fewer ribosomes than required for CARD-FISH detection (Hoshino et
al., 2008) yet might still be viable. Therefore they concluded that a large fraction of
sub-seatloor prokaryotes is alive and active.

For most of the marine sediments however a common trend could be
observed that with increasing sediment depth cell numbers are decreasing (Fig. 1.1:
Cragg et al., 1990, 1997; Parkes et al., 1990; Mather and Parkes, 2000). Exceptions
to this general situation can be explained due to energy supplies like crustal fluids
(Cowen et al., 2003) or due to stimulation at geological interfaces (Parkes er al.,
2005). The current depth “record” for detectable, viable cells in marine sediments
lies at 1626 mbsf, in a layer that is approximately 111 million years old (Roussel et
al., 2008).

2.4 Processes mediated by microorganisms within the marine subsurface

Despite the fact that the marine subsurface is inhabited by the major fraction of
Larth’s microorganisms (Whitman et al., 1998) the metabolic activities in this
environment are relatively low (D’Hondt ef al., 2002) due to the lowest energy fluxes
measured so far (Chapelle and Lovley, 1990). Within the sediment column usually a
vertical succession of respiration processes occurs. The clectron acceptor allowing
the highest energy yield is oxygen. It is dissolved in seawater and penetrates the
sediment up to a few millimetres or centimetres (Canfield ef al., 1993). It is readily
consumed by aerobic microorganisms. After oxygen is depleted nitrate, Mn(IV) and

Fe(1II) reduction occur, followed by a zone of sulphate-reduction. It was found that
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these processes dominate carbon mineralization, but their relative significance varies
depending on the concentrations of each molecule and the type of sediment (Cantield
et al.. 1993). Below the sulphate reduction zone methanogenesis. acetogenesis and
fermentation are the major processes but these also occur in shallower layers.

It was generally accepted that microbes in marine sediments consume organic
matter derived from photosynthesis (organotrophic) and therefore are depending on
sunlight. This probably applies to most organisms living in marine sediments. An
alternative modus vivendi are so called subsurface lithoautotrophic microbial
ecosystems (SLiMEs). The possibility of a hydrogen-driven SLLIME was first
described by Stevens and McKinley (1995). Later SLiMLEs were defined to be
energetically powered by processes within the geosphere. These geological processes
have to supply both the energy source (electron donors, i.e. H») and the oxidants
(electron acceptors, i.e. CO,) to refer to a “real” SIIME (Nealson er al., 2005). One
example for this is the hydrothermal fluid flow, which can stimulate microbial
activity within the deep biosphere (Cowen ef al., 2003; Engelen e al.. 2008).

Another intriguing process. which has gained much attention in recent
studies, is the anaerobic oxidation of methane (AOM). It often occurs in sediments
where Sulphate-Methane-Transition-Zones are found (Reeburgh, 1980; Iversen and
Jorgensen, 1985; Valentine and Reeburgh, 2000). The physiological reaction is
supposed to be carried out by a consortium consisting of sulphate-reducing Bacteria
and methanogenic Archaea (Boetius ef al., 2000). Methane in form of gas hydrates
occurs in deep-sea sediments (Kennicutt ef al., 1993). Cragg and Kemp (1995) and
Cragg et al. (1996) observed that discrete layers of methane hydrate stimulated
bacterial populations and activities in deep Cascadia margin sediments (ODP Leg
146). Methane oxidation was linked to increases in cell numbers and to the re-

appearance of sulphate-reducers, which were otherwise undetectable below 10 mbsf.

2.5 Drilling sites with special characteristics

Probably the best-investigated ODP sites in regard to microbial ecology are those
sampled during Leg 201. This was the first cruise dedicated to deep biosphere
research (D'Hondt et al, 2003) and aimed to “study life within the ocean’s

sediments”. The drilling sites chosen were similar to many other habitats found
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beneath the oceans and therefore should “represent the general range of subsurface
environments that exist in marine sediments throughout most of the world’s oceans.™
(D’Hondt er al., 2003). Samples were obtained from organic-poor, low-activity
sediments (central oceanic basins) and organic-rich, coastal sediments (upwelling
areas; Teske, 2006). Because of its multidisciplinary approach the results of this
particular expedition provide a comprehensive picture about microbial community
composition and activity.

A large number of publications deals with findings of this cruise, only a few
can be summarized here. D'Hondt ef al. (2004) found a high diversity of isolates and
metabolic activities. They discovered, for example, that methanogenesis occurred in
zones where sulphate- and metal ion-reduction also took place. This unusual
phenomenon can be explained by the use of non-competitive substrates by different
physiological groups of microorganisms (Mountfort er a/.. 1980. Oremland and
Polcin, 1982). Additionally, it was also revealed that at open-ocean sites redox-zones
that occur at the water-sediment-interface are mirrored at the sediment-basement-
interface (Fig. 1.2). Presumably, electron-acceptors diffuse upwards from water
circulating through the underlying basalt. Therefore, D’Hondt er al. (2004) stated
that microbial energy-gaining processes within the environment are complex and
cannot necessarily be predicted from knowledge of shallow marine sediments.

Despite the wide microbial metabolic diversity within marine sediments
metabolic activity is low (D Hondt er al., 2002), but it can be stimulated in organic-
rich layers (Coolen et al., 2002) or at lithological interfaces as shown by Parkes ef al.
(2005). They investigated two sites of Leg 201 (open ocean- and ocean margin-site)
and discovered elevated microbial activities at discrete sedimentary interfaces. They
also emphasized the stability of these stimulated microbial communities as the same
sites had been studied previously (Parkes er al., 1990).

An ongoing debate between scientists is which prokaryotic group is
predominant in marine sediments. Schippers ef al. (2005) using CARD-FISH found
Bucteria to represent the majority of microorganisms within the sediment column
whereas Biddle er al. (2006) detected mostly Archaea using FISH. Teske (2006)
summarized the microbial diversity revealed by molecular and cultivation surveys.
For Archaea it was shown that the uncultured representatives of the Marine Benthic
Group B (MBG-B) are predominant in both, organic-poor and organic-rich

sediments. Other important clusters are the Miscellaneous Crenarchaeotal Group
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(MCQG), the South African Goldmine Euryarchaeotal Group (SAGMEG) and the
Marine Group I (MG-I). Webster ef al. (2006a) investigated bacterial lineages within
Peru margin sediments. They found that dominating sequences were affiliated to
Chloroflexi and Gammaproteobacteria using both, PCR-DGGLE and cloning. In
contrast to these findings isolates obtained from these open-ocean and ocean-margin
sites were mostly related to Firmicutes and o-Proteobacteria, whereas v-
Proteobacteria were only found at ocean-margin sites (D'Hondt er al., 2004). Batzke
et al. (2007) were able to cultivate a broad spectrum of phylotypes with Rhizobium
and Bacillus being the most frequent representatives. This reflects the common
discrepancy when assessing prokaryotic community composition using cultivation

and cultivation-independent methods (Webster et al., 2006a).

Not only at open-ocean sites of Leg 201 but at several ODP drilling sites where the
basaltic basement was sampled, it was observed that fluids seeping from the basalt
into the overlying sediment fuel the deep biosphere e.g. the Juan de Fuca Ridge
(JFR; Cowen et al., 2003). Seawater enters the porous basement (for JFR at the
*Baby Mount”) containing electron acceptors that elsewhere diffuse upwards into the
sediment. It was shown that these fluids also support microbial growth by providing
hydrogen and/or organic molecules (e.g. short- and long-chain n-alkanes) that derive
from abiotic reactions of seawater with the basalts (Cowen er al.. 2003). As
mentioned earlier, fluids also provide an electron acceptor chain that mirrors the
situation at the sediment surface (Fig. 1.2; D’Hondt e al., 2004). In addition to the
fact that fluids support microbial activity and growth within deepest sediment layers.
they themselves contain microbial communities with species typical for subsurface
environments (Huber et al., 2006). This indicates the existence of a hot deep

biosphere even in the underlying crust (Gold, 1992).

In the Eastern Mediterranean Sea organic-rich sediment layers, called sapropels. can
be found. These formed periodically approximately every 20,000 years (Rohling.
1994), contain high concentrations of organic material and harbour metabolically

active chemoorganotrophic prokaryotes (Cragg et al., 1998; Coolen ef al., 2002). In
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at pressures present at the bottom of the oceans (Deming and Baross, 1993). But
more important was the discovery that the microbial populations associated with
vents rather depend on geothermal than solar energy (Jannasch and Mottl, 1985).

The examples of subsurface habitats listed above only give a brief
introduction into the variety of characteristics. which can be found below the
scafloor. The presence of discrete layers of methane. geological interfaces or fluids
cmanating from the basaltic crust are able to elevate microbial activity and cell
numbers and thus, fuel the deep biosphere by supplying new cnergy sources and/or

clectron acceptors.

2.6. Cultivation-based investigations of the deep biosphere

Currently microbiologists are generally not able to cultivate all prokaryotes from a
single habitat. For seawater, for example, the culturability often ranges between
0.001% and 0.1% of the total cell counts (Amann er al. 1995). Although the
phylogenetic prokaryotic diversity of a sampling site can be estimated by molecular
approaches this knowledge alone does not reveal what the microorganisms might do
in situ. With isolates it is possible to assess the capabilities of microbes and
consequently conclude their role and activities within and their influence on the
environment. Therefore, the study of these isolates and their physiological propertics
help to reveal the potential ecological role of these microorganisms within the

cnvironment (autecology).

2.6.1 Different cultivation approaches

The cultivation medium has a profound influence on cultivation success (Kopke ef
al., 2005). Defined media containing a variety of different substrates can be expected
to stimulate growth of a variety of metabolic types. These media are uscful for MPN-
scries (most-probable number) to evaluate the number of culturable cells in a sample.
More specific growth media are used to isolate members of certain physiological
groups (e.g. sulphate-reducing prokaryotes, methanogens etc.). Therefore. it is
important to apply different growth media to a single sampling site to ensure that all

important physiological groups are covered. Using this strategy Kopke et al., (2005)
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achieved cultivation efficiencies up to 23% of total cell counts for a single medium
and a remarkable high diversity among the isolates obtained.

A different approach showed that the addition of signal molecules like cAMP
or homoserine lactones to growth medium significantly raised the number of
prokaryotes stimulated to growth in water samples from the Baltic Sca (Bruns ef «/..
2002). Unfortunately, attempts to apply this strategy to sediment samples did not
result in elevated culturability (H. Sass 2007, personal communication).

Most microbes are likely to be adapted to low substrate concentrations due to
their oligotrophic environment. Postgate and Hunter (1962) showed that sudden
exposure to high substrate concentrations can lead to a “substrate-accelerated death™.
To avoid such a substrate-shock (Straskrabova, 1983), it is helpful to use substrate
concentrations at a sub-millimolar level (St ef al., 2004) or to use gradient tubes for
cultivation (Ko6pke et al., 2005). In the latter the cells are trapped in the surrounding
agar. Substrate is supplied by diffusion from a reservoir below, thus the substrate-
concentration is low at the beginning of the incubation but potentially increasing.
Hence. some oligocarbophilic microorganisms can adapt to higher concentrations
without dying or concentrations remain low if consumption is quicker than diffusion.

It has to be questioned whether prokaryotes that were obtained from nutrient-
limited environments by using substrate-rich cultivation media play an important role
within their oligotrophic habitat. They could have been dormant or inactive but were
resuscitated after transfer into growth medium from which they were subsequently
isolated. Such an opportunistic microorganisms would follow the ecological r
strategy, rapid growth when resources are abundant (allochthonous or zymogenous)
while others are K strategists would be autochthonous (indigenous) according to the

definition of Winogradsky (1924).

2.7 Molecular-based investigations of the deep-biosphere

Molecular approaches enabled microbiologists to obtain knowledge about the
microbial community composition of a habitat without cultivation. The applications
range from quantifying abundances of specific phylogenetic groups (oligonucleotide
probes targeting ribosomal sequences) via identification to the species level (cloning

and sequencing of 16S rRNA) and the identification of environment-specific genes
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(metagenomics) to direct in siru measurements of activities with the help of isotopes
and their incorporation into biomarkers (e.g. DNA. RNA. lipids) or their

mctabolisation (radioactively labelled compounds).
2.7.1 Phylogenetic analyses of microbial communities

In the middle of the 20" century, researchers developed the theoretical framework to
identify organisms via DNA sequencing (Zuckerkandl and Pauling, 1965). Sanger et
al. (1977) developed a rapid and accurate sequencing technique, which in
combination with the later invented amplification of genes (PCR. Mullis and
Faloona, 1987) from the environment led to extraordinary results and changed our
way of understanding biodiversity and evolution. One example is the discovery of
the three domains of life (Woese et al., 1990), another is the use of the sequences
obtained as a molecular clock (Woese, 1987) to follow the processes of cvolution
(Zuckerkandl and Pauling, 1965). The separation of the amplified genes via
denaturing gradient gel electrophoresis (DGGE; Muyzer ef al.. 1993) or temperature
gradient gel electrophoresis (TGGE; Rosenbaum and Riesner. 1987) followed by
advanced sequencing (Lane er al., 1985) allowed researchers to affiliate them to
known, cultivated microorganisms. Thus, the community composition of a habitat
could be rapidly revealed.

Today the 16S rRNA is the molecule of choice when phylogenetical analyses
are conducted. It replaced the 5SS rRNA, which was originally used for phylogenetic
analyses, because the 16S rRNA not only contains more nucleotides than the 5S
rRNA but also shows regions of higher variability additionally to the well preserved
ones. This is useful to calculate phylogenetic distances (Pace e¢f al.. 1986). However.,
many other genes have also gained attention. In environmental microbiology this is
especially true for dsrAB- and mcrA-genes. The dsrAB-gene is present in all known
sulphate-reducing prokaryotes. The mcrA-gene codes for an essential enzyme for
mcthanogenesis and AOM. The detection of these genes in a sample shows the
presence of these physiological prokaryotic groups in the environment. Additionally.
their sequences are used for the construction of phylogenetic trees. Furthermore,
evolution of these genes and horizontal gene transfer among species can be followed

(shown for dsr4B-gene: Wagner ef al., 1998).
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2.7.2 FISH and CARD-FISH

With the knowledge that certain 16S rRNA sequences are specific for different
phylogenctic groups fluorescent rRNA-targeted oligonucleotide probes can be
designed. These probes are used to detect and quantity the abundance of
phylogenetic groups in environmental samples via whole-cell-hybridization without
cultivation (Amann et al., 1990). Another apparent advantage of this method is that
the spatial arrangement of cells can be observed. For example, Boetius er al. (2000)
found a consortium consisting of methanogenic Archaea surrounded by sulphate-
reducing Bacteria. Maixner et al. (2006) investigated activated sludge flocs and
observed population structures with cell patterns that deviate from random
community assemblies. However, the fluorescence in situ hybridization-technique
requires a relative high number of ribosomes to give a detectable signal (Hoshino er
al., 2008). As activity of prokaryotes is relatively low in oligotrophic environments
potentially not many ribosomes are present within single cells. Catalyzed-Reporter-
Deposition-FISH (CARD-FISH) enhances the oligonucleotide-signal using tyramide
signal amplification and a horseradish peroxidase. This enables detection of cells
with a ribosome content too low for FISH detection (Bobrow e al., 1989). Pernthaler

et al. (2002) adapted this method for the marine environment.

2.7.3 Linking in situ activity to phylogenetic identity

While phylogenetic approaches merely prove the presence of microorganisms in an
cnvironmental sample, FISH detects cell that are presumably active because of their
ribosomal content. However, neither of these techniques actually links in situ activity

with phylogenetic identity.

a) Stable isotope probing (SIP)

The use of stable isotopes makes it possible to identify active phylogenetic groups
(Dumont and Murell, 2005). For this purpose deuterium- (*H-) or "C-labeled
substrates like methane, acetate or glucose are used. The isotopes are incorporated
into biomolecules, which are later extracted and analysed. Thus, incorporation not

only proves microbial activity but can reveal the identity of the microorganisms
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(Radajewski er al., 2000). Boschker er al. (1998), for example. used the
incorporation of > C-labled acetate into polar lipid fatty acids to investigate the
composition of a microbial community responsible for the consumption of acctate in
coastal sediments and of methane in freshwater sediments. Webster er al. (2006a)
furthermore investigated incorporation of the isotopes into DNA. which was then
separated from non-labelled DNA by CsCl-ethidium bromide density gradient
ultracentrifugation. Subsequently they used PCR-DGGE of the 16S rDNA and the
dsr4 gene to identify the active microorganisms. Dumont and Murell (2005) stated
that combining SIP with other technologies offers promising applications for the

future.

b) Microautoradiography combined with FISH

Another approach linking activity with identity is to combine microautoradiography
with the recently developed fluorescence in situ hybridisation (MAR-FISH, Nielsen
et al., 1999). The importance and wide applicability of microautoradiography has
been recognised very early on by Brock and Brock (1966). This technique uses
radioactively labelled substances such as H-leucine, *H-thymidine, or "*C-glucose.
which are incorporated into cellular structures by active microorganisms. If the
radioactively labelled specimen is brought into contact with a radiosensitive
emulsion containing silver bromide and subsequently photographically developed,
cells that have incorporated the radioactive signal will be surrounded by silver grains
(Nielsen et al., 1999). If FISH targeting certain phylogenetic groups is performed on
these specimens, cells that exhibit both a fluorescent and a radioactive signal are thus
being identified as metabolically active and in regard to their phylogeny. Lee er ul.
(1999) applied this technique to complex activated sludge microbial communities.
They hybridised cells prior to the microautoradiographic development procedure and
used confocal laser microscopy of cryosectioned samples for single-cell resolution.
They concluded that the combination of these techniques provides unique insights

into the structure and function of mixed microbial communities.

-16 -



Chapter I: Introduction

3. Starvation-survival of prokaryotes

Starvation survival of prokaryotes is of great interest. Many publications, not only in
microbial ecology. deal with the question of how microorganisms cope with limited
substrate supply and overcome periods of starvation. This, for example. is also
important for public health. Knowledge about survival of pathogens and maintenance
of pathogenesis under starvation conditions is crucial. This introduction, however,
tries to focus on environmental prokaryotes that are exposed to starvation.

The majority of habitats on Earth is considered oligotrophic. Open ocean
waters, for example, are limited in dissolved organic carbon with often less than 0.5
mg carbon per litre (Menzel and Ryther, 1970), therefore not much substrate is
available to heterotrophic prokaryotes. Hence, it can be assumed that the organisms
suffer from starvation. The same is true for the oceans’ sediments. Although much
higher total organic carbon is present it is less available for microbial degradation.

There are different ways how bacteria cope with substrate limitation. Those.
which are capable of forming spores, can do this in response to starvation to survive
long periods of time until conditions become more favourable (Driks. 2002). Others
form so-called “dwarf”-cells to evade predation (Andersson et al., 1986) and to
increase their surface to volume ratio (Kjelleberg er al., 1982) to survive periods of
substrate limitation. Bacteria, which cannot cope with the harsh conditions, die and

potentially serve as substrate for the remaining microorganisms.

In the scientific literature the nomenclature of describing different states of
prokaryotes is often equivocal. The terms viability and culturability. for example, arc
often equated (e.g. viable cell count often refers to the number of culturable cells).
However, I find that there is a difference between these two. A viable cell detected,
for example, by LIVE/DEAD® staining or FISH has the potential to grow and divide
under certain conditions but not necessarily in the cultivation medium provided.
Culturability, however, is the actual act of growth in the used medium. Hence
viability is a prerequisite for culturability. If starving cells that used to grow in a
specific medium subsequently loose their culturability, they are called viable but
nonculturable (VBNC). Often when the VBNC state is observed cells are referred to
as dormant or inactive. However, this is not necessarily the case as the cells might

well be active — they “just” do not grow anymore and frequently this state is

-17 -



Chapter I: Introduction

temporarily. Throughout this thesis I will try to distinguish between these terms in

this way.

3.1 Mechanisms of starvation-survival

In their review Kjelleberg er al. (1987) pointed out that marine non-growing
prokaryotes are not necessarily dormant but still active and taking up substrates.
These exogenous but also endogenous substrates, for example, storage molecules
(poly-hydroxybutyrate) or cell constituents (e.g. proteins, RNA) enable cellular
maintenance and the starvation survival response (e.g. de novo synthesis of proteins;
Amy and Morita, 1983a) during periods of limitation but do not enable growth.
Therefore nongrowing cells still contribute to the carbon flow.

Joux et al (1997) investigated Salmonella typhimurium under starvation
conditions and proposed a succession of physiological states that cells enter upon
nutrient limitation. These states are: 1. culturable cells; 2. nonculturable cells still
able to respire; 3. cells without respiration but potential respiration maintenance; 4.
cells without any respiration but maintenance of membrane permeability: 5. cells
with loss of membrane permeability but cell integrity without changes in DNA,; 6.
cells showing integrity but with DNA change leading to lysed or non-nucleoid-
containing cells.

The intracellular processes that occur at the onset of starvation differ greatly
between species and some will be discussed below. It seems. however, that a

reduction in cell size is the most common response to starvation.

3.1.1 Reductive cell division versus “dwarfing”

Nystrom (2004) summarised the behaviour of starving E.coli cells in the stationary
phasc. He clearly differentiated between reductive cell division and dwarfing. te
stated that reductive division is the completion of rounds of DNA replication and cell
division when cells enter the stationary phase. Therefore it is not a process induced
by starvation but nonetheless an adaptation that might be advantageous during
substrate limitation because it results in a better surface/volume ratio. Dwarfing

instead is induced by starvation and is a continuing process with ongoing substrate
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limitation after reductive cell division is completed. Cells utilise parts of their own
macromolecules such as the cytoplasmic membrane or the cell wall to obtain energy
for survival and therefore decrease in cell size; they “self-digest™. The reduction of
cell size offers another advantage for marine bacteria as shrinking might reduce the
risk of predation (Andersson et al., 1986). Therefore, despite not being able to
multiply species avoid extinction, as grazers prefer larger prey (Kjelleberg et al.,
1987). Torrella and Morita (1981) proposed the term ultramicrobacteria to refer to
small/dwarfed cells formed due to starvation to not confuse this phenomenon with
small cells of E. coli that lack DNA (Adler et al., 1967).

Morita (1985) described four different patterns of changes to total cell
numbers in pure cultures in response to starvation (Fig. 1.3). Pattern A, which shows
an increase in cell numbers with subsequent stabilisation, was found by Amy and
Morita (1983b). Line B represents findings in nitrifying bacteria (Jones and Morita,
1985) where cell numbers remained constant over the complete starvation period (21
weeks). Behaviour of Vibrio sp. Ant-300 (Novitsky and Morita. 1976) and other
marine strains (Kurath and Morita, 1983; Kjelleberg er al. 1982) is represented in
curve C. Pattern D was also shown by Amy and Morita (1983b) after they starved
freshly isolated marine bacteria. Morita (1985) stated that this pattern likely
represents bacteria grown under relative energy-rich conditions, which then had been

released into the marine environment.

—

X
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Fig. 1.3: Patterns of total cell number development during starvation. Reproduced from Morita
(1985).

3.1.2 Energy supply during starvation

Sclf-digestion or autolysis of microorganisms during starvation is due to endogenous
metabolism. It was defined by Dawes and Ribbons (1962) as “metabolic reactions

that occur within the living cell that when it is held in the absence of compounds
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which may serve specifically as exogenous substrates”. By using their own
macromolecules cells regain part of the energy that was used for the build-up. This
cnergy is then used to alter cellular processes. It was observed, for example. that cells
produce new proteins when entering starvation, which is energy consuming. whereas
other proteins disappcar (Amy and Morita 1983a). Energy is also needed for
substrate uptake (Stouthamer, 1973). It was shown that bacteria maintain and
regulate their uptake systems (Kjelleberg et al., 1987). These systems show low
substrate specificity but possess a high affinity (Akagi and Taga, 1980; Poindexter,
1981), a crucial feature for marine bacteria using a variety of substrates. By using
one system to transport a variety of different substances via the membrane. energy is
saved and furthermore energy-delivering molecules are acquired. Energy is present
within the cell in form of adenosine triphosphate (ATP). It was shown that ATP
levels increase at the beginning of starvation in a marine Vibrio (Amy et al.. 1983)
and Pseudomonas (Kurath and Morita, 1983) and are maintained at a high level
throughout starvation. In contrast to that Oliver and Stringer (1984) observed a
decrease of 59% in cellular ATP content in the same marine Vibrio strain as Amy et

al. (1983) did.

3.1.3 Fate of intracellular nucleic acids

DNA and RNA are macromolecules rich in energy. Hood ef al. (1986) were able to
show that concentrations of intracellular DNA decreased with ongoing starvation in
Vibrio cholerae. Similar effects were seen by Novitsky and Morita (1977) during
starvation of Vibrio sp. Ant-300. Decreasing DNA concentrations can be explained
by degradation of not fully replicated genomes. However, without the entire genome
or even parts of it cells would not be able to recover from starvation. Lebaron and
Joux (1994) investigated Salmonella typhimurium and its ability to change the
topological state of DNA thereby preserving it, in order to cnable regrowth after
starvation. Despite these observations it does not seem the “normal” case that DNA
is degraded during starvation. Boylen and Ensign (1970) observed increases in DNA
concentrations in Arthrobacter crystallopoietes, which then remained constant over a
30 day period. They explained this occurrence with the finishing of replication
rounds. Replication was not reinitiated and neither division occurred due to

limitation of amino acids, which are necessary for protein synthesis.
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Boylen and Ensign (1970) also observed degradation of RNA in Arthrobacter
crystallopoietes. After 30 days rods had lost 85% of their initial RNA contents. RNA
is mainly present in form of mRNA and rRNA. Both of which are used readily in
cells and seem to be the preferred macromolecules to transform usable cnergy

(Morita, 1997).
3.1.4 Protein degradation during starvation

During starvation the de novo production of proteins decreases rapidly at near-
logarithmic rate compared to starvation time (Rockabrand er al.. 1995). Throughout
the time course of this experiment, however, this de novo synthesis in starving cells
amounted to twice their mass, which highlights the “tremendous degree of protein
processing or transformation...during the starvation period” (Blum. 1997). However.
already synthesised cellular proteins that are not essential for cell maintenance
represent a pool of possible energy and of amino acids for de novo protein synthesis.
Investigations have shown that not only the de novo synthesis but also the
intracellular concentrations of proteins decrease during nutrient limitation (Boylen
and Ensign, 1970).

Mortita (1997) summarised that cells under nutrient deprivation use their own
intracellular components for maintenance. Nonessential carbohydrates are used first
followed by RNA and DNA. Decreases in the amino acid pool, adenine nucleotides,
and mRNA were observed at the beginning of starvation stabilised later on. Morita

(1997) also claimed that when half the RNA is degraded. cells begin to die.
3.1.5 Molecular basis of starvation-survival

So far mainly starvation-induced phenotypic changes in environmental isolates were
presented. The following section comprises a brief introduction into the underlying
molecular and genetic changes that happen during starvation, mainly investigated in

cultures of E. coli.

The transcription factor RpoS (also known as sigma factor, o°, KatF) has been linked
to play a critical role in the expression of a variety of stationary phase proteins such

as BolA and DnaK (Blum, 1997). BolA4 is a so-called morphogene (Aldea et al.,
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1989) and influences the rate of peptidoglycan synthesis and degradation. It is thus
likely involved in the morphological changes observed during starvation by
modifying the structure of the bacterial cell wall (Blum, 1997). DnuaK (also known as
HSP70) is a chaperone and belongs to the heat-shock protein family. It plays an
important role during reductive cell division (Rockabrand er al.. 1995) and its
expression is also regulated by the sigma factor RpoS.

Zambrano et al. (1993) discovered that mutations in the gene of sigma factor
RpoS lcad to a competitive growth advantage of stationary phase cells (GASP
phenotype) when “older™ E. coli cells (10 days) were mixed with a “younger™ culture
(1 day). A mutation that caused a frame shift during translation resulted in a protein
with a longer amino acid sequence (39 amino acids) than the wildtype protein. These
additional amino acids probably influence the promoter recognition of the RNA
polymerase of starvation-induced proteins. How the “older” cells outcompete the
“younger” is unclear but it does not seem to be linked to production of toxins or
antibacterial agents (Zambrano er al., 1993). The authors discovered a second,
independent mutation also conferring the GASP phenotype and even a mutation that
gave resistance to “young” cells from being killed by the “older™ culture. Zambrano
and Kolter (1996) proposed that several, successive round of GASP mutations could
arise during continued incubation (Fig. 1.4, dotted lines) and thus one population is

replaced by strains that more effectively utilise nutrients released by dying cells.

A similar phenomenon to GASP was observed by Lemonnier er al. (2008). They
found that E. coli cells with a mutation in the g/gC gene (coding for ADP-glucose
pyrophosphorylase, a regulatory enzyme that catalyses the first reaction of bacterial
glycogen synthesis, Ballicora er al., 2003) inhibited growth of cells they derived
from by physical contact between the mutated cells and their ancestors. Ancestral
cells were not killed but concerted to the VBNC state during stationary phase, thus
the name stationary phase contact-dependent inhibition (SCDI). The inhibition is
most likely caused by the overproduction of glycogen but underlying mechanisms
have not yet been fully understood especially as glycogen is not known for any
bactericidal activity. SCDI differs from GASP by a variety of characteristics (for full
list refer to Lemonnier ef al., 2008) but the most important one is that the rpoS

mutation was absent in cells exhibiting SCDI.
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Chapter I: Introduction

stationary phase is allowed to continue ... what ensues is anything but stationary”

(Zambrano and Kolter, 1996).

3.2 Starvation-induced cross protection to other stresses

Experiments with starved E.coli cultures showed that the proteins induced by
starvation led to cross protection to other extracellular stresses like heat or H>O,-
treatment (Jenkins er al., 1988). Similar phenomena were observed for bacteria
isolated from oligotrophic environments. Givskov er al. (1994b) revealed that
starvation-induced cross protection to H>O» and ethanol treatment showed a higher
level of protection than other pre-treatments (i.e. growth at lower temperatures) of
Pseudomonas putida cells. A starvation period of only one day already led to almost
complete survival of the cells to the chosen treatments. 2D-PAGE-analysis revealed
that several proteins induced by other stresses were already identified as starvation-
induced proteins (Givskov ef al., 1994a).

Nystrom er al. (1990) reported the discovery of some starvation-induced
proteins to be similar to proteins induced by other stresses. However. they
emphasized that proteins induced by one treatment are not necessarily the same
induced by the response to other stresses. Although there seems to be an
interconnecting stress regulation for a few specific proteins (regulated by the same
sigma-factor) the majority of stress-induced proteins differ from treatment to

treatment.

3.3 Longevity of prokaryotes

Examples of microorganisms surviving extremely unfavourable conditions over long
periods of time can also be found in the literature. Vreeland er al. (2000) reported of
the recovery of a halotolerant bacterium from a 250 million-ycar-old salt crystal. The
isolated bacterium was affiliated to the genus Bacillus and ablc to form spores.
Although the authors applied various procedures to avoid contamination during
sampling the results remain doubtful (Hazen and Roedder, 2001). Upon their

observations, Parkes (2000) raised the question if spores could effectively be
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immortal and which biochemistry allows them to survive for such a long time. Grant
et al. (1998) reviewed the occurrence of halobacteria in many brine incursions as
evidence for their longevity. They suggested halobacteria to be the best candidates
for long-term survival because of their internal ion concentration that almost avoids
the degradation of life-based polymers such as DNA.

Other scientists were also able to isolate bacteria from ancient samples. Cano
and Borucki (1995) obtained a spore-forming bacterium from a 25 to 40 million-
year-old Dominican amber (also affiliated to the genus Bacillus). Also from amber of
that age. Lambert er al. (1998) isolated a new species belonging to the genus
Staphylococcus. Micrococcus related strains were revived by Greenblatt er al. (1999)

from 120 million ycar old amber.

3.4 The viable but nonculturable state and resuscitation of dormant

prokaryotes

A major problem for microbiologists is the phenomenon of the viable but
nonculturable (VBNC) state in bacteria. Roszak and Colwell (1987) have described
this as a physiological state in which the cells show detectable metabolic function but
cannot be grown in commonly used cultivation media (Rahman er «/.. 1994) but
resuscitation might be possible (Oliver, 2005). Many investigations concerning
clinical aspects of this phenomenon have shown that bacteria when introduced into a
new environment often enter this state, for example when human pathogens are
released from the body (Colwell, 2000). Although apparently no growth occurs
viable but nonculturable cells were shown to retain their membrane integrity (L.loyd
and Hayes, 1995), to respire (Rahman e al., 1994) and to produce mRNA (L.lco er
al.. 2000. Llco et al.. 2001, Heim er al., 2002). Boaretti ef al. (2003) investigated the
cffects of the rpoS gene, on the VBNC state. They showed that RpoS™ mutants of
E. coli reached the nonculturable state approximately 12 days earlier and showed
restricted resuscitation capability. But still little is known about the genetic
mechanisms that lead to the VBNC state (Boaretti ef al., 2003).

It was mentioned before that stimulation of growth in environmental

microorganisms can be quite difficult. Due to environmental conditions
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microorganisms occur in different physiological states within the environment
(starving, dormant etc.) and thus might have to be resuscitated. For spores it is
known that so called germinants cause the germination after times of inactivity
(Gould. 1969). maybe a similar system exists for non-spore forming microorganisms.

One factor helping to resuscitate bacteria is temperature. Studies of Fibrio
vulnificus, a human pathogen occurring in seawater revealed that culturing success
depends on the scason. While during warmer months the cells easily grew on solid
media they failed to grow in times of cooler weather (Rice e al.. 2000).

Another possible reason for unsuccessful cultivation is the lack of nutrients in
oligotrophic systems. The organisms suffer from starvation and enter a statc of
unculturability. Mukamolova et al. (1998) starved cultures of Micrococcus luteus in
a prolonged stationary phase and stored them at room temperaturc for different
periods of time. They were able to resuscitate cells by adding sterilized supernatant
of the same batch culture sampled previously during the logarithmic growth phase.
Apparently the supernatant contained a “pheromone-like™ substance synthesized by
the active cells of M. [ureus (Kaprelyants er al., 1996), which was nceded to regain
the ability of growth. They also showed that with prolonged time of starvation the
success of resuscitation decreased. This phenomenon was also observed by Tappe et
al. (1999) who starved cultures of Nitrosomonas europaea and Nitrobacter
winogradskyi.

An example for the application of resuscitated microbes is a study by Lappin-
Scott er al. (1988). To boost oil recovery they injected carbon-deprived Klebsiella
pneumoniae, which showed reduced cell size, into sandstone cores. Their aim was to
increase the depth of bacterial penetration into the sandstone to plug high-
permeability zones already drained of oil. Subsequently this should increase oil
recovery from low-permeability-zones. The cells regained their original size and
colonised the whole column after nutrients were added and thus successfully plugged

high-permeability rock strata to potentially improve oil recovery.

4. Summary

The deep biosphere is an extremely oligotrophic environment with overall extremely

low substrate availability and low energy fluxes. However, microorganisms are able
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to cope with these conditions and are growing and even multiplying remote from
photosynthetically derived organic material. Pure cultures obtained from the deep
biosphere are essential for our understanding of the processes occurring within the
subsurface. But the way they are cultured does not reflect the situation in siru. They
are adapted to nutrient limitation and thus starvation.

Recently developed methods, such as FISH, are frequently applied to mixed
microbial communities in deep subsurface sediments. However, results are often
contradictory. So far no study has conducted starvation survival experiments with
representative deep biosphere isolates and tested these commonly applied methods
on pure cultures to investigate the variety of responses that might be exhibited. This

would help to understand data gathered from the deep biosphere.

5. Aims and objectives of this project

From the introduction given above the lack of knowledge in regard to starvation
survival of marine sedimentary microbes should be apparent. yet mixed microbial
communities in the deep biosphere are studied with an array of techniques that have
not been tested on pure starving cultures from this environment. Hence, the main

objectives of this project were:

o To isolate novel deep biosphere prokaryotes from one of the most organic
matter-poor, marine habitat (Challenger Mound, IODP Leg 307).

o To then investigate the survivability of the obtained isolates alongside
other representative deep biosphere strains as well as selected near-
surface relatives in long-term, anaerobic starvation survival experiments.

o To assess any potential differences in the starvation responses of the pure
cultures applying commonly used methods of cell detection. viability, and
activity used in deep biosphere research and to test their effectiveness.

o To furthermore investigate the changes in viability and culturability of a
near-surface microbial community subjected to increasing temperature
stress as it occurs during burial in deep marine sediments with the same

methods applied to pure cultures.
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Material and Methods

This chapter contains all the material and methods applied during the course of this
project. It also comprises site descriptions of sampling campaigns along with all
prokaryotic species and strains investigated. All methods described were conducted

by the author unless stated otherwise.

1. Sampling Sites

Sediments from two different habitats were used during this project. Samples trom
the Porcupine Seabight Challenger Mound were collected during IODP Leg 307 and
were used for cultivation and isolation of deep biosphere prokaryotes. Sediment from
the Tamar Estuary was collected in June 2009, analysed biogeochemically and with

molecular biological techniques before using it in heating experiments.

1.1 Porcupine Seabight Challenger Mound (IODP Leg 307) site

description

The first carbonate mound to be investigated in great detail microbiologically and
biogeochemically was drilled during IODP Leg 307 (Webster er al.. 2009). The
Challenger Mound is part of the Belgica Mound Province in the Porcupine Basin
southwest of the coast of Ireland just off the continental margins of Europe (Wheeler
et al.,, 2007). The Challenger mound is just one of 1600 carbonate mounds in the
Porcupine basin alone and is classified as a modern cold-water coral mound. It rises
approximately 155 m high and is located 600-900 m below the seca surface (Table
2.1), partially buried with sediment and dead cold-water coral (Lophelia pertusa)
(Ferdelman er al.. 2006). Webster et al. (2009) reported a significant and active
prokaryotic community within and bencath the mound and concluded that carbonate

mounds may represent a significant prokaryotic habitat within the deep biosphere.
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Sediment cores were taken from two mound sites (Flank, site U1316 and Mound
centre, site U1317) and a reference site (site U1318; Fig. 2.1).

During Leg 307 different coring systems were used to reach the target depth
(Table 2.1): advanced piston corer (APC), extended core barrel (XCB). and rotary
core barrel (RCB: Ferdelman er al.. 2006). These different techniques are often
combined to recover cores from the same hole but regularly result in core-recovery
gaps between successive cores (Ferdelman er al., 2006). Hence. for cach site a
number of holes were drilled to ensure complete recovery of the sediment column
down to target depth. To achieve this, cores from difterent holes were
stratigraphically correlated and subsequently depth-shifted relative to one another
(Ferdelman er al.. 2006). For sites U1316 and U1317, holes from the same drilling
site resulted in different depths compared with the mound base. Therefore, Webster
et al. (2009) standardised the sediment depth to “metres above mound base™ (mamb)
rather than the commonly used “metres below seafloor™ (mbst), thus enabling

recovered cores from different holes of the same site to be compared with cach other.

The Challenger Mound is located on a sharp erosional boundary, which can be found
at all three drilling sites. At mound sites U1316 and U1317 it cuts into the middle
Miocene strata (Fig. 2.1). At the reference site 1318 it separates Miocene sediments
(10 Ma) from Middle Pleistocene or younger sediments (Kano es al.. 2007: [.oowye
et al.. 2008). The sediments beneath the mound are made up of glauconitic and silty-
sandstone originating from the middle Miocene (Van Rooij er al.. 2003: Loowye e/
al.. 2008). Kano er al. (2007) reported that the growth of Challenger Mound began at
2.6 Ma and continued rapidly at a rate of 24 cm k.y.” until it stopped at 1.7 Ma. After
0.7 Ma growth continued for 0.2 Ma.

Site U1316 is located in the downslope sediment deposits ~700 m southwest
of Challenger Mound. The surface sediments are mainly made of rippled sands
littered with dropstones (Foubert et al.. 2007). Ferdelman et al. (2006) divided this
sitc into three distinct lithostratigraphic units: Unit 1: Pleistocene, Unit 2: late
Pliocene-Pleistocene (present at Carbonate Mound), and Unit 3: early to middle
Miocene origin (present at Reference site). These units are based on sediment
composition and corresponding age in addition to colour reflectance and natural

gamma radiation (Ferdelman et al., 2006).
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Table 2.1: Location, water, and sediment depth of IODP Leg 307 sampling sites. Data from
Webster er ul. (2009) and Ferdelman er al. (2006).

Site Location Water Depth Maximum Sediment
Depth recovered
ul3leé 51°22.56’N, 11°43.81'W 965 m 143.1 mbsf
Ul1317 S1°22.8'N, 11°43.1’'W 790-840 m 270.0 mbsf
Ul1318 51°26.16'N, 11°33.0'W 409 m 244.6 mbsf

Site U1317 was drilled at the northwest shoulder of the Challenger Mound. The
mound itself is elongated in shape along a north-northeast to south-southwest axis. It
is partially buried under Pleistocene drift sediments leaving 30 m of the mound
uncovered (Ferdelman er al., 2006). Here two major sedimentary units were
described (Ferdelman et al., 2006): Unit 1 - Pliocene to Pleistocene carbonate mound
succession (down to 130.1 mbsf; presence of deep-water corals throughout this unit);
Unit 2 - the Miocene drift sediments (down to 268 mbsf). The two units are separated
by a distinct boundary as indicated by seismic data and nanoplankton and planktonic
foraminifer biostratigraphy.

Reference site U318 was located upslope of the Challenger Mound on the
eastern slope of the Porcupine Seabight. The sediment consisted of three
lithostratigraphic units. Unit 1 - Pleistocene clay, Unit 2 - lower Pleistocene thin

sandy layers and Unit 3 - lower Miocene to possible Pliocene silty clay.

As part of this project prokaryotes were isolated from sediment samples obtained
during IODP Leg 307, which were then used in starvation survival experiments. Both
original sediment slurries and positive most probable number plate wells (previously
inoculated by Dr. Henrik Sass and Dr. Chloe Heywood) were subsampled. Both
aerobic and anaerobic cultivation techniques and a variety of different media (see

Section 3) were deployed to gain a wide range of physiologically different isolates.

1.2 Tamar Estuary site description and sampling

1.2.1 Site description

The Tamar Estuary is situated west of Plymouth, Cornwall, UK (Fig. 2.2) and has
been subject to a variety of biogeochemical (Wellsbury and Parkes, 1995; Wellsbury
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et al., 1997, Parkes et al., 2007) studies in the past. It represents a typical medium
sized coastal estuary, which comprises extended tidal flats and mud banks (silt and
clay) and opens into the western end of Plymouth Sound (Watson ef al.. 1985). The
three main tributary rivers, which form the ria system are the Tamar. the Tavy, and
the Lynher. The entire catchment area is around 1500 km? to which the river Tamar
contributes about 924 km® (Monbet er al., 2009). Ria systems are funnel shaped
estuaries at a river mouth, formed by submergence of the lower portion of the river
valley. These are commonly very irregular and may possess several branching
tributaries. A typical characteristic is the widening funnel shape and steadily
increasing depth seaward resulting in increasing tidal ranges within the estuary. This
tidal effect can be seen along the 31 km length of the estuary resulting in varying
water depths in the main channel ranging between two and eight metres below mean
spring high-water in the inner estuary (Monbet ef al., 2009). Stephens er al. (1992)
reported less than 10% organic content in the sediment throughout the estuary.
During summer months large populations of freshwater algae. mainly diatoms. have

been observed (Jackson er al.. 1987)

1.2.2 Sampling of Tamar Estuary sediment

Samples were collected from St. John’s Lake of the estuary approximately three
kilometres south-west of Plymouth (50°21.823°N, 4°13.847°W) in June 2009 (Fig
2.2). This site is relatively free of anthropogenic influences and hence representative
for other estuarine sediments. Sampling was undertaken using round. plastic hand
corers (approximate length of corer 80 cm, maximum core length ca. 30 cm; Fig 2.3).
The cores were subsequently transported to the laboratory in Cardiff within four
hours after sampling in an upright position using frozen icc packs for cooling. In

Cardiff cores were stored at 4°C in an upright position until processing.

1.2.3 Subsampling of the sediment cores

Subsampling of the cores was undertaken as aseptically as possible. One core was

used for biogeochemical, molecular, and microbiological analysis. The sediment was
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solution (2%, filtered through 0.1 um filter [inorganic membrane filters, Anotop 25,
0.1 pm. Whatman, Kent. UK]) and mixed with 50 pl acridine orange (1 gxI™.
membrane filtered [0.2 um]). After staining for three minutes samples were filtered
onto black polycarbonate filters (GE Water and Process Technology, Pennsylvania,
USA) using a glass funnel. Subsequently filters were washed with 10 ml
formaldehyde solution (2%) to reduce background fluorescence. Filters were
mounted onto glass slides using paraffin oil and inspected under the microscope
(Axioskop 1. Zeiss. Oberkochen, Germany) with the appropriate filterset (Blue 450-
490: Set number 487909; Excitation Filter BP 450-490; Chromatic Beam Splitter FT
510: Barrier Filter LP 520). Counts were done in duplicates (or triplicates when
necessary) and at least 200 cells or 20 fields of view per filter werc counted. Sample
concentrations were adjusted so that approximately 70% of the field of view arca was
covered with sediment particles or 20 cells per field of view for pure cultures when
counting. When sediment samples were inspected cells located on and off particle
were accounted for separately as described by Goulder (1977). Furthermore dividing
and divided cells were counted. The total cell number of a sample was calculated

(Equation 1) by using an Excel spreadsheet designed by Dr. Barry Cragg.

Total bacterial numbers are calculated from: Numbers of dividing and divided cells
are calculated from the same equation with the omission of the terms “2Con + Copp™
at the start of the equation, and the substitution of Bp for By. The percentage of
dividing and divided cells is calculated from the numbers of dividing and divided
cells expressed as a percentage of the total bacterial numbers. Where total bacterial
numbers approach the detection limit (10° cells g”' sediment), or numbers of cells
counted approach the number of cells observed in the blanks, then this calculation

becomes unreliable.

20y + Copp + Cpp + 20 + o , A(Cp; +2C,,)
%Cf(w +Con
R E -A-B,
VIEW V.,

D

Equ. 1: Counr =

Key:

Con and Copr: Number of cells counted ON and OFF particles. For the purposes of
this calculation transparent particles e.g., diatom frustules, are not

particles.
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Cpg and Cpp: Numbers of cells observed DIVIDING (a cell with an invagination)
and DIVIDED (two adjacent cells of identical morphology with a
distinct space between them). Cells counted in these two categories
are not also tallied under ON and OFF particle categories but are

corrected for the relationship of ON and OFF cells in the respective

sample.

VIEW: The total number of fields of view obscrved during a cell count on a
filter.

A: Filter area ratio. Total countable area of the filter divided by the arca

of filter observed for one field of view.

By and B;):  Blank correction terms for the total cell number (By) and the dividing
and divided cell numbers (Bp). Calculated from counts of blank
membranes and using the same equation with the omission of the
correction term. In this instance Ver will equal 10050 (10 ml of
formaldehyde +50 pl of acridine orange) and D will equal 1.

Ver: Volume of formaldehyde-preserved sample that is used (pl)

D: Dilution factor of original sample expressed as a proportion, ¢.g.. 1

cm® of sediment in 9 ml of formaldehyde will give D = 0.1

2.2 LIVE/DEAD® staining of cells

The LIVE/DEAD® BacLight™ Bacterial Viability Kir 1.7007 was purchased from
Molecular Probes (Invitrogen Corporation, Carlsbad. USA). It contains the
components A (Syt0"9 dye. 1.67 mM and propidium iodide. 1.67 mM. 300 ul
solution in DSMO). B (Syt0"9 dye. 1.67 mM and propidium iodide. 18.3 mM. 300
ul solution in DSMO), and C (mounting oil). Syto"9 is able to penetrate living
bacterial cells and emits a green signal under UV light (Excitation 480 nm/ Emission
500 nm) whercas propidium iodide (PI) only enters cells with a compromised cell
membrane and appears as a red signal (Exc. 490 nm/ Em. 635 nm). Red fluorescing
cells are considered dead because a damaged cell membrane would lead to the
brecakdown of trans-membrane gradients and subsequently cell energetics and
therefore, the cell loses its viability. Upon receipt components A and B were mixed

(1:1) and diluted in 0.85% NaCl solution, aliquoted, and stored at -20°C (working
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solution). Staining of cells was conducted following the manual provided by the
manufacturer.

Samples for LIVE/DEAD® count were taken and stained immediately
without fixation. A subsample of cell culture or sediment (2-200 ul) was added to
800-998 ul TRIS-HCI (10 mM, pH 7.4, 0.85% NaCl for freshwater bacteria, 3.5%
NaCl for marine strains). To each millilitre of sample at least 3 ul of diluted working
solution were added and incubated for at least 20 minutes in the dark at room
temperature. Samples were filtered onto black polycarbonate filters (Millipore.
Billerica, USA) and washed with 5 ml of TRIS-HCI buffer (of appropriate salinity)
to remove excess dye and reduce background fluorescence. Cells were counted under
the microscope (Axioskop . Zeiss, Oberkochen. Germany) using the appropriate
filterset (Blue 450-490; Set number 487909: Excitation Filter BP 450-490:
Chromatic Beam Splitter I'I' 510: Barrier Filter LP 520). Counts were done in
duplicates (or triplicates when necessary) and at least 200 cells or 20 fields of view

per filter were counted. Calculation of cell numbers was done following Equation 2.

Equ. 2:
~ ~ ~ ~ ~ ~ CI Ay N N “ -
2 o+ C o+ G i+ 26 o+ Cont G + 26 i+ v Y C 6+ 20 o+ Coran* G i+ Cpy o)
2C/,_r;_\ +Corr 4B 1000
VIEW B I
Coune= 5
Key:

CL onvand Cy opr:
Number of “live™ cells counted ON and OFF particles. For the
purposes of this calculation transparent particles e.g., diatom frustules.
are not particles.

Ci. pg and Cy,_pp/ Cp pa and Cp pp:
Numbers of “live™ or “‘dead™ cells, respectively, observed DIVIDING
(a cell with an invagination) and DIVIDED (two adjacent cells of
identical morphology with a distinct space between them). Cells
counted in these two categories are not also tallied under ON and OFF

particle categories.

CoEAD Number of “dead” cells on and off particles.
VIEW: The total number of fields of view observed during a cell count on a
filter.
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A: Filter area ratio. Total countable area of the filter divided by the area
of filter observed for one field of view.

By and Bj:  Blank correction terms for the total cell number (By) and the dividing
and divided cell numbers (Bp). Calculated from counts of blank
membranes and using the same equation with the omission of the
correction term. In this instance V¢ will equal 10050 (10 ml of
formaldehyde +50 ul of acridine orange) and D will cqual 1.

Ver: Volume of formaldehyde-preserved sample that is used (pul)

D: Dilution factor of original sample expressed as a proportion, e.g.. 1

cm® of sediment in 9 ml of formaldehyde will give D = 0.1

2.3 Fluorescence in situ hybridization (FISH)

Samples were fixed in phosphate buffered saline (PBS) solution (1xPBS: 145 mM
NaCl, 1.4 mM NaH,PO4, 8.0 mM Na,HPO,, pH 7.4) containing 4% formaldehyde
and 3.5% NaCl as described by Glockner ef al. (1996 and 1999), Perntahler et al.
(2002) and Ishii et al. (2004). Fixed samples were washed three times with [xPBS by
centrifugation at 15.800xg for seven minutes after each wash (Centrifuge 5415,
Eppendorf AG. Hamburg, Germany). Samples were resuspended in PBS/Ethanol
(1:1) and stored at -20°C until further processing.

For hybridisation samples were transferred onto white polycarbonate filters
(Isopore Membrane filters type 0.2 um GTTP, Millipore, Billerica, MA, USA).
Filters were cut into sections to allow hybridisation with different probes (EUB338I
and NON-EUB338, Table 2.2.) purchased from Biomers (Ulm, Germany). For
dehydration filter sections were put into Ethanol (50% for 5 min, 80% for 1 min. and
90% for 1 min) and dried at room temperature. 1 pl of Probe (50 ng ml™") was mixed
with 8 ul of hybridisation buffer (0.9 M NaCl, 20mM Tris/HCl [pH 7.4].
35% formamide, and 0.01% SDS). Sections were placed onto glass slides and
incubated in an equilibrated chamber (Falcon tubes containing a small piece of tissue
and 1.5 ml hybridisation buffer) at 46°C for two hours without shaking
(Hybridisation Oven S101HS, Stuart Scientific, Staffordshire, UK). Afterwards filter
sections were transferred into preheated washing buffer (70 mM NaCl. 20 mM

Tris/HCI, pH 7.4, 5 mM EDTA, and 0.01% SDS) and incubated for 20 minutes at
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48°C. Subsequently filter sections were covered with 50 pl DAPI solution (1 pg ml™)
and stained for 10 minutes in the dark at room temperature. Sections were gently
washed in ddH>O and dried. To mount sections on a glass slide Citiflour AF1
(Citifluor Ltd.. L.ondon. UK) and at a later stage SlowFade" Gold (Molecular Probes.
Invitrogen Corporation. Carlsbad. USA) was used. Cell numbers were calculated as

described for AODC (see 1.1).

Table 2.2: Probe sequences

Probe Name Sequence Melting Reference
Temperature
EUB 338 5'- GCT GCC TCC CGT AGG AGT -3 55°C Amann et al., 1990
NON EUB338 5'- ACT CCT ACG GGA GGC AGC -3 55°C Wallner er ul., 1993

2.4 Gram staining

Gram staining was performed according to Gerhardt ef al. (1994) and recady-made
solutions were used (BDH Laboratories, Poole, Dorset, UK). Bacterial cells were
heat-fixed on glass slides. The fixed cells were covered with crystal violet staining
solution for one minute and washed with an indirect and gentle stream of ddH,O.
Then Gram’s iodine was applied for one minute and thoroughly washed with ethanol
(indirect stream) before the counter-stain safranin was added (for 10 seconds).
Before observing ceélls under the microscope (bright-field) cells were once more

washed with ddH,O and dried.

2.5 Flagella staining

Flagella were stained using the method described by Ryu (1937). The working
solution was prepared by mixing one volume of stock solution II (crystal violet
[1.2% in methanol) to 10 volumes of stock solution I (10 ml of a 5% phenol solution,
2 g tannic acid, and 10 ml of AIK(§804);x2H,0).

Cell suspensions were left to dry on a microscopic slide and covered with
working solution for 5 to 15 minutes. Slides were rinsed with ddH,0O and observed

under the microscope (bright-field).
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2.6 Microphotography and cell size measurements

Microphotographs of fluorescently stained sediment samples and stained or non-
stained pure cultures were taken using a digital camera (Nikon). For cell size
measurements glass slides were covered with hot agarose solution (1.2%) and left to
solidify. Then a small volume of culture was transferred onto the solid agarose and a
cover slip was placed on top. Cell size measurements were conducted using Scion
Image (Scion Corporation. Frederick, Maryland, USA). For scale a microscopic slide
with a stage micrometer (100x0.01 mm; Graticules Ltd., Tonbridge, Kent, UK) was

used.

3. Cultivation of microorganisms and phenotypical testing

The cultivation and isolation of microorganisms is an important aspect in microbial
ecology. It allows assessment of in situ roles and functions of the obtained strains or
species. This chapter contains recipes for aerobic and anaerobic media used in the
cultivation and isolation of deep biosphere prokaryotes from sediment samples of
IODP Leg 307. These media are based on basal medium (buffered artificial seawater)
(Oxic: HEPES-buffered, Coolen and Overmann, 2000; anoxic: carbonate-buftered.
St er al., 2004; see 2.8) with supplements depending on the physiological group of
microorganisms targeted (see 2.4-2.14). The anoxic basal medium was also used for
starvation survival experiments of marine strains. Freshwater strains were starved in
their respective but nutrient-free media. For this purpose neither vitamins nor
substrates were added.

In addition, media recommended by the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig. Germany) are listed,
which were used for initial resuscitation of purchased strains. Later those strains

were also grown on the above-mentioned media.

3.1 Microbial strains used for starvation-survival experiments

To cover a wide range of physiological diversity in starvation experiments a variety

of deep-subsurface and near-surface prokaryotes was used (Table 2.3). Strains were
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obtained from a range of sources. Some well described species were purchased from
the DSMZ. Near-surface strains isolated from tidal flat sediment in the North Sea
were provided by Dr. Henrik Sass. Dr. Gerard Sellek kindly provided a
Marinilactibacillus sp. G8a3 which was also tested as well as selected isolates

obtained from IODP Leg 307 sediments.

3.1.1 Sctup of starvation-survival experiments

Microbial strains were grown in suitable media (see below) and incubated until fully
grown as indicated by a high level of turbidity. Cells for starvation treatments “A™
and "B™ (Fig. 2.4) were harvested by centrifugation at 4500xg for 20 minutes
(Rotanta 460 R, Hettich Zentrifugen, Tuttlingen, Germany), which in addition
removed potential leftover substrate and toxic or growth-inhibiting endproducts. Cell
pellets were resuspended in substrate- and vitamin-free medium (ca. 5 ml) using a
syringe and neecdle (Sterican 0.8x120 mm, B. Braun Melsungen AG. Melsungen,
Germany). Subsequently. cells were injected into gas-tight transfusion bottles (Ochs.
Bovenden-Lenglern, Germany) containing ASW (see Chapter 2.8) supplemented
with resazurine (0.5 mg ml™'). The headspace gas was replaced by a N./CO»
atmosphere (80/20 v/v) and cultures were incubated at 10°C (Photobacteria) and at
25°C (all other strains.) In those cases where resazurine changed colour indicating
presence of oxygen. a few crystals of sodium-dithionite were dissolved in ASW and
one to two millilitre of the solution was added to the experiments until colourless.
Treatment A" remained unamended, to treatment "B™ 15 pM substrate was
added, whereas the “C™ version represented the unchanged continued incubation of
the culture. the only treatment being the transfer into blood infusion bottles but

without harvesting/washing.

Onset of Starvation

Cell ' . q Cells l No substrate added l “A”
“ells grown in respective
medium (3-5 days) washed 15 uM Substrate added

E> Continued incubation of the culture

“(‘ »

Fig. 2.4: Flow chart of starvation-survival experimental setup
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Table 2.3: Bacterial strains used during starvation survival experiments. Sources: HS, Dr. Henrik Sass: GAS. Dr. Gerard Selleck. n.a. not apllicable

Phylogenetic

Metabolic Property

Species name/ Strain

Source (No.)

Ornigin

Water depth

Sediment

affiliation {m] depth [mbsf]
Actinobactera Aerobic Serimicoccus marmus DSMZ (15273) East Sea. Korea surface na.
Aerobic/fermenting Ornithimimucrobium sp. F181V 10DP Leg 307 423 229
Firmicutes Acetogenic Acetobacterium malicum™ DSMZ (4132) Freshwater ditch sediment unknown unknown
Acetogenic Acetobacterium sp. RO02 (terrestrial subsurface) HS DEBITS project na 144
Fermenting Marinilactibacillus sp. G8a-3 GAS Indian Continental Margin, Natural Gas Hydrate Project 1049 77
Gammaproteobacteria  Fermenting Photobacterium sp. SAMA2 HS North Sea Tidal Flat Sediment intertidal >0.05
Fermenting Photobacterium sp. NA42 HS North Sea Tidal Flat Sediment intertidal > 0.05
Fermenting Photobacterium sp. S10 HS Mediterranean Sea Sediment 2154 375-46
Fermenting Photobactermm sp. Si HS Mediterranean Sea Sediment 2154 0.35-2.50
Fermenting Photobacterium sp. 67TD HS Mediterrancan Sea Sediment 2154 -
Fermenting Photobacterium sp. F181 IODP Leg 307 423 425
Fermenting/ Mn reducing Shewanella sp. F18l1l1 10DP Leg 307 423 425
Fermenting/ Mn reducing Shewanella sp. F17V I0DP Leg 307 781-815 96.25
Fermenting Shewanella sp. SCSA3 HS North Sea Tidal Flat Sediment intertidal >0.05
Fermenting Vibrio sp. F171V IODP Leg 307 781-815 96.25
Fermenting Vibrio sp. SCSAI HS North Sea Tidal Flat Sediment intertidal > 0.05
Deltaproteobacteria Sulphate reducing Desulfovibrio acrvlicus’ DSMZ (10141) North Sea Tidal Flat Sediment intertidal >0.1
Sulphate reducing Desulfovibrio desulfuricans subsp. dLm(/furicansT DSMZ (642) Tar and sand muix around corroded gas main. UK unknown unknown
Sulphate reducing Desulfovibrio profundus’ DSMZ (11384)  Japan Sea Sediment 900 500
Sulphate reducing Desulfovibrio sp. F16l IODP Leg 307 965 425
Epsilonproteobacteria  Fermenting Arcobacter sp. F171X IODP Leg 307 781-815 254.17
Fermenting/ DMSO reducing  Arcobacter sp NA103 HS North Sea Tidal Flat Sediment intertidal > 0.05
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3.2 Aerobic media for the cultivation of microorganisms

3.2.1 Oxic YPGL-medium

The oxic YPGL medium is based on the basal medium published by Coolen and
Overmann (2000). This medium was used for cultivation of aerobically growing
isolates (Table 2.4). In addition to the basal medium it contains yeast extract,
peptone, glucose and lactate.

The ingredients were added to ddH,0 and stirred until fully dissolved. The
pH was adjusted to 7.2-7.4 using NaOH. The medium was autoclaved for 60 minutes
at 121°C. Vitamins and substrates were added from sterile stock solutions after the

autoclaved medium was cooled to room temperature.

Table 2.4: Composition of oxic YPGL medium based on basal medium
Added before autoclaving

ddH,0 1000 ml HEPES 238¢g
NaCl 2432¢g KBr (0.84 M) 1 ml
MgCl,  6H,0 10.00 g H;BO; (0.4 M) 1 ml
CaCl, 2H,0 1.50 g SrCl, (0.15 M) I ml
KCl 0.66 g NH,CI (0.4 M) 1 ml
Trace element sol. 1 ml NaF (0.07) 1 ml
Selenite tungstate sol. 0.2 ml

Peptone 0.06 g Yeast Extract 003 g

Before autoclaving pH was adjusted to 7.2 - 7.4

Added after autoclaving from sterile stocks
10-Vitamin Sol. (5x conc.) 2 ml

Glucose (1 M) 1.25 ml

Na-Lactate (1 M) 1.25 ml

3.2.2 Nutrient Broth medium

Nutrient Broth No.2 was purchased from Merck (Darmstadt, Germany). Following
the instructions 25 g were dissolved in one litre of ddH,O resulting in a final
concentration of 10g meat extract, 10g peptone, and Sg NaCl per litre.
Additionally, ingredients of basal medium were dissolved (only 19.32 g NaCl). It

was further processed as described above (see 3.2.1).
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3.2.3 Marine Broth medium

Difco Marine Broth granules were purchased from BD (Oxford, UK). Ingredients
(37.4 g per litre; Table 2.5) were dissolved in one litre ddH,O and processed as
described above (see 3.2.1).

Table 2.5: Composition of Marine Broth medium.
Added before autoclaving

ddH,0 1000 ml NaHCO; 0.16 g
Peptone 500¢ KBr 0.08¢g
Yeast extract  1.00 g SrCl, 34.0 mg
Ferric citrate  0.10 g Boric acid 22 .0mg
NaCl 1945 g Sodium silicate 4.0 mg
MgCl, 590¢g Sodium fluoride 24 mg
MgSO, 324 ¢ Ammonium nitrate 1.6 mg
CaCl, 1.80 g Di-sodium phosphate 8.0 mg

3.2.4 Acrobic cultivation on agar plates

To prepare agar plates 300 ml of agar (4%, Fisher Scientific. [.oughborough. UK)
were added to 700 ml of medium. The agar was washed three to five times in ddH,O
prior to autoclaving for 45 minutes at 121°C. The medium was preheated to 60°C in
a water bath before mixing with agar and then gently poured into Petri dishes (Fisher
Scientific, Loughborough, UK). The plates were left to cool down and later sealed
with gas-permeable Nesco Film (Bando Chemical Ind. Ltd., Kobe, Japan) to prevent

them from drying out.

3.3 Anacrobic media for the cultivation of microorganisms

3.3.1 Preparation of anoxic basal medium

To prepare anoxic basal medium a vessel designed by Widdel (1980. PhD Thesis,
University Gottingen, Germany) was used (manufactured by Ochs Glasgeraetebau.
Bovenden-Lenglern, Fig. 2.5). The ingredients for were dissolved in ddH,O (Table
2.6). The bell was wrapped in aluminium foil; the cotton-filled glass socket was

sealed with a rubber stopper. One of the two screw caps remained slightly open to
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avoid damage to the vessel due to pressure build-up during autoclaving for 60
minutes at 121°C. The medium was taken out of the autoclave at around 80°C as at
this temperature almost no gas (including oxygen) is dissolved. The hcadspace was
flushed with oxygen-free N»/CO, (80/20, v/v, pressure approximately 5 kPa) or
H2/COs> (80720, v/v) for up to 20 minutes with open screw caps. Subsequently. the
screw caps were closed and the medium was cooled down whilst stirring. As
overpressure was applied resulting in an outflow of sterile gas upon opening of the

screwcaps airborne contamination is extremely unlikely.

Caton
Filer

| Stk
¥ Addinons

C Bl

) - _,; Maziictk
QW,Q Strrny

Fig. 2.5: Widdel flask for preparation of anoxic medium. (Figure courtesy of Dr. Henrik Sass)

After the medium had cooled down vitamins, NaHCOs- solution (~ 0.5M). and
substrates were added from sterile stock solutions. The medium was reduced by
using either sterile sodium dithionite crystals until the redox indicator (resazurine)
turned colourless or FeS (as 1.2 mixI" Na,S [0.8 M] and 0.5 mIxI"" FeCl, [IM]).
When reducing with FeS resazurine was omitted because a colour change from black
FeS to red/brown Fe;O3 would occur due to oxidation upon exposure to oxygen.
After 15 minutes the pH was checked and, if necessary, adjusted to pH 7.2-7.4 with
cither sterile NaHCO; (~0.5M) solution or sterile HC1 (1M) Afterwards the medium
was transferred into sterile bottles or tubes under the bell leaving only a small gas

bubble in the respective vials.
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Table 2.6: Composition of anoxic basal medium.
Added before autoclaving

ddH,0 1000 ml KBr (0.84 M) Iml

NaCl 243 ¢ H;BO; (0.4 M) 1 ml

MgCl, 6H,0 10.00g  SrCl,(0.15 M) | ml

CaCl, 2H,0 1.50 g NH,CI (0.4 M) I ml

KClI 0.66 g KH,PO, (0.04 M) 1 ml

Na,SO, 400¢g NaF (0.07) 1 ml

Trace element sol. 1 ml

Selenite tungstate sol. 0.2 ml Resazurine (2 M) I ml o
Added after autoclaving from sterile stocks

10-Vitamin Sol. (5x conc.) 2 ml Reducing agent Sodium dithionite or FeS

~ NaHCOs-solution

3.3.2 Anoxic medium for heterotrophic bacteria

To isolate general heterotrophic prokaryotes from drilling sites of IODP l.eg 307
monomer-medium was used. First anoxic basal medium (Table 2.6) was prepared.
After it cooled down the following substrates were added before distributing the

medium into smaller vials (Table 2.7).

Table 2.7: Substrates added to anoxic basal medium for general heterotrophic bacteria
Add to 1. medium after autoclaving (add from sterile stock solutions)
NaNO; (0.5 mmol-I"' final concentration)
Amino acids (containing the 20 common L-amino acids; final concentration 0.1 mmol-, each)
TCA (containing lactate, malate, fumarate, succinate: final concentration 0.1 mmol-1"", each)
Alcohols (containing methanol, ethanol, n-propanol and »-butanol; final conc. 0.1 mmol1"', each)
Fatty acids (containing formate, acetate, propionate, butyrate, valerate, caproate; final conc. 0.1
mmol-I"', each)

Glycerol (stock solution 1 mol-I"", final concentration 0.1 mmol-]")
Glucose (stock solution 1 mol-I"", final concentration 0.1 mmol-l")
FeCl,(1 M in 0.1 M HCI) (reducing agent) 0.5ml
Na,S (1 M) (reducing agent) 1.2 ml

3.3.3 Anoxic medium for metal-reducing bacteria

In order to enrich and isolate metal-reducing bacteria from samples of IODP cruise
307 the anoxic basal medium (Table 2.6) was supplemented with the following
substrates (Table 2.8). Sodium dithionite was used as a reducing agent. Amorphous
iron hydroxide and manganese oxides were prepared according to Kopke er al.
(2005). Iron hydroxide was prepared by titrating 8.0 g FeCl3; H,O into 70ml ddH,0
containing NaOH (final pH 7.0). Afterwards the precipitate was washed twice in
ddH-O and resuspended in ddH,O (final concentration 400 mM).

- 46 -



Chapter I1I: Material and Methods

Table 2.8: Additions to anoxic basal medium for metal-reducing bacteria
Add to 1L medium after autoclaving (add from sterile stock solutions)
Sodium lactate (3 mmol-I"* final concentration)
Sodium acetate (5 mmol-I"" final concentration)
Sodium formate (2 mmol-I"' final concentration)
Sodium propionate (2 mmol-I"* final concentration)
Sodium butyrate (1 mmol-l"’ final concentration)
Amorphous iron hydroxide (20 ml-1", final conc. approx. 20 mmol-1"')
Manganese oxides (10 ml-I"", final conc. approx. 10 mmol-I"")

In order to prepare amorphous manganese oxides, 2 g of H,0, (35%) were dissolved
in 50 ml of a MnCl; solution (1 M). Dropwise addition of 10 ml of NaOH (4 M) was
necessary to start the reaction. The mixture was then centrifuged (20.000xg) for 10
minutes. Subsequently the supernatant was treated again with H>O, and NaOH. The
particulate manganese oxides were eventually resuspended into ddH,O (50 ml) and

autoclaved resulting in a mixtures of MnOOH and MnOQ,.

3.3.4 Anoxic freshwater medium for sulphate-reducing bacteria

Desulfovibrio desulfuricans subsp. desulfuricans (DSM 642, Type strain Essex 6) is
a freshwater sulphate reducer. For its cultivation the medium described by Widdel

and Bak (1992) was used (Table 2.9).

Table 2.9: Anoxic medium for freshwater sulphate reducers

Add before Autoclaving

ddH,0O 1000 ml
KH,PO, 0.1g

NH,CI 0.1g

NaCl 025g

KCl 0.1g

MgCl, 7H,O 032¢

CaCl, . 2H,0 0.lg
Resazurine sol. (2 M) 0.5ml
Selenite tungstate sol. 0.2ml

Trace element solution 1.0 ml
Na,SO, 142 i
Add after Autoclaving from sterile stocks »

1 M NaHCOs;-Sol. (autoclaved) 2.5¢ in 30 ml
Vitamin Sol. 2.0 ml

3.3.6 Anacrobic cultivation on agar plates

For anaerobic cultivation on agar plates the washed agar was flushed with oxygen

free nitrogen for 10 minutes and autoclaved under a nitrogen atmosphere. Both agar
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and anoxic medium were transferred into an anaerobic cabinet (Modular Atmosphere
Controlled System, Don Whitley Scientific, Shipley. West Yorkshire. UK)
containing a nitrogen, carbon dioxide, and hydrogen atmosphere. Hot agar and
medium (heated to about 60°C) were mixed and poured gently into Petri dishes and
later sealed with Nesco Film (Bando Chemical Ind. Ltd., Kobe, Japan). Plates were
transferred either into bags containing Anaerocult A mini (Merck, Darmstadt,
Germany) and scaled with an Anaeroclip (Merck. Darmstadt. Germany) or into
anaerobic jars (Oxoid, Basingstoke, UK) containing Anacrocult A (Merck.
Darmstadt, Germany). In both cases an oxygen indicator (Anaerotest, Merck,
Darmstadt. Germany) was added. which changes colour if oxygen is present (from

white to blue).

3.3.7 Composition of DSMZ media

a) Anoxic medium for acetogens

Acetogens were used in starvation experiments. Medium was prepared according to

DSMZ (Medium 135; Table 2.10).

Table 2.10: Anoxic medium for acetogens
Add before autoclaving

ddH-0 1000 ml MgSO, 7 H,0 0.10g

NH,CI 1.00 g Yeast Extract 200g
KH-PO, 033¢g Resazurine 1.00 mg
K-HPO;, 045¢g Trace Element Sol. I ml i
Add after autoclaving from sterile stocks

Vitamin solution 2.00 ml

Cysteine-HCl H.O sol.  25.00 ml Na,S 9H,0 0.50¢g
NaHCO; solution 100.00 ml FeSO, 0.50 g

For cultivation of Acetobacterium malicum fructose was added at a final
concentration of 0.01% (w/v) and the pH was adjusted to 7.2-7.4. For maintenance
A. malicum was subsequently grown in anoxic freshwater medium (Table 2.10) with

lactate (20mM).

b) Anoxic medium for sulphate reducers

Sulphate reducers from different origins were used in starvation experiments. For
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initial cultivation of marine strains medium was prepared according to the DSMZ

recipe (Medium 383; Table 2.11).

Table 2.11: Anoxic medium for marine sulphate reducers
Add before autoclaving

ddH,0 1000 ml MgCl, 6H.0 3.00 ¢
NaSO, 3.00g KCl 0.50 g
KH,PO, 020 ¢ CaCl, 2H,0 0.15¢
NH,CI 030¢g Resazurine (2 M) 2.00 ml
NaCl 21.00g Selenite tungstate sol. 1 ml

Other solutions to autoclave:
Na,SeO; x 5 H-0 sol. 1 ml of stock solution (3 mg I'"in 0.01 M NaOH)

NaHCO; 2.50 g in 50 ml ddH,0

Add after autoclaving from sterile stocks

Vitamin solution 2.00 ml NaHCO; solution 50.00 ml
FeCl, IM Na,S 0.8 M

After autoclaving the medium was cooled down under a N/CO; (80%/20%: v/v)

atmosphere.

3.3.8 Composition of supplement solutions

The composition of the trace element solution (Widdel and Pfennig, 1981) is listed in
Table 2.12. Ingredients were dissolved and the pH was adjusted to 7.0 using KOH.
After autoclaving the solution was filled into Pfennig bottles. Ingredients for the
vitamin solution (Balch et al., 1979) were dissolved in ddH,O (Table 2.15) and filter

sterilised into 50 ml Pfennig bottles and stored at 4°C in the dark.

Table 2.12: Composition of trace element solution and vitamin solution

Trace element solution Vitamin solution
Compound Amount added Compound Amount added
Hydrochloric acid , 25% 10 ml Biotin 10.0 mg
FeCl, 4 H-O 1500 mg Folic acid 10.0 mg
CoCl; 6 H>0 190 mg Pyridoxine-HCI 50.0 mg
MnCl; 2 H,O 100 mg Thiamine-HCl 2 H,O  25.0 mg
ZnCl, 70 mg Riboflavin 25.0 mg
Na,MoQ; 2 H,0 36 mg Nicotinic acid 25.0 mg
NiCl, 6 H,O 2dmg D-Ca-pantothenate 25.0mg
H;BO; 6 mg Vitamin B, 0.5 mg
CuCl, 5§ H,O 2mg p-Aminobenzoic acid 25.0mg
dd H,0 1000 ml Lipoic acid 25.0mg
dd H,O 1000 ml

The compounds for the selenite-tungstate solution (Table 2.13: Widdel and Bak
1992) were added into 1000 ml of ddH,O. After autoclaving it was aliquoted into

Pfennig bottles and stored at room temperature.
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Table 2.13: Composition of selenite-tungstate solution

Compound Amount added
NaOH 04 gl
Na-.SeO; 5 H,0 6 mg,l'I
NawO, 2 H,0 §mgl’

3.4 Determination of culturable cells counts using the Most Probable
Number method

The Most Probable Number method (MPN) was used to determine the number of
culturable cells in a given sample. For this a dilution series in appropriate medium
was prepared using three or five parallels in 96-deep-well plates (Beckman Coulter
UK Ltd. Bucks, Buckinghamshire, UK; S} er al., 2004, Kopke er al.. 2005). MPN
plates were incubated in the dark at the appropriate temperature for the organisms.

For anaerobic prokaryotes MPN series were prepared in an anaerobic
chamber (Modular Atmosphere Controlled System. Don Whitley Scientific. Shipley,
West Yorkshire, UK).

To 900 uL of growth medium 100 pL of culture (diluted if necessary) were
added and subsequently diluted. Between different strains or samples at least one row
of medium-containing wells was left uninoculated as negative controls and blanks for
later analysis (see 3.5). The plates were covered with sterile lids (Capmat, Beckman
Coulter Inc, Fullerton CA, USA), which seal each well separately to avoid cross
contamination. Anaerobic MPN plates were incubated in sealed bags containing
Anaerocult A mini (Merck, Darmstadt, Germany).

When the MPN technique was used for sulphate-reducing bacteria, Na,S was
replaced as a reducing agent by dithionite during preparation of the anoxic basal
medium (Table 2.6). As these organisms produce H,S, black FeS will precipitate and

indicate their activity. Wells containing FeS were therefore counted positive.

3.5 MPN analysis using a Sybr*Greenl fuorescence aproach

To analyse growth in MPN plates the technique described by (Martens-Habbena and
Sass, 2006) was used. According to the authors it is a sensitive method to detect low
but significant growth in aqueous suspension. From each MPN well 200 ul of culture

were transferred into black microtiter plates (Nunc-Immuno™ 96 MicroWell™ Plates
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F96, Nunc GmbH & Co. KG., Wiesbaden, Germany); 50 ul of Sybr*Greenl solution
(Molecular Probes, Invitrogen Corporation, Carlsbad, USA; 1:2000 diluted in TE
buffer [200 mM Tris-HCI, 50 mM sodium EDTA, pH 8.0]) were added resulting in a
total dilution of 1:10000 for Sybr*Greenl. Plates were incubated in the dark and
fluorescence was measured after 4 and 20 hours (Excitation 485 nm/Emission
530 nm) using a plate reader (Fluorocount'™, Packard Biosciences Company UK)
attached to a Xcnon Fiberoptic Lightsource. The reading parameters were set to a
read length of 0.5 seconds. photomultipler tube (PMT) of 900 V. and a gain of 1.0.
The gain allows amplification of weak signal levels and interacts with the PMT
value. The PMT setting controls the voltage of the photomultiplicr tube. which
controls the signal intensity that is emitted from the machine. According to the
manual of the plate reader a setting of gain 1.0 and PMT 1100 is optimal. For most
samples analysed this resulted in a reading off the scale and hence the PMT was
lowered to 900 V.

To determine growth in individual MPN wells, measured fluorescence
readings of blank wells of each plate were averaged and five times the value of the
standard deviation was added. This value was then subtracted from all measured
sample wells. If the resulting value was greater than zero the well was accounted
positive for growth. Using the tables of de Man (1983) the most probable numbers of

culturable cells for the original samples could be determined.

3.6 Phenotypical testing of isolates

3.6.1 Substrate tests

Isolates obtained tfrom IODP Leg 307 were tested in regard to their substrate spectra.
For this 59 different substrates (Table 2.14) were chosen and utilization was tested
using a microtitre approach (Suf} e al., 2008). Substrates from sterile stock solutions
were diluted in oxic basal medium and 180 ul of each mixture were transferred into

96-well plates (Fisher Scientific, Loughborough, UK).
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Table 2.14: Substrate used for substrate spectra tests.

Substrate Final Substrate Final Substrate Final
Concentration Concentration Concentration
Peptone 0.2% Rhamnose 10 mM Methanol 10 mM
Casamino Acids 0.2% Mannitol 10 mM Ethanol 10 mM
Yeast Extract 0.5% Sorbitol 10 mM Propanol 5mM
Cellulose 0.2% Formate 10 mM Butanol 5mM
Starch 0.1% Acetate 10 mM Glycol 10 mM
Chitin 0.25% Propionate 10 mM Glycerol 10 mM
Xylan 0.1% Butyrate 5mM Tween 80 0.05%
L.aminarin 0.25% Valerate 5mM Alanine 20 mM
Sucrose 5 mM Caproate 5mM Arginine 10 mM
Cellobiose 5mM Caprylate 5mM Cysteine 10 mM
Maltose 5 mM Crotonate 10 mM Glutamine 12.5 mM
Lactose 5mM Malonate 1S mM Glutamate 10 mM
Glucose 10 mM Succinate 15 mM Serine 20 mM
Fructose 10 mM Fumarate 15 mM Isoleucine 10 mM
Mannose 10 mM Malate 15 mM Phenylalanine 5mM
Galactose 10 mM Glycolate 20 mM Tryptophane SmM
Xylose 10 mM Lactate 20 mM Methylamine 20 mM
Arabinose 10 mM a-Ketoglutarate 10 mM Betaine 20 mM
Gluconate 10 mM Citrate 10 mM Benzoate 2.5mM
Glucosamine 10 mM Salicylate 2.5mM

For inoculation, 50 ul cell suspensions with a cell concentration of ~10° cells ml”
were used. On each plate and for each substrate one well served as a negative
control. All tests were done in duplicate. Cultures were incubated in the dark at room
temperature for four weeks and analysed by visual inspection (pellet formation) or

microscopy.

3.6.2 Tests for anacrobic growth

Isolates obtained from 10ODP Leg 307 were tested in their ability to grow under
anoxic conditions. Anoxic basal medium was supplemented with casamino acids or
glucose (test for fermentation) or with electron acceptors (Table 2.15). Then 900 ul
of each mixture were transferred into 96-deep-well plates (Beckman Coulter UK Ltd.
Bucks, Buckinghamshire, UK) and inoculated. On each plate one well for cach
substrate/electron acceptor served as a negative control. Cultures were incubated in
the dark at room temperature, for four weeks and analysed by visual inspection and
ion chromatography. Additionally, the usage of dimethyl sulfoxide (DMSQ) and
9,10-anthraquinone-2,6-disulfonate (AQDS) was tested in screw cap glass tubes with
final concentrations of 10 mM and 4 mM, respectively (Sil e al., 2008). All tests

were done in duplicate.
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Table 2.15: Substrates and electron acceptors for anaerobic growth tests.

Substrate  Final Concentration Electron Acceptor  I'inal Concentration
Casamino acids 0.2% Thiosulphate 10 mM
Glucose 10 mM Ferric citrate 10 mM
Fe(OH), 40 mM
MnQO, 25 mM
NaNO; 10 mM
Sulphur 20 mM

3.6.3 Tests for salinity range and optimum

Isolates obtained from IODP Leg 307 were tested in their ability to grow at different
salinitics (Table 2.16). A range of different salinities was produced by mixing
different amounts of freshwater and marine medium with a high percentage saline
solution (NaCl: 29%: MgCl;: 1.8%). The solutions were then transferred into 96-well
plates (Fisher Scientific, Loughborough, UK) and inoculated. On each plate and for
each salinity. one well served as a negative control. Cultures were incubated in the
dark at room temperature for five days. Growth was determined by optical density
(ODggp) measurecments using a microplate reader (MRX, Dynex Technologies,

Cantilly, VA, USA). All tests were done in duplicate.

Table 2.16.: Range of salinities tested.
Final Salinities [%] Final Salinities [%]

0.10 5.01
0.20 7.51
0.50 10.00
0.75 12.54
1.00 15.04
1.50 17.54
2.53 19.95

3.6.4 Tests for pll range and optimum

To test the pH range and optimum for growth of isolates. oxic YPGI. medium was
used. During preparation six buffers were added instead of the commonly used
HEPES resulting in different pH of the respective assay (Table 2.17; Kaksonen et al.,
2006). Tests were performed in glass tubes and in duplicates. After three days of
incubation ODgy was determined using a spectrophotometer (Cary 50 UV-Vis

spectrophotometer, Varian Inc., Palo Alto, CA, USA) with attached dipper, which
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was submerged in the bacterial suspension. Readings for each tube were measured in

triplicate and averaged.

Table 2.17: Buffers used for tests of pH range and optimum

Name Abbreviation  Concentration  Final
[mmol] pH

Morpholineethanesulfonic acid MES 10 5.93
Piperazine-N,N’-bis-(2-ethanesulfonic acid) PIPES 10 6.70
Morpholine propanesulfonic acid MOPS 10 7.30
4-(2-Hydroxycthy!l)piperazine-1-ethanesulfonic acid HEPES 10 8.06
2-Amino-2hydroxymethyl-propane-1,3-propanediol TRIS 10 8.43
2-(N-cyclohexylamino)ethanesulfonic acid CHES 10 9.11
3-(cyclohexylamino)-2-hydroxypropane-sulfonic acid CAPSO 10 941

3.6.5 Antibiotic resistance tests

Isolates obtained from IODP Leg 307 were tested in regard to their antibiotic
susceptibility and to determine minimum-inhibitory concentrations. For this dilute
marine broth medium was used in a microtitre approach (Reeves et al.. 1980). which
is recommended by the American Society of Microbiology (Murray er al.. 1995).
Antibiotics were diluted (two-fold steps) from 256 to 0.00195 pg ml” for
chloramphenicol, erythromycin, gentamycin, kanamycin, streptomycin, tetracycline,
and trimethoprim or from 3200 to 0.0244 U for penicillin G (all final concentrations.
Sass er al., 2010). These solutions were inoculated with 100 ul of bacterial
suspension (~10° cells ml™). Cultures were incubated for five days in the dark and at
room temperature. Growth was considered positive by visual inspection (pellet

formation).

3.6.6 Tests for vitamin requirements

To test isolates for their vitamin requirements the latter were omitted during
preparation of YPGL medium. Strains that were able to grow without vitamins for
five consecutive subcultures were considered prototrophic. Strains that did not grow
were investigated further. For this eight different assays were prepared each lacking
one of the following vitamins (Sass ef al., 2010): p-aminobenzoate, biotin, folate,

lipoate, nicotinate, pantothenate, pyridoxine, and thiamine. If growth in one of these
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cultures did not occur (visual inspection) strains were considered auxotrophic for the

particular vitamin. Tests were performed in duplicates.

3.6.7 Tests for temperature range and optimum

To test the temperature range and optimum for growth of isolated strains from 10DP
Leg 307 YPGL agar plates were prepared and incubated at different temperatures
(ranging from 2°C to 42°C). Growth was checked between three days and up to two
weeks of incubation and scored depending on strength of growth (“++" for strong
positive, “+ positive, or - no growth). The isolated Desulfovibrio sp. strain was
incubated at the same temperatures but in liquid, anoxic SRB Medium (Table 2.11)
was used.

For the species description of Ornithinimicrobium sp. F18IV liquid YPGL
medium (with 4 mM glucose) was used to determine specific growth rates (p) at
certain temperatures (4°C. 10°C. 15°C, 20°C. 25°C. 30°C. and 36°C). Incubations
were performed in triplicates in small Erlenmeyer-flasks, continuously shaken at 150
rpm (Orbital Shaker 3019, GFL mbH, Burgwedel, Germany) to allow sufticient
oxygen supply. ODggp of the growing culture was checked over time on subsamples
using a spectrophotometer (Cary 50 UV-Vis spectrophotometer, Varian Inc., Palo
Alto, CA, USA) using polystyrene cuvettes (semi-micro, 1.6 ml, Fisher Scientific,
Loughborough, UK). Readings of each parallel were done in triplicate and averaged.
When ODgoo reached 0.5 the subsample was diluted with original medium to
decrease the cell concentration in the cuvette. Specific growth rate was calculated as
follows:

Inx, —Inx,

Eq.3) u=

11,

3.6.8 Phenotypical characterisation of isolates using solid media

For the physiological characterisation of bacterial isolates agar plates with different
amendments (Table 2.18; Gerhardt et al., 1994) to the above-mentioned aerobic
media or commercially available tests were used. Agar plates were prepared (as

described in 3.2.4), inoculated, and incubated in the dark at room temperature for
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three to five days. Results of these tests were either visible after growth or certain

treatments were necessary (see below).

Table 2.18: List of YPGL media amendments for phenotypical characterisation of isolates.

Amendment Concentration (g1") Purpose
Agarose (replacing the Agar) 13g Liquefaction of agarose
Casein 1-10 g Extracellular cascinase activity
Gelatine (replacing the Agar) 12¢ Liquefaction of gelatine
Phenolphthalein phosphate 10g Extracellular phosphatase activity
Tween 20 10g Extracellular lipase activity
Tween 80 10g Extracellular lipase activity
Urea 20g Urease activity

o Agarose liquefaction
To test for agarose liquefaction YPGL medium was autoclaved with 1.3%
agarose and poured into Petri dishes. Strains were determined positive for

liquefaction if the agarose became fluid.

o Cascinase activity
Casein was added to YPGL medium and was visible as a precipitate within the
agar plates. Extracellular enzyme activity was determined as positive if a clear

zone appeared around individual colonies.

o Gelatinase activity
Two tests for gelatinase activity were used. In the first the agar was replaced
completely by gelatine and mixed with YPGL medium. When extracellular
gelatinase was active this resulted in liquefaction of the gelatine. Also, a
commercial test medium was purchased from Condalab (Madrid, Spain). Fifty
grams of dehydrated medium were dissolved in one litre of ddH,O resulting in
the following concentrations: peptone (10 g I, NaCl (5 ¢ 1), agar (15 g I'").
beef extract (10 g 1), and gelatine (10 g I'"). To determine gelatinase presence.
plates were covered with saturated ammonium sulphate solution resulting in

clear zones around gelatine-liquefying colonies.

o Lipase activity
Extracellular lipase activity was investigated using different substrates. Tween
20 and 80 were individually added to YPGL medium and poured into Petri

dishes after autoclaving. If enzyme activity is present opaque halos (crystals of
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calcium soaps) appear in the immediate surrounding of colonies. In addition. a
commercial test (Difco™ Spirit Blue Agar) was purchased (BD, Oxford, UK)
consisting of Casein (10 g '), yeast extract (5 g I™"). agar (20 g I'"). and Spirit
Blue (0.15 g I'": indicator of lipolysis). Lipid Reagent (containing tributyrin
and polysorbate 80) was added from sterile stock after autoclaving. Here.

lipase activity resulted in a halo around colonies.

o Phosphatase activity
Dinitrophenyl phosphate (from sterile stock solution) was added to sterile
Y PGL medium (final concentration 0.01%) to investigate phosphatase activity.
To determine presence of the enzyme, ammonia was poured into the lid of the
Petri dish, which was then covered with the colonies facing down. If positive

for phosphatase, the area around colonies turned into a bright pink colour.

o Starch hydrolysing enzyme activity
Difco™ Starch Agar was purchased from BD (Oxford, UK). Following the
instructions, 25 g of the dehydrated medium were dissolved in one litre of
ddH,0 resulting in the following concentrations of beef extract (3 g 1), starch
(10 g I'"; soluble), agar (12 g I'") and subsequently autoclaved. After growth of
colonies the plate surface was covered with Gram’s iodine solution resulting a

clear zone around colonies positive for starch hydrolysing enzymes.

o Urease Activity (Gerhardt ef al., 1994)
Cells were grown in YPGL agar plates amended with urea (2%) and phenol red

0.001%). After incubation a red-violet colour indicated urease-positive strains.
p

3.6.9 Phenotypical characterisation of isolates in liquid media

To complement the physiological characterisation of bacterial isolates certain
additions to YPGL Medium (Table 2.4) were made. The amended media were

inoculated and subsequently incubated in the dark at room temperature for three to

five days (Gerhardt e al. 1994).
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o Arginine dihydrolase activity
Basal medium in tubes for anaerobic growth was amended with 1% L-arginine
monohydrochloride. Tubes were examined for a colour change (from yellow)
due to an increase in the pH if activity is present. Weak reactions result in a

bluish grey colour whereas positive tubes turned violet or reddish-violet.

o Catalase activity
Colonies were transferred from agar plates into a drop of 3% hydrogen
peroxide on a glass slide using a nonmetallic inoculation loop. Catalasc is

present if bubbles are formed.

o Esculin hydrolysis
Cultures were grown in basal medium amended with 0.05% esculin (6,7-
dihydroxycoumarin 6-glucoside) and 0.05% ferric citrate. Cultures were
considered positive if medium turned brownish black due to the reaction of

6,7-dihydroxycoumarin and Fe’*.

o Hippurate hydrolysis
Basal medium was amended with sodium hippurate (1%) and transferred into
screw-cap tubes. After incubation, increments of 0.1 ml of ferric chloride
solution (FeCl;x6H>0 in 100 ml of 2% HCI) were added into a control tube
resulting in a precipitate of iron hippurate, which during further additions
dissolved. The smallest total amount of ferric chloride that caused the
precipitate to dissolve was noted down. The supernatant of incubated cultures
was then amended with the smallest total amount of ferric chloride determined.
Cultures were considered positive for enzyme activity if a heavy, permanent

precipitate of iron benzoate formed.

o Indol production from Tryptophane (Kovac-Test)
Basal medium (frec of carbohydrates and nitritc) was amended with I.-
tryptophane (0.1%). After incubation 0.5 ml Kovacs® reagent (3 g p-Dimcthyl-
aminobenzaldhyde in 75 ml pentanol or butanol and 25 ml HCI, concentrated)
were added and the tube was gently shaken. If the colour of the medium

changed to red, strains were considered positive for indo! production.
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o Lysine decarboxylase
See arginine dihydrolase activity (above). Instead of arginine, 1% L-lysine

dihydrochloride was added.

o Ornithine decarboxylase
See arginine dihydrolase activity (above). 1% L-ornithine dihydrochloride was

added instead of arginine.

4. Molecular biological techniques

Molecular biological techniques were employed to either determine the phylogenctic
affiliation of isolates from IODP Leg 307 or to determine the phylogenetic
community composition of sediment samples (Tamar Estuary sediment and

subsequent slurry experiments).

4.1 DNA extraction from pure cultures

Colonies from agar plates were transferred into small reaction vials. Depending on
the amount of biomass, 50 ul to 100 ul Chelex solution (5%, BioRad, Hemel
Hempstead. Hertfordshire. UK) was added. Vials were heated in boiling water for
five minutes and subsequently rapidly cooled on ice for five minutes. This “freeze
and thaw” procedure was repeated three times. The cell extract served as template for

DNA amplification via Polymerase Chain Reaction (PCR).

4.2 DNA extraction from sediment samples

To guarantee a successful PCR amplification of DNA extracted from sediment
samples the commercial FastDNA® SPIN Kit for Soil (QBiogene. Cambridge. UK)
was purchased. Following the manufacture’s protocol 500 mg of sediment were
transferred into Lysing Matrix E tube and 978 pl sodium phosphate buffer and
122 ul MT buffer were added. The mixture was homogenized for 1 minute using a

Vortex mixer and subsequently centrifuged (14,000xg for 5-10 minutes, Centrifuge
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5415, Eppendorf AG, Hamburg, Germany). The supernatant was then transferred
into a clean 2 ml microcentrifuge tube and 250 pl Protein Precipitation Solution was
added. The mixture was shaken by hand for 30 seconds followed by centrifugation.
Afterwards the supernatant was transferred into a clean 1.5 ml reaction vial. The
binding matrix was resuspended and 1 ml of the suspension was added into the
1.5 ml vial. For binding of the DNA the vial was shaken by hand for 2 minutes and
then allowed to set for 3 minutes. Subsequently 500 pl of the supernatant were
discarded and the binding matrix was resuspended in the remaining supernatant.
After transferring 600 pl of the mixture onto a SPIN™ Filter it was centrifuged for 1
minute. The catch tube was emptied and the remaining binding matrix mixture was
added and centrifuged again. Afterwards the pellet was resuspended in 500 ul of
cthanol containing SEWS-M and centrifuged for 1 minute, the catch tube was
emptied and again centrifuged for 2 minutes followed by replacing the used catch
tube with a clean one. The SPIN'™ Filter was allowed to air dry for 5 minutes at
room temperature und afterwards 50-100 pl of DNase/Pyrogen-frec water was added
and centrifuged to elute DNA, which was subsequently stored at -20°C. (Francis er

al., 2005; Mincer et al., 2005)

4.3 Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction was invented by Mullis and Faloona (1987). It uses
the bacterial enzyme DNA-polymerase to amplify specific regions of template DNA.
In microbial ecology PCR is widely used to investigate the microbial community
composition of samples. During this project it was used to amplify the 16S rRNA
gene in the process to identify isolates from samples of 10DP Leg 307 and to
determine community compositions of sediment samples and slurry experiments.
Therefore, specific primers were used, which determine/bracket the target gene on
the DNA (Table 2.19).

The 16S ribosomal RNA gene is used to affiliate microorganisms to their
closest relatives. For supposedly pure cultures primers 27f and 1492r were used
(numbers correspond to the position in the gene of E.coli). To investigate whether
still consisted of more than one strain and for community composition analysis

primers 357FGC and 907R for denaturing gradient gel electrophoresis (DGGE) were
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Table 2.19: Primers used during PCR.

Primer Sequence
8F (Lane et al., 1991) 5’-AGA GTT TGA TCM TGG CTC AG-3’
357F (Muyzer et al., 1993) 5’-CCT ACG GGA GGC AGC AG-3’
907R (Muyzer er al.. 1998) 5’-CCG TCA ATTCMT TTG AGT T1-3°
1492R (Lane et al., 1985) 5’-GGTTACCTT GTT ACG ACT T-3°
GC clamp (Muyzer et al., 1993) 5-CGC CCG CCG CGCCCC GCG CCC GGL CCG CCG

Ccccccg eeee-s

MI3F (O’Sullivan et al., 2008) 5’-GTA AAA CGA CGG CCA G-3°
MI3R (O’Sullivan er al., 2008) 5’-CAG GAA ACA GCT ATG AC-3
109F (Grosskopf er al., 1998) 5’-ACK GCT CAG TAA CACGT-3’
958R (Del.ong, 1992) 5’-YCC GGC GTT GAM TCC AAT T-3°
SaF (Nicol et al., 2003) 5’-CCT AYG GGG CGC AGC AGG-3

PARCHSI9R (Ovreas et al., 1997) 5’-TTA CCG CGG CKG CTG-3°

used. One of the DGGE primers (GC351) has a *“tail” of guanosine and cytosine
bases. When amplified this tail becomes a GC-clamp (Muyzer e/ al., 1993) in the
double stranded DNA. Because the GC pair in the DNA strand develops three
hydrogen bonds it is relatively resistant to denaturing. This characteristic is later used

in the DGGE.

4.4 Agarose gel electrophoresis

To check for successful DNA amplification during PCR, agarose gel electrophoresis

™ (Molecular Probes, Invitrogen

with incorporated staining of DNA with SybrSafe
Corporation, Carlsbad, USA) was used. Agarose was dissolved in 1xTAE buffer
(1.2% w/vol, Severn Biotechnology, Kidderminster, Worcestershire) and heated in
the microwave for 2 minutes. The dissolved agarose solution was cooled down for a
few minutes at room temperature and 10 ul of SybrSafe'™ was added. The still
liquified agarose was poured into electrophoresis trays. Two combs were put into the
gel creating wells into which the samples were pipetted later. The gel was left to
solidify for 20 minutes. The gel was loaded with DNA, 5 pl of PCR product was
mixed with 1 ul of loading dye (Fermentas Inc.. MD, USA) and then pipetted into
the wells. A marker (Hyper Ladder, Bioline, London, UK) was added at both sides of
the gel to ensure that the gel ran correctly and that the PCR product had the correct
length. A voltage of 100 mV was applied for 30 minutes using Powerpack 300
(BioRad, Hemel Hempstead, Hertfordshire, UK). DNA is charged negatively and
therefore migrates through the gel towards the anode in an electric field. Afterwards
the gel was inspected under UV light using in GeneGenius Bioimaging System

(Syngene, Cambridge, UK). Sybr®Safe™ binds to DNA and gives a clear
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fluorescence signal under UV light. Pictures were taken using GeneSnap software

(Syngene, Cambridge, UK) and GeneTool to estimate DNA concentrations.

4.5 Denaturing gradient gel electrophoresis (DGGE)

DGGE is a molecular tool to separate PCR products of similar same length but with
different sequences using a denaturing gradient (Muyzer ef al.. 1993). The amount of
GC pairs and their distribution within the DNA sequence determine at which position
in the gel the dsDNA fragments will start to denature/melt. The polyacrylamide gel
(8%) contains a gradient of increasing denaturing substances (urea and formamidc)
leading to the formation of single bands that ideally only contain copies of the same
sequence, which later can be excised and sequenced. DGGE can be used for
fingerprint analyses, for example, of changing bacterial communities over time or to
determine whether cultures are pure or still contain different organisms.

The strength of the denaturing gradient can be adjusted. In this study a 30-
60% denaturing gradient for bacterial 16S rRNA genes and a 0%-80% gradient for
archaeal 16S rRNA genes were applied using the stock solutions shown in Table

2.20.

Table 2.20: Preparation of stock solutions for DGGE-Gels.
Stock Solution

0% 30% 60%
Acrylamide (40%) 10 ml 20 ml 20 ml
Formamide - 12 ml 24 ml
TAE buffer (50x) I ml 2 ml 2ml
Urea 126 g 252¢
ddH-0O addto 50 ml  addto 100 ml  addto 100 ml

DGGE glass plates were thoroughly cleaned with SDS (1%) and rinsed with water to
prevent the presence of dust particles in the gel that would interfere with the electric
ficld and the migration of the DNA fragments. Glass plates were assembled and
mounted into the D Code System from BioRad (Hemel Hempstead. Hertfordshire,
UK). One millilitre of the 0% Stock solution was poured into the bottom to check for
potential leaks. A gradient mixer was then filled with the 60% stock solution in one
column, the 30% stock solution in the other. Stock solutions were amended with
86 ul ammonium persulphate (10%, BioRad, Hemel Hempstead, Hertfordshire. UK)
and 17 ul TEMED (Severn Biotechnology, Kidderminster, Worcestershire). These
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are necessary to start the polymerisation of the acrylamide. The higher concentrated
stock solution was filled in first and the gradient mixer then created a continuous
gradient with concentrations ranging from 60% denaturing at the bottom to 30% at
the top of the gel. The gel was left overnight to polymerise. The next day the 0%
denaturing stock solution was poured on top and a comb was placed on top of the gel
to crecate wells to place samples into. PCR product subsamples (8 pul) were mixed
with 2 pl of loading dye (Fermentas Inc., MD, USA) and pipetted into the wells. A
standard was added on each side of the gel. A 100 mV current was applied for 5
hours. The gel was then taken out and stained with Sybr*Gold (Molecular Probes.
Invitrogen Corporation, Carlsbad, USA) for 20 minutes and subsequently inspected
under UV light using GeneGenius Bioimaging System (Syngene, Cambridge, UK).
Prominent bands were excised with a sterile scalpel and transferred into 500 pl

reaction vials for washing.

4.6 Reamplification of bands

After excision. bands from the DGGE gel were washed in ddH,O (50-100 pl) for 10
minutes at room temperature to remove substances (e.g. urea) that could affect the
reamplification. Water was removed and the gel was allowed to dry for a few
minutes. Afterwards bands were crushed using a sterile pipette tip, ddH,O (10-20 pl,
depending on band intensity) was added, and the sample was spun down to ensure
that it was collected at the bottom of the reaction vial. Crushed and washed bands
were reamplified by PCR. For this a special primer pair (M13F/M13R; see Table
2.19; O’Sullivan er al., 2008) was used and the annealing temperature was set lower
than in the initial amplification of 16S rRNA genes from the original sample to

ensure a high yield of product for subsequent sequence analysis.

4.7 DNA sequencing

After estimating the concentration of DNA in the reamplified samples, it was
adjusted to an optimum for sequencing (around 10 ng DNA ul™). Samples were then
processed by the sequencing laboratory at the School of Biosciences at Cardiff

University using the primer M13F (Table 2.19) and capillary sequencing technique
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(3130XL Genetic Analyser, Applied Biosystems, Foster City, CA, USA) with
fluorescence labelled dANTPs.

5. Gas chromatography

Gas chromatography was routinely used to monitor headspace gas concentrations
during starvation experiments, during microbial growth (product formation), and
during heating experiments. Furthermore, porewater gas concentrations from Tamar

Estuary sediment cores were determined.

5.1 Preparation of sediment porewater for gas chromatography

In order to determine gas concentrations within porewaters from Tamar Estuary
sediment cores approximately, 1 cm® of sediment was added to glass vials containing
2 ml of 3% KCl solution and glass beads in a nitrogen atmosphere. The mixture was
shaken vigorously for 30 minutes to free trapped or dissolved gases. Vials were
stored upside down until analysis. Headspace gas from sediment slurry experiments

was analysed by gas chromatography directly.

5.2 Gas quantification using a Natural Gas Analyser (NGA)

For natural gas analysis a modified Perkin Elmer/Arnel Clarus 500 Gas
Chromatograph (Perkin Elmer, Waltham, MA, USA) was used equipped with a
Flame Ionisation (FID) and a Thermal Conductivity Detector (TCD). Argon and
helium, respectively, were used as carrier gases. The FID was used for the
quantitative detection of methane whereas the TCD can determine hydrogen and
carbon dioxide. The oven temperature was set to 110°C with the TCD working at
150°C and the FID at 250°C. A mixture of air and hydrogen was used for
combustion in the FID. The NGA was calibrated by using three different standard
gas mixtures purchased from Scott Speciality Gases (Plumsteadville, PA, USA).

Data was collected using the TotalChrom Navigator Software (Perkin

- 64 -



Chapter 1I: Material and Methods

Elmer,Waltham, MA, USA). Prior to gas analysis one of the above mentioned
standards was used to check accurate measurement by the NGA.

To measure gas concentrations a 5 ml syringe was flushed several times with
nitrogen before taking a 3 ml headspace sample from, for example, starving cultures

which was then injected into the NGA.

6. Ion chromatography

lon chromatography was mainly applied to monitor concentrations of volatile fatty
acids (VFAs) such as acetate, lactate, and formate during starvation experiments. It
was also used to analyse the porewater geochemistry of sediment samples from
Tamar Estuary sediment cores and subsequent sediment slurry experiments. Methods

used by Webster er al. (2009, 2010) were applied and are briefly described below.

6.1 Determination of anion-concentrations using ion chromatography

Samples from pure cultures, sediment cores, or sediment slurries were centrifuged at
15.800xg for 5 minutes (Centrifuge 5415, Eppendorf AG, Hamburg, Germany). The
supernatant was then 1:10 diluted in ddH,O and concentrations of VFAs, chloride,
sulphate and other chemical species were determined on a Dionex ICS-2000 Ion
Chromatography System equipped with an AS50 autosampler (Dionex UK Ltd).
Chromatographic separation was conducted on two Ionpac AS15 columns in series
and the determination of the chemical species was performed via a self-regenerating
suppressor (ASRS-ULTRA II 4-mm) unit combined with a DS6 heated conductivity
cell. The following gradient was used: 6 mM KOH (38 min), 16 mM KOH min”' to
70 M (17 min), 64 mM KOH min' to 6 mM (12 min). Standards with known
concentrations were measured before and after sample analysis. Anion
concentrations were determined using calibration standards and the software
Chromeleon 6.50.

For radiotracer experiments (see below 7.2) the same setup was used but in
addition different chemical species (glucose, VFAs, bicarbonate) were collected
using the Dionex Foxy JR fraction collector (Dionex UK Ltd). Fractions were

collected in polyethylene vials (Perkin Elmer, Cambridge, UK) containing 0.5 ml
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NaOH (1M). Retention times for each chemical species were determined prior to

analysis by Dr. Erwan Roussel.

6.2 Determination of cation-concentrations using ion chromatography

To determine in situ concentrations of methylamine and other cations in Tamar
Estuary sediment cores cation chromatography was applied. Samples were
centrifuged as described above (see 6.1). A DX-120 lon Chromatography System
with an AS40 autosampler fitted with an Ionpac CS16 and a cation self-
regenerationg suppressor (CSRS-300 4 mm) in combination with a DS4-1 heated
conductivity cell (Dionex UK Ltd) was used. Methanesulphonic acid (25 mM)
served as an eluent. To determine cation concentrations known standards and the

software Chromeleon 6.50 were used.

7. Radiotracer experiments using 14C-substrates

Radiotracer experiments were conducted after long-term starvation experiments in
order to see how quickly substrate deprived cells could react to available substrate
and to follow the fate of the carbon, e.g. what proportion is dissimilated and
assimilated. Additionally, very low concentrations were added as might appear in

situ in deep marine sediments.

7.1 Calculation of radiotracer concentrations

D-[U-"*C]glucose and DL-[U-"*C]lactate were purchased from ARC (American
Radiolabeled Chemicals, Saint Louis, MO, USA). The specific activity of glucose is
11.1 GBq mmol™, a total activity of 1.85 MBq was received. Hence the activity of

the original glucose per microlitre was

1.85 MBg

Eq.7.1:
a 25001

=7.4KBq/ul.
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This original solution was diluted (1:6) resulting in the stock solution used for further
experiments with 1.23 KBq pl™ activity. The glucose concentration of this stock
solution was calculated as follows

1.23KBg /'l
11,100,000KBq / mmol

Eq. 7.2: =1.111-10" mmol /ul =1.1-10" nmol /ul .

In the experiment, 10 ul of stock solution were added to 3 ml of culture (see
experimental setup below) resulting in the following concentration of glucose in the
experiment:

1.1-10 " nmol / ul -10p!
3,000

Eq. 7.3: =3.67-10"" nmol / pl

In order to understand this number better the number of glucose molecules per cell

was calculated.

6.02-10% molecules ~6.02. 10® molecules
1mol 1,000,000,000nmol

Eq. 7.4:

23
Eq. 7.5: 6.02-107 molecules 3 co 107 ot 1 ul = 2.2 10* molecules i
1,000,000,000nmol

For different cell concentrations the following results:
~10% cells ml™ =10° cells uI”' > 2200 molecules per cell
~10" cells ml™ = 10% cells pI”' > 22000 molecules per cell

Following the above described steps with DL-[U-"*C]lactate (specific activity is
2.035 GBq mmol™. 1.85 MBq received) resulted in a final concentration of lactate of
3.8x10° nmol pl”' in the experiments (~23,000 molecules per cell with a cell

concentration of ~10% cell mI™).

7.2 Experimental setup for radiotracer experiments

‘Three millilitres of starving culture were transferred into 10 ml gas-tight serum vials
(Wheaton, VWR International, Lutterworth, UK), previously autoclaved and flushed
with N,/CO, (80/20, v/v). A batch of the radiotracer stock solution was 1:10 diluted
and 50 pl were added to each vial, which were then incubated in the dark (stored
upside down) at 10°C for Photobacterium strains and 25°C for other strains. Assays

were incubated for Oh, 2h, 5h, 10h, 24h, 48h, 10 days, and 30 days.
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For each timepoint the following procedure was conducted. A 1.5 ml subsample was
taken using a syringe and transferred to a small reaction vial. To the remaining
volume 0.5 ml NaOH (2M) was added to stop bacterial activity and to trap any
gascous CO; in the liquid phase for later analysis. From the plain 1.5 ml subsample
100 pul were transferred into a glass scintillation vial (Lablogic Systems. Sheffield.
UK) and 9.9 ml of InstaGel® Plus (Perkin Elmer, Cambridge, UK) were added.
Another 100 ul  were 1:10 diluted, centrifuged for six minutes (Sigma
Laborzentrifugen GmbH, Type 113, Osterode, Germany, 13,000 rpm). The
supernatant was transferred into a vial for chromatographic separation and fraction
collection (see section 6.1). The fractions were collected in polyethylene vials
(Packard Biosciences Company [now Perkin Elmer, Cambridge, UK]) containing
0.5 ml of NaOH (1M) and subsequently transferred into glass scintillation vials and
9.9 ml of InstaGel were added. Three times 300 pl were filtered onto Cyclopore™
track etched. polycarbonate, hydrophilic filter membranes (0.2 um, Whatman, Kent,
UK) and washed with 10 ml 1xPBS to remove any radioactivity present outside the
cells. The filter membranes were then transferred into plastic scintillation vials
(Packard Biosciences Company [now Perkin Elmer, Cambridge, UK]) containing
10 ml liquid scintillation fluid (Scintisafe 3, Fisher Scientific, Loughborough, UK).
To account for CO, production during incubation 1 ml of the previously
stopped cell suspension was transferred into gastight serum vial (Wheaton, VWR
International, Lutterworth, UK) containing 4 ml HCI (IM) and a magnetic flee. The
headspace in these vials was then flushed with N, whilst stirring to remove all CO,
from the liquid phase and lead the gas through firstly, one vial amended with VFAs
and acidified (pH below 3) and secondly, three vials with 10 ml scintillation fluid
plus containing 7% phenethylamine (Sigma-Aldrich, Gillingham, UK), to capture the
CO,. This procedure was also performed using just anaerobic YPGL medium
amended with the radiotracer as a negative control to investigate the fate of *C-

glucose with ongoing incubation.

All vials containing InstaGel or scintillation fluid were measured using a liquid
scintillation analyser (TRI-CARB 2900TR, Perkin Elmer, Cambridge. UK) and two
different programs. Determination of DPM in vials with InstaGel (fractions and plain
sample) was conducted three times for 20 minutes, whereas the filter membranes and

trapped CO, in liquid scintillation fluid were measured twice for 10 minutes.
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Isolation and physiological characterisation of
deep biosphere prokaryotes from sediment samples

obtained during IODP Leg 307

1. Introduction

Subseafloor sediments are considered to be the largest prokaryotic habitat on the
planet (Whitman er al., 1998). In general, with ongoing burial and associated ageing
of sediment layers readily accessible organic material is degraded and only very
recalcitrant organic matter remains (Hedges and Keil, 1995) resulting in low energy
environments. The most extreme example are sediments underlying the organic
matter-poor waters of mid ocean gyres (e.g. South Pacific Gyre [D’Hondt et al.,
2009)). These waters are very remote from the continents and receive only very little
organic matter input by riverine or aeolian sources. Consequently they show the
lowest primary production and calcification rates known from any marine
environment mainly as a result of nitrogen limitation (Moore er al.. 2002). In
addition, sediments underlying this oceanic desert receive only very little organic
matter from the euphotic zone, most of which is degraded during its passage through
the water column. This extremely low organic matter input is reflected by some of
the lowest sedimentary respiration rates as indicated by almost vertical oxygen
profiles (D’Hondt et al., 2009).

Another example of very organic matter-poor marine sediments are cold-
water carbonate mounds that occur in large clusters along the north-western
European continental margin (Wheeler er al., 2007) but underlie more productive
scas. The situation here. however, is different from ‘normal’ hemipelagic or pelagic
sediments as these carbonate mounds contain a significant amount of dead cold-
water coral rubble and therefore more closely resemble the carbonate pavements
found in the Mediterranean Sea (Aloisi et al., 2000). During IODP Leg 307 the
Challenger Mound, one of ~1600 mounds in the Belgica Mound Province of the

Porcupine Basin southwest of the coast of Ireland was sampled and subjected to
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Chapter 111: Isolation and physiological characterisation of deep biosphere prokaryotes IODP Leg 307

carbonate precipitation. Studies by De Mol et al. (2002) and Kiriakoulakis et al.
(2007), however, indicated that mound growth does not depend on continuing
hydrocarbon seepage although Henriet er al. (2001) stated that seepage may have
becen necessary to initiate mound growth, which subsequently continued
independently.

The alternative “external control™ theory trying to explain why these mounds
exist in provinces is based on the deep water current hydrodynamics in areas that are
favourable. especially to Lophelia growth. These corals prefer stronger currents and
growth on exposed flanks and summits (Wheeler er al., 2007). This location in
conjunction with current dynamics on continental margins causing internal waves
and tides might provide ideal conditions for filter feeders such as Lophelia (White,
2007). The growth and decay of these corals then leads to a further increase in

mound size.

Table 3.1: Total organic carbon content of selected drilling sites worldwide. Note that the
Challenger Mound harbours on average the lowest percentage of organic matter of listed sites.

Location Site Water  Sediment Total Organic Carbon [wt %]
Depth Depth {CaCO3 Content [wt%]}
[metres] [mbsf] Range Mean Reference

Coastal and Shelf

Neuharlingersieler Nacken

intertidal 0-55 0.1->1.5 ~09 Freese et al.. 2008a
(Wadden Sea. Germany)
Continental Slope and Margin
ODP 128 Japan Sca 789A 900 04-141.8 07-544 24 Stein and Stax. 1992
ODP 146 Cascadia Margin 889/890 1320 0-472 - 0.64 Cragg et al.. 1996
ODP 160 Sapropel Layers 967 S7* ~2000 9.59.7 08-7.1 38 Emeis er al., 1998
10DP 201 Peru Margin 1229A 150 1.4-156.8 0.85-6.09 32 Meister er al., 2005
10DP 301 Juan de FucaRidge  UI1301C 2650 1.5-258.8 0.05-0.91 0.33 Fisher et al., 2005
10DP 308 Gulf of Mexico 1319A 1400 1.5-2943 0.03-1.99 0.57 Gilhooly et al., 2008
IODP 307 Porcupine Basin 0.01-0.41 0.18 Leonide er al.. 2009
UI1317A 781 - 815 1.4-1219
Carbonate Mound {20.8 - 70.8) {525} Mangelsdorfet al.. 2009
10DP 307 Porcupine Basin UI318A/B 3.6-2377 017115 05 ‘
423 3 Mangelsdorfer al., 2009
Reference Site U1318 A/D 1.7 -239.7 (4.5-71.7} 1252}
Abyssal Plain
10DP 201 South East Pacific 1230A 5100 1.4-2357 0-182 0.57 Meister er al., 2005
South Pacific Gyre SPG-7 3738 0-1.1% - 0.29 D'Hondter al . 2009
South Pacific Gyre SPG-10 5283 0-21% - 0.56 D'Hondtet al., 2009

Legend: *ODP Leg 160 Site 967 is located on a small ridge trending west-southwest to east-northeast
at the base of the northern slope of the Eratosthenes Seamount (Emeis et al., 1996) and was thus
collated under “Continental Stope and Margin”, data for Sapropel S7 is given, which is estimated to
be 195,000 years old (Sii ez al., 2008 and references therein); ¥ Given is the total sediment thickness
for Pacific Gyre sites. Here TOC was only determined for top 5 cm of sediment column.
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In the preliminary scientific assessment, Ferdelman er al. (2006) stated that the
theory of mound formation by microbial produced carbonate precipitation has been
disproved but that the role of prokaryotes in carbonate dissolution and secondary
cementation reactions may still be important. The chosen representative of these
mounds, the Challenger Mound in the Porcupine Seabight, was sampled during
I0DP Leg 307 (cores U1316-U1318). Compared with other marine subsurface
cnvironments these carbonate mounds exhibit only very low organic matter
concentrations (Table 3.1; Fig. 3.1). Nonetheless, active microbial communities were
found within and around this mound proving the resilience of prokaryotes towards

substrate limitation (Webster et al. 2009).

The aim of this part of the project was to cultivate novel microorganisms from one of
the most substrate-limited marine environments known to date. Subsequently, the
isolates were phylogenetically and phenotypically characterised (this Chapter) and

selected strains were subjected to starvation-survival experiments (Chapter 1V).

1.1 Results from IODP Leg 307

Results of the biogeochemical and microbiological investigation of the Challenger
carbonate mound were published by Webster es al. (2009). A comprehensive
summary of the results can be found in the Appendix while the main findings are
very briefly summarised here.

Sulphate reduction in the upper sediment layers was much more pronounced
at the Reference site compared with the two mound sites. Below 14 mbsf, however,
sulphate concentrations increased at the Reference site while they decreased further
at the two mound sites until near depletion of sulphate. No methane was detected at
the Reference site and it was only present at the mound sites where sulphate
concentrations were low. Total cell counts at all sites largely agreed with the global
estimate (Parkes et al., 2000) and no significant changes of cell counts occurred in
the transition between mound and underlying sediments. The molecular investigation
revealed a diverse bacterial population within the Challenger Mound, its underlying
sediments as well as at the Reference site. Typical subsurface groups, such as

Gammaproteobacteria, which often dominate clone libraries (Fry e al., 2008), were
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identified alongside less frequently detected sequences (e.g. Actinobacteria). The
detection of cells using CARD-FISH, cultivation (culturable cell numbers up to 10"
cells g sediment) as well as the measured metabolic activities indicated a viable and

active microbial community within the mound and underlying sediments.

2. Results of isolation of prokaryotes from Leg 307 sediment samples

Sediment samples obtained during IODP Leg 307 were used as inoculum for direct
enrichments and for the estimation of culturable cells using MPN dilution series (see
A3.2c). Despite a relatively large number of MPN subcultures (41) and direct
inoculations (50) only 19 isolates were obtained (Table 3.2). This seems surprising
considering the relatively high MPN counts reported by Webster et al. (2009)
ranging between 10%-10* culturable cells per cm’ sediment for each drilling site.
However, cell densities both in MPN wells and direct enrichments were generally
low and this may indicate unspecific growth that could not be sustained. In addition,
a number of these cultures failed to grow after transfer into fresh medium and were
finally lost.

Generally, none of these cultures developed cell numbers high enough to
cause turbidity and could only be monitored microscopically. Because growth was
generally poor in liquid cultures and did not improve during subcultivation, samples
were transferred onto agar plates for ease of handling (October 2006). In some cases
a different medium was used for this (e.g. when no metal reduction occurred the
respective medium was replaced, Table 3.2).

Additionally, if different colony phenotypes (morphology and/or colouration)
were present on one agar plate they were separated by sub-cultivation on separate
agar plates resulting in different isolates from the same original samples. In a few
cases several attempts to subculture colonies on fresh agar plates failed, what also
contributed to the relative low number of isolates compared to the initial high
number of enrichments and positive MPN cultures. An additional problem was the
time neceded for cells to form visible colonies on agar plates, which in some cases
took up to eight weeks. In an attempt to accelerate growth, anaerobically grown
colonies were tested for aerobic growth and incubated at higher temperatures (25°C

instead of 10°C). These measures proved successful for most isolates.
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Table 3.2: Origin of IODP 307 isolates. Isolates are listed according to their isolation from which core and corresponding depth. Strains marked (M) were isolated
from the Mound. Numbers given in parentheses indicate the MPN dilution step from which strains were subsampled. Initial and changes in cultivation media are
shown. Abbreviations: MM: Monomer-medium; MRB: Metal-reducer medium; SRB: Sulphate-reducer medium; YPGL: Yeast extract, peptone, D-glucose, lactate
medium.

Phylogenetic Strain Core Enriched from Depth Initial enrichment media [solation media
affiliation abbreviation

Desulfovibrio sp. Flel 1316 direct 54.1 mamb SRB; anaerobic SRB; anaerobic

Vibrio sp. Flell 1316 direct -30.3 mamb Basa1+Propionate/SO42'; anaerobic  MM; then YPGL
Shewanella sp. F16lll 1316 MPN (10'2) -47.9 mamb MM+NO;"; anaerobic YPGL; aerobic
Shewanella sp. F161V 1316 MPN (10'2) -47.9 mamb MRB; anaerobic YPGL; aerobic
Shewanella sp. F16V 1316 MPN (10'4) -47.9 mamb SRB; anaerobic MM; then YPGL; aerobic
Vibrio sp. F171 (M) 1317 direct 71.9 mamb MM; microaerophilic YPGL; aerobic
Raoultella sp. F1711 (M) 1317 direct 52.9 mamb Acetogen Medium. anaerobic MM; then YPGL,; aerobic
Shewanella sp. F17111 (M) 1317 MPN (107 33.9 mamb MRB. anaerobic MM; then YPGL; aerobic
Vibrio sp. F171V (M) 1317 MPN (107 16.9 mamb MRB. anaerobic YPGL; aerobic
Shewanella sp. F17V (M) 1317 MPN (107" 16.9 mamb MRB. anaerobic YPGL; aerobic
Shewanella sp. F17VI (M) 1317 MPN (107) 16.9 mamb MM+NO;". anaerobic YPGL; aerobic
Shewanella sp. F17VIl 1317 MPN (10'1) -0.9 mamb MM+NO;". anaerobic YPGL,; aerobic
Raoultella sp. F17VIil 1317 direct -74.1 mamb MM; microaerophilic YPGL; aerobic
Arcobacter sp. F171X 1317 direct -108.0 mamb Methanogen Medium + SO~ MM; then YPGL,; aerobic
Photobacterium sp. F181 1318 direct 4.3 mbsf MM. anaerobic YPGL,; aerobic
Pseudomonas sp. F18I1 1318 direct 4.3 mbsf MM; microaerophilic YPGL; aerobic
Shewanella sp. F18I11 1318 direct 4.3 mbsf MM; microaerophilic YPGL; aerobic
Ornithinimicrobium sp.  F181V 1318 direct 22.9 mbsf MM; aerobic YPGL; aerobic
Pseudomonas sp. F18V 1318 direct 79.9 mbsf MM; aerobic YPGL,; aerobic
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Despite the difficulties encountered, isolates were obtained from all three drilling sites
and various depths (Table 3.2). Nine of the 19 isolates originated from the Mound site,
six of these isolates came from within the mound itself and the remaining three strains
from the sediment beneath the mound base. A further five isolates derived from the
Flank site. No isolates were obtained from the mound itself here but from covering or
underlying sediments. Only five isolates were obtained from the Reference site, which
represented hemipelagic sediment. Here three strains were obtained from 4 mbsf and
two isolates from deeper sediment layers. These five strains originated from direct
enrichments of the sediment sample as no growth was detected in any of the MPN

dilution series inoculated with sediment from this site (Webster et al., 2009).

2.1 Phylogenetic affiliation of isolates

The obtained culture collection from IODP Leg 307 sediments consists almost
exclusively of representatives of the phylum Proteobacteria amongst which the
Gammaproteobacteria make up 16 of the total 19 isolates. Deltaproteobacteria and
Epsilonproteobacteria were also isolated with one representative each. Furthermore one
isolate belongs to the phylum Actinobacteria and probably constitutes a new species

within the genus Ornithinimicrobium sp. (Table 3.3).

2.1.1 Isolates belonging to the phylum Actinobacteria

One of the isolates belongs to the genus Ornithinimicrobium, which is part of the
phylum Actinobacteria. At the time of writing the genus comprised only three described
species (J. P. Euzéby [http://www.bacterio.cict.fr/] accessed Jan. 2011). The type
species of the genus is O. humiphilum (Groth et al., 2001) and was isolated from garden
soil. The genus name was given due to the presence of L-ornithine in the cell wall
peptidoglycan. The closest cultivated relative to strain F18IV is, however, O. kibberense
(97.8% sequence similarity) and was described by Mayilraj et al. (2006). It originates
from a cold desert soil in the Indian Himalayas. The remaining species of this genus is

O. pekingense (Liu ef al., 2008) and was isolated from activated sludge.
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Table 3.3: Phylogenetic affiliation of Leg 307 isolates. Isolates are compared to their closest phylogenetic cultivated relatives according to NCBI Blast. Also
provided are the affiliate’s origin and its accession number.

Strain Sequence Closest Match in BLASTN; Closest Cultivated Affiliation;

Length Origin; (Accession Number) % Origin; (Accession Number) %

[bases]
Arcobacter sp. F171X 1001 Unc. Bact. Clone: crustal fluids: (AY704399) 98 Arcobacter nitrofigilis strain F2173:; 98

Mussels. Spain; (EU106661)
Desulfovibrio sp. Flel 822 Unc. Bact. Clone: marine sediment. lugworm; (FJ716992) 99 D. oceani subsp. galateae; oxygen 99
minimum waters off Peru; (FJ655908)
Ornithinimicrobium sp.  F18IV 974 Ornithinimicrobium kibberense. 97 See closest match
soil from Lahaul-Spiti valley in the Indian Himalayas (AY636111)
Photobacterium sp. F18I 958 Photobacterium profundum strain 3TCK; 99 See closest match
sediment sample within San Diego Bay (DQ027054)
Pseudomonas sp. F18I1 841 Unc. Pseudomonas sp. clone; Pangong Lake; (HM072375) 99 Pseudomonas sp. BSw21399B; 99
Kongsfjorden seawater, (FJ966156)

Pseudomonas sp. F18V 873 Pseudomonas sp. BSw21399B; Kongsfjorden seawater, (F1966156) 99 See closest match
Raoultella sp. F1711 692 Bacterium sp.; groundwater in borehole (450m depth); FJ037707 88 See closest match
Raoultella sp. F17VHI 895 Bacterium sp.; groundwater in borehole (450m depth); FJ037707 99 See closest match
Shewanella sp. F16lIl 839 Shewanella sp. 204Z-25; water sample; GUS84178 99 See closest match
Shewanella sp. Fl161V 907 Shewanella sp. 204Z-25; water sample; GU584178 99 See closest match
Shewanella sp. Fi6V 926 Shewanella sp. 204Z-25; water sample; GU584178 100 See closest match
Shewanella sp. F171I1 896 Shewanella sp. LaSQ3; subantartic ecosystem of Beagle Channel; EUG75116 99 See closest match
Shewanella sp. F17V 514 Shewanella sp. LaSQ3; subantartic ecosystem of Beagle Channel; EU075116 89 See closest match
Shewanella sp. F17VI 921 Shewanella sp. 204Z-25; water sample; GU584178 99 See closest match
Shewanella sp. F17VII 955 Shewanella sp. 204Z-25; water sample; GUS584178 99 See closest match
Shewanella sp. F18III 809 Shewanella livingstonensis strain 171; oyster,; AY870677 98 See closest match
Vibrio sp. Fl16ll 924 Vibrio tasmaniensis strain 373.11; associated with oysters and clams; AY620966 99 See closest match
Vibrio sp. F171 847 Vibrio splendidus LGP32; FM954972 98 See closest match
Vibrio sp. F17IV 844 Vibrio sp. 57S-9; Shenzen coastal surface waters; GU371698 99 See closest match
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Fig. 3.2: Phylogenetic tree for Ornithinimicrobium sp. F18IV. The tree was constructed using the Nearest-Neighbour Joining method (Jukes-Cantor) in the
phylogenetic software Megad (Tamura er al., 2007). The tree is based on 1257 bases of aligned 16S rRNA gene sequences. Bootstrap support values over 50% (after
1000 replicates) are shown at nodes; first value derived by Jukes-Cantor algorithm, second value by Maximum Parsimony algorithm. The NCBI Accession number for
each strain is given in brackets. The scale bar indicates substitutions per site. The 16S rDNA sequence of Arthrobacter globiformis™ (X8073) was used as outgroup.
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The presented phylogenetic tree (Fig. 3.2) is based on the Nearest-Neighbour Joining
method (Jukes-Cantor) using aligned sequences, 1257 bases in length. It shows that
strain F18IV forms a distinct operational taxonomic unit (OTU) within the genus.
Therefore, additional phylogenetic computational algorithms were used to test the
reliability and reproducibility of the tree. The results of the Maximum Parsimony and
Minimum Evolution (LogDet) methods (see Appendix) show a very similar
clustering of the phylogenetic groups, thus confirming the results of the Nearest-
Neighbour Joining method.

Due to its position in the phylogenetic tree, strain F18IV most likely
represents a new species within the genus Ornithinimicrobium and would be the first
representative of the genus isolated from marine sediments. It was obtained from
22.9 mbsf at Reference site. Other affiliates such as the closely related Serinicoccus
genus have recently been isolated from marine habitats. They originated from the
water column (S. marinus; Yi et al., 2004) and sediments (S. profundi; Xiao et al.,

2011).

2.1.2 Isolates belonging to the phylum Proteobacteria

Proteobacteria constitute the most abundant cultivated phylum isolated from Leg
307 samples and were obtained from all sites including representatives of the class

Gammaproteobacteria, which dominated the culture collection.

a) Isolates belonging to the class Gammaproteobacteria

Gammaproteobacteria have been frequently isolated from numerous marine habitats
and possibly constitute the most abundant subseafloor bacterial group (Fry et al.,
2008). Therefore, it is not surprising that they also dominate the obtained culture
collection with 16 representatives out of 19 total isolates. Gammaproteobacteria
were found at all three sites but they are the only group in our culture collection
obtained from the carbonate mound itself.

Most isolates were identified as members of the genus Shewanella (Fig. 3.3)

with eight strains representing two distinct operational taxonomic units. Other
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isolated Gammaproteobacteria belong to the genera Vibrio (3 strains, Fig 3.4),

Raoultella (2 strains, Fig 3.5), Pseudomonas (2 strains, Fig 3.6), and Photobacterium
(1 strain, Fig 3.7).

Isolates affiliated with the genus Shewanella

The genus Shewanella comprises more than 50 species (J. P. Euzéby
(http://www.bacterio.cict.fr/] accessed Jan. 2011) inhabiting a variety of
environments (from spoiled foods to deep-sea sediments, e.g. S. profunda, Toffin et
al., 2004a) most likely enabled by the wide variety of possible electron acceptors
they can use including but not limited to oxygen, nitrate, thiosulphate, and
manganese oxides, and their ability to ferment (Nealson and Scott, 2006).

Six of the Shewanella sp. strains, deriving from all three drilling sites and
from within or below the carbonate mound, cluster together, close to S. vesiculosa, in
the phylogenetic tree (Fig. 3.3). S. vesiculosa was isolated from marine coastal
Antarctic sediments and was described as psychrotolerant by Bozal ef al. (2009). In
contrast, two isolates (F17III and F17V) obtained from within the carbonate mound
are more closely affiliated to S. arctica, which was isolated from Spitzbergen (Quora
et al., unpubl.). The sequence similarities of the isolated strains to one another are
based on the full sequence length obtained (Table 3.4). The constructed tree,

however, is based on aligned sequences of 517 bases in lengths (Fig. 3.3).

Table 3.4: 16S rDNA sequence similarities of isolated Shewanella strains. Note that the sequence
for strain F17V is of poor quality.

Flelll F161V F16V F17111 F17V F17VI F17VII _ F18l1ll

Fielll 100

F16lV 99.5 100

F16V 99.8 99.8 100

F17HI 95.7 96.0 96.2 100

F17v 87.7 87.9 87.9 89.1 100

F17V1 99.6 99.7 99.9 96.3 87.1 100

F17vil 99.8 99.8 99.9 96.2 87.9 99.8 100

F18I111 97.0 97.4 97.3 95.8 86.8 97.3 973 100
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F17111

41| S. massilia (AJ0O06084)
Shewanella sp. LaSQ3 (EU075116)a
S. arctica” (AJ877256) a

S. olleyana" (AF295592) &
S. frigidimarina™ (U85903) A
S. japonica® (AF145921) &
94'S. pacifica® (AF500075) &
S. baltica (AJ000214) o
S. glacialipiscicola™ (AB205571) &

S. denitrificans™ (AJ311964) a
‘{ F18I1

50 F17VIl
Shewanella sp. 2047-25 (GU584178) &

4 Marine environment

7\ | vesiculosa™ (AM980877) & O Marine animal associated
58 Fl6 11 ¢ Limnic environment
66|F17VI <+ Soil
F161V
Fl6V o Oil related

S. livingstonensis™ (AJ300834) a
S. oneidensisT (AF005251)O
Shewanelila sp. SCSA3 a
S. gaetbuliT (AY190533) &
51| |S. profunda™ (AY445591) &
— 71'S. putrefaciens” (X81623)
S. amazonensisT (AF005248) A

65

S. marina* (EU290154) &
S. surugensis’ (AB094597) &
_&E S. abyssiT (AB201475) &
56 71 S. gelidimarina™ (U85907) &
L S. halifaxensisT (AY579751) a
93'S. pealeana™ (AF011335)a
S. algidipiscicola™ (AB205570) &
99'S. colwelliana® (AY653177) &

S. sediminisT (AY579750) a
] —i‘{ S. violacea™ (D21225) &
S. hanedaiT (X82132) &

84]S. aquimarina® (AY485225) &
S. loihica™ (DQ286387) &
S. marisflavi¥ (AY485224) &
S. woodyi™ (AY170366) &
S. fidelisT (AF420312)
se— S. canadensis’ (AY579749) &
S. atlantica® (AY579752) a
S. benthica® (X82131) a
———— S. piezotolerans" (AJ551090)
S. kaireitica® (AB094598) a

Yoo 85L———— S. psychrophila® (AJ551089) &
Fig. 3.3: Phylogenetic tree for isolated Shewanella strains. The tree was constructed using the
Nearest-Neighbour Joining method (Jukes-Cantor) in the phylogenetic software Mega4 (Tamura et
al., 2007). The tree is based on 517 bases of aligned 16S rRNA gene sequences. Bootstrap support
values over 50% (after 1000 replicates) are shown at nodes. The NCBI Accession number for each
strain is given in brackets. The scale bar indicates substitutions per site. Pseudoalteromonas
haloplanktis® (AF214730) was used as outgroup.
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