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ABSTRACT 
 

Oceans cover two-thirds of the planet’s surface and the subsurface biosphere that resides 

therein extends at least 1600 meters below the seafloor.  The microorganisms living in this habitat are 

estimated to represent up to 1/3 of the world’s living biomass and are consequently crucial 

participants of global biogeochemical cycling.  This thesis focuses on the global carbon cycle, which 

has received increased scrutiny since the acknowledgment of global warming.  As the planet warms, 

so do ocean waters.  As a result, primary productivity, and fluxes of organic matter (OM) to the 

seafloor are expected to increase.   Reactions mediated by subsurface bacterial communities have 

been recognized as the primary mechanisms responsible for OM diagenesis and remineralization in 

marine sediments.  While the general steps of OM diagenesis have been established, few studies 

investigate how OM quality and quantity affect microbial abundances and phylogenic diversity in the 

subsurface.  Furthermore, it is unclear how different microbial communities degrade, remineralize 

and preserve the sedimenting OM. 

The intent of this thesis is to characterize the microbial communities and metabolic pathways 

occurring at three contrasting deep-sea Antarctic environments: (1) the oxic sediments beneath the 

Ross Sea ice shelf; (2) the deep-sea sediments of the Wilkes Land continental margin; and (3) the 

anoxic sediments of the Adelie Basin.  These studies integrate structural and stable carbon isotope 

analyses of phospholipid fatty acids, SSU rRNA gene sequencing, porewater and sedimentary 

geochemistry as well as measurements of labile amino acids to describe the viable microbial 

communities and their degradation of OM.   

Collectively, the sampled sites reveal that microbial abundances and diversity decrease with 

sediment depth.  Relative proportions of archaea were ~ 2% within the oxic sediments of the Ross 

Sea and the Adelie Basin.  This finding was unexpected at the Adelie Basin since large volumes of 

methane and 13C values of dissolved inorganic carbon suggest archaeal methanogenesis within the 

basin, and imply that molecular techniques, including SSU rRNA sequencing, failed to amplify genes 

from all archaeal organisms.  These studies also demonstrate that greater volumes of sedimented OM 

support larger bacterial populations, the majority of which are heterotrophs including Bacteroidetes, 

Chloroflexi, Actinobacteria, and γ-Proteobacteria, as evident by δ13CPLFA values and SSU rRNA gene 

sequencing.  Despite abundant populations of heterotrophic bacteria in the Adelie Basin, large 

amounts of labile amino acids and DNA from chloroplast and aerobic organisms indicate that high 

phytodetritus fluxes can result in the burial of labile OM.  
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1. CHAPTER ONE 
INTRODUCTION 

 
The primary goal of this research was to understand microbially mediated carbon pathways in 

Antarctic marine sediments.  These sediments represent a complex relationship between geosphere and 

biosphere that is heavily dependent on the rate of sedimentation and quality of organic carbon inputs.  As 

sedimentary microbial communities oxidize deposited organic matter, they consume electron acceptors 

and shape the redox conditions of their environment.  In turn, the redox environment influences microbial 

community.  This dynamic geologic and biologic interplay is global, yet no two sites are exactly the same. 

This research investigated three different depositional environments of Antarctic marine sediments: a 

continental shelf beneath the Ross Sea ice sheet, a deep continental shelf basin, and a deep-sea continental 

margin.  In these studies, various bacterial metabolic pathways are traced by comparing the δ13C values of 

microbial membrane phospholipid biomarkers to those of available carbon sources.  The calculated 

enrichments and depletions of 13C are then compared against known fractionation effects of carbon 

assimilation and lipid synthetic pathways to predict active metabolisms. Due to the complexity of 

environmental samples, isotope techniques were married with molecular 16S rRNA sequencing and 

geochemical analyses in order to gain a more complete understanding of the overall microbial 

communities and the metabolic processes they mediate. This introductory chapter discusses the general 

rationale as well as the necessary background information for understanding marine sediment 

environments, the carbon cycle, and the chosen techniques used within these studies.  

1.1 Marine Settings Rationale  

In terms of microbiology, carbon exists on Earth in two major forms: more oxidized inorganic 

carbon (CO2 and carbonates) and more reduced organic carbon (OC).  Autotrophic organisms reduce 

inorganic carbon to OC, and heterotrophic organisms complete the redox cycle by oxidizing OC back to 

inorganic carbon.  Whether these reactions occur on land or in aquatic settings, organic matter (OM) 

debris not recycled in this manner is transported to the bottom of the world’s oceans.  An estimated 

2x1014 g carbon falls to the seafloor every year (DONEY et al., 2003), making marine sediments one of the 

largest OC reservoirs on Earth .  Once OC becomes buried within sediments of the seafloor, it can follow 

one of two fates, remineralization or preservation.  Labile forms of carbon generally become mineralized 

or utilized for biosynthesis reactions while refractory carbon becomes preserved in the sediments.  Less 

than 1% of OC that falls to the seafloor is preserved, distinguishing remineralization as the dominant fate 

for the oceans’ OC supply (BURDIGE, 2007; HENRICHS, 1992; WAKEHAM and CANUEL, 2006b).  
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Microbially mediated oxidation reactions in marine sediments have been recognized as the primary 

mechanism responsible for OC diagenesis.  Thus, microbes of the seafloor subsurface are the primary 

regulators of the global carbon cycle (DEMING and BAROSS, 1993). 

Interest in microbial life beneath the seafloor dates as far back as the 1880’s, when M.A. Certes examined 

at least 100 sediment samples from several locations, including sites off the coast of the Canary Islands, 

Portugal, Morocco and Cape Verde (CERTES, 1884; SCIENCE, 1884).  While samples were not 

appropriately preserved for quantitative measurements, he did find living bacteria in 96 of his collected 

samples.  Certes’ sampling efforts opened the field for other microbiologists.  In 1892, H.L. Russell 

conducted some of the first subfloor cell enumerations from sediments of the Bay of Naples.  Russell 

noted that near-shore, shallow sediments support larger microbial populations than sediments collected 

from deeper waters (RUSSELL, 1892).  Since then, microbiologists have strived to understand how organic 

matter inputs dictate the size and physiological traits of sedimentary microbial communities and how the 

microbial communities alter the deposited OM (WAKSMAN and HOTCHKISS, 1938).  More recently, 

understanding the biogeochemical processes of the carbon cycle in marine sediments has become 

increasingly important as concerns regarding climate change arise. Studies off the coast of North America 

(MCGOWAN et al., 1998) and in the Mediterranean Sea (DANOVARO et al., 2001) have shown that 

temperature fluctuations have affected microbial metabolic rates, ocean currents, water column 

stratification, and nutrient cycling.  How climate change affects the deep ocean sediments of Polar 

Regions, which are susceptible to polar ice melting, remains unclear.  Consequently, it is important to 

investigate microbial communities in existing sediments, as they will provide a baseline for understanding 

possible changes of their response to global warming.  

1.2 Abundance and Diversity of the Subfloor Biosphere 

In the 1880’s, the subseafloor biosphere was thought to extend approximately 100 cm below 

seafloor (cmbsf) (ZOBELL, 1955).  Almost 100 years later, Whitman et al. (1998) calculated biomass 

estimates based on cell enumerations and extrapolations that assumed living cells to exist up to 400 mbsf 

in the deep-sea, and 4,000 mbsf on the coastal plains, continental shelf and slopes (WHITMAN et al., 

1998).  The estimates claim that a total of 3.8x1030
 microbes inhabit marine sediments, which equates to 

3x1017 g of carbon, or a little more than 1/3 of the global biomass (WHITMAN et al., 1998).  In 2008,  

viable biomass was found as deep as 1,625 meters below seafloor (mbsf) at concentrations of ~106 cells 

ml-1, which is consistent with Whitman’s extrapolations (ROUSSEL et al., 2008).  However, new studies 

now suggest that past assessments were biased towards near-shore, high biomass sampling sites and 
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Figure 1.1 Locations of sampling sites. Sediments were collected from beneath the Ross Sea ice sheet (A), a deep continental shelf basin 
(B), and a deep-sea continental margin (C).   
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therefore, over-estimated global biomass.  The most recent models, which include many low biomass 

environments such as deep-sea margins, estimate a subseafloor biosphere of 2.9x1029 cells (KALLMEYER 

et al., 2012).  New cellular carbon conversion factors also predict lower biomass estimates in terms of 

carbon.  The newest figures suggest that microbial biomass in the marine surface only represent 1.2x1015 

to 22x1015 g of C, which is approximately 0.18 to 3.6% of global biomass (KALLMEYER et al., 2012).  

These recent estimates highlight the importance of studying unique marine environments to further define 

and calculate estimates of global biomass.  

The number of species on the tree of life have also grown since the 1880’s, with one substantial 

addition being the domain Archaea (WOESE and FOX, 1977; WOESE et al., 1990).  Archaea were first 

isolated by Albert Barker in 1936 (BARKER, 1936) and were officially branched as a separate domain in 

1990 (WOESE et al., 1990). Their presence and role in the carbon cycle is still a primary focus of 

investigation.  For years, biomass estimates based on polar phospholipids and molecular sequencing of 

the 16S rRNA gene suggested that archaea represented a small percentage (3 to 5%) of total microbial 

biomass (BOWMAN et al., 2003; INAGAKI et al., 2006; VETRIANI et al., 1999)(Appendix B).  However, 

improved molecular techniques now suggest that archaea may be much more prevalent in marine 

sediments (BIDDLE et al., 2006; LIPP et al., 2008).  For example, Lipp et al. (2008) utilized aggressive 

DNA extraction techniques, glycolipid biomarkers as well as improved quantitative polymerase chain 

reaction and shot-blot hybridization protocols to reevaluate samples from a range of sedimentary settings.  

Their results suggest that an overwhelming majority of the intact lipid biomarkers present at depths 

greater than 100 cmbsf are archaeal.  While few studies have since shown archaeal populations of such 

abundance, there have been studies that report microbial communities with equal abundances of bacteria 

and archaea (ENGELEN et al., 2008; WEBSTER et al., 2009).   

All organisms need carbon for biosynthesis and electron donors and acceptors for energy 

production, all of which can be limiting in ocean sediments.  Consequently, microbes have evolved and 

developed multiple metabolic pathways that allow the utilization of a variety of electron donors, acceptors 

and carbon sources.  Microorganisms can be classified according to the types of carbon and redox species 

they utilize (Figure 1.2). Those that receive electrons from either organic or inorganic compounds are 

called chemotrophs, whereas phototrophs attain energy from light-derived photons.  Chemotrophs that 

utilize inorganic electron donors are classified as chemolithotrophs, while organisms that obtain their 

electrons from organic compounds are known as chemoorganotrophs.  Organisms can either fix inorganic 

carbon or assimilate OC for building biomolecules and are referred to as autotrophs or heterotrophs, 

respectively.  Chemolithotrophs that fix inorganic carbon are called chemolithoautotrophs.  And those 

that assimilate OC are called chemolithoheterotrophs.  The same terminology can be applied to 



!
!

!
!

5!

chemoorganotrophs  (Chemoorganoautotrophs and chemoorganoheterotrophs).   Some heterotrophic 

microogranisms in marine sediments assimilate OM that is transported from the water column above 

while others degrade cell debris of the sediment’s decaying biomass.  As the heterotrophs remineralize 

organic carbon to CO2, they fuel autotrophic communities, which in turn become the primary producers 

for other heterotrophs. 

Methanogens are microorganisms that produce methane by CO2 reduction or disproportionation 

or fermentation of acetate and other reduced carbon compounds.  Methanogens capable of using acetate 

are typically associated with terrestrial or lacustrine environments while most marine methanogens are 

known to utilize CO2 (though both pathways can occur in either environment) (CANFIELD et al., 2005; 

VALENTINE, 2011).  Thus marine methanogens can be thought of as autotrophs and consequently primary 

producers. Methanotrophs are specialized autotrophs that use methane as carbon and energy source.  

Methanotrophs can be divided into three major classes: Type I and Type X, assimilate CH4-derived 

carbon to build biomolecules, while Type II also assimilate some CO2-derived carbon into their biomass 

(HANSON and HANSON, 1996).   

 

!
 

Figure 1.2 Metabolic classifications as defined by carbon and energy sources (KELLERMANN et al., 
2012)  
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Marine organisms use a diverse array of redox species to produce energy.  Ideally, organisms take 

advantage of the available electron donors and acceptors separated by the greatest electron potential, thus, 

obtaining the maximum amount of free energy per electron transferred.  While chemoorganotrophs 

always use organic compounds as their electron donors, their electron acceptors vary.  In oxic sediments, 

aerobic respiration (using O2 as the electron acceptor) releases the greatest amount of free energy (Table 

1.1). Depending on sedimentation rates, O2 diffusing from the water column above is depleted at varying 

depths.  Once O2 is depleted, chemoorganotrophs utilize the next most thermodynamically favorable 

electron acceptor (Table 1.1).  The use of electron acceptors in succession creates distinct and predictable 

redox zones in marine sediments (CANFIELD and THAMDRUP, 2009).  Figure 1.3 shows the general 

sequence of major ions that can be measured from the interstitial waters.  While H2 may be the most 

energetically favored electron donor, other reduced species can serve as reductants (i.e. NO2
-, Mn2+).  For 

this reason, ion concentrations in interstitial waters wax and wane.  For example, O2 can oxidize reduced 

nitrogen species to produce NO3
-, which in turn is utilized as an electron acceptor once O2 is depleted.  

Iron and manganese usually form mineral precipitates in their oxidized forms, and therefore are routinely 

measured as soluble reduced ions.  Aqueous Fe2+ can then diffuse upward, where it can be abiotically 

oxidized by oxygen or manganese oxides (CANFIELD et al., 2005).  Ferrous iron can also diffuse 

downward and precipitate with reduced sulfur as pyrite (CANFIELD et al., 2005).  Likewise, mobile Mn2+ 

can be oxidized in oxic surface sediments or diffuse downward and sometimes precipitate with carbonate 

(CANFIELD and THAMDRUP, 2009).  

1.3 Overview of Microbially Meditated Carbon Degradation in Marine Settings  

The majority of the OC that reaches the sea floor is classified as particulate organic carbon (POC) 

(HEDGES, 1992).  POC consists of complex organic substrates including proteins, lipids, and polymeric 

carbohydrates such as cellulose and chitin (ARNOSTI, 2011; DEMING and BAROSS, 1993).  Extracellular 

enzymes produced by the microbial community mediate many of the first steps of OC degradation by 

hydrolyzing POC to dissolved organic carbon (DOC), a soluble form of OC that can more easily cross 

microbial cell membranes (FONG and MANN, 1980; MEYER-REIL, 1984).  Aerobic and anaerobic 

heterotrophic bacteria and archaea consume the soluble carbohydrates and amino acids, resulting in 

additional microbial biomass or fermentation products including low molecular weight (LMW) organic 

acids (ARNOSTI and HOLMER, 2003; DEMING and BAROSS, 1993).  As sediments become anoxic with 

depth, organisms that carryout acetogenesis or reduce inorganic elements (Table 1.1) consume the LMW 

fatty acids producing CO2 and reduced inorganic compounds (i.e. HS-, Fe2+) (ARNOSTI and JORGENSEN, 

2006; CANFIELD et al., 1993a; CANFIELD et al., 1993b; LJUNGDAHL, 1986).  In general, these anaerobic   
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Table 1.1 Standard Gibbs free energy calculated for both chemolithotrophs and 
chemoorganotrophs based off of Canfield et al., 2005. Values are calculated at 25oC, unit activity 
and a four e- transfer equivalent to the oxidation of one mole of organic carbon with 0 charge. 

Reaction 
kJ per reaction 

Δ Go (H2) Δ Go 

(acetate) 

Oxic respiration 

O2 + 2H2 → 2H2O  + ½H+ 

O2 + ½ C2H3O2
- → HCO3

- + ½H+ 

 

-456 

 

 

-402 

Denitrification  
4/5 H+ + 4/5NO3

- + 2H2  → 2/5N2 + 12/5H2O 
4/5NO3

- + 3/5H+ + ½C2H3O2
- → 2/5N2 +HCO3

- +2H2O  

 

-460 

 

 

-359 

Mn reduction (pyrolusite) 

4H+  +MnO2 +2H+ → 2Mn2+ 4H2O 
7/2H+ + 2MnO2 + 1/2 C2H3O2

- → 3Mn2+ + HCO3
- +2H2O 

 

-440 

 

 

-385 

Fe Reduction (freshly precipitated amorphous) 

8H+ 4FeOOH + 2H2 → 4Fe2+ + 8H2O!
15/2H+ + 4FeOOH + 1.2C2H3O2

- → HCO3
- + 4Fe2+ + 6H2O 

 

-296 

 

 

-241 

Sulfate Reduction  

H+ + ½SO4
2- +2H2 → 2H2O + 1/2 H2S 

1/2 H+ + 1/2 SO4
2- + 1/2 C2H3O2

- 1/2 H2S + HCO3
-  

 

-98.8 

 

 

-43.8 

Methanogenesis 

½ H+ + ½HCO3
- + 2H2 → H4 + 3/2H2O  

½H2O + ½ C2H3O2
- → CH4 + ½HCO3

-  

 

-74.8 

 

 

-19.9 
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Figure 1.3 Hypothetical porewater profile depicting distinct redox zones. SMZ represents the 
typical sulfate-methane transition zone where anaerobic methane oxidation is known to occur 
(CANFIELD and THAMDRUP, 2009). 
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microbially mediated processes yield less energy than oxic respiration (Table 1.1) and correspondingly 

translate to lower microbial biomass (D'HONDT et al., 2002).   

While the general processes of OC diagenesis have been described (Figure 1.4a), rates of 

degradation, OM transformations, and the microbial species and enzymes involved remain unknown 

(BURDIGE, 2007).  Past studies comparing microbial activity with total organic carbon produced weak 

correlations (ARNOSTI and HOLMER, 2003) prompting investigations focused on identifying the specific 

carbon substrates most  important for OM remineralization (ARNOSTI and HOLMER, 2003; ARNOSTI and 

JORGENSEN, 2006; BURDIGE, 2007; CANFIELD et al., 1993a; CANFIELD et al., 1993b; DEMING and 

BAROSS, 1993; UHLE et al., 2007). Carbohydrates have been recognized as potential indicators of OC 

reactivity (HERNES et al., 1996; JENSEN et al., 2005).  An investigation of Chesapeake Bay sediments 

suggested that dissolved carbohydrates (DCHO) are important intermediates in POC remineralization 

(BURDIGE et al., 2000). In addition, measurements of various OC forms from sediments of the Baltic Sea 

showed that particulate carbohydrate (PCHO) concentrations relative to total POC decreased with 

increasing depth (JENSEN et al., 2005).  The same study also suggested that heterotrophic bacteria might 

preferentially degrade glucose polymers, such as starch and cellulose.  Cumulatively, these observations 

suggest that carbohydrates (especially glucose polymers) are selectively utilized during the initial steps of 

OC remineralization and may be used as an indicator of diagenetic state. 

Amino acids have also been identified as potential indicators of reactive carbon (COWIE and 

HEDGES, 1994; COWIE et al., 1992b; LEE and CRONIN, 1982; LEE et al., 2000; UHLE et al., 2007).  Beta-

alanine and γ-aminobutyric acid are amino acids not found in proteins (“non-protein amino acids”).  

These amino acids are proposed products of the microbial decarboxylation of protein amino acids, and 

thus indicate microbial reworking of OC in sediments (LEE and CRONIN, 1982).  Observations have 

shown that such non-protein amino acids are selectively excluded from further diagenesis when protein 

amino acids are available (COWIE and HEDGES, 1994; COWIE et al., 1992b).  Thus, a relative increase in 

the concentrations of non-protein amino acids to protein amino acids has been regarded as another good 

indicator of the extent of OC degradation (i.e. diagenesis) in several marine settings, including a Peruvian 

upwelling system and the Hauraki Gulf of New Zealand (LEE and CRONIN, 1982; UHLE et al., 2007).  

Davis et al (2009) used amino acid concentrations to define the various stages of OC degradation as early, 

intermediate and advanced.  They noted that during early stages of degradation, the percent of 

hydrolysable amino acids relative to total DOC decreases rapidly. Likewise, the amino acid Degradation 

Index (a statistical value calculated based on relative abundances of amino acids (DAUWE and 

MIDDELBURG, 1998)) declines rapidly during intermediate stages of DOC diagenesis, as does the mole 

percent of γ-aminobutyric acid during advanced DOC diagenesis. 
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Figure 1.4 (A) General carbon diagenesis pathway in marine sediments, with an emphasis of anaerobic bacteria, as depicted by Deming 
and Baross (1993) . (B) Proposed model for some OC proxies, biomass, and δ13C values of phospholipids with depth. [Glucose] (Glu) will 
spike in surface sediments as an early intermediate of carbohydrate degradation, and will decrease as [particulate carbohydrates] 
(PCHO) degradation decreases (JENSEN et al., 2005).  Changes in [Dissolved amino acids] (DAA), the amino acid degradation index (DI), 
and [γ-aminobutyric acid] (γ-Aba) measurements will be greatest in sediments where early, intermediate and advanced OC degradation is 
occurring respectfully (DAVIS et al., 2009). Predictions: Biomass will drop rapidly during early stages of OC degradation, and will 
continue to decrease in anoxic sediments. Lower δ13C values of lipids will reflect a hetertophic to autotrophic metabolic shift at depths 
where high [γ-Aba] indicate high OC degradation
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Chapter 4 focuses on using concentrations of particulate amino acids as a measurement of OC 

degradation.  Amino acids were selected over carbohydrates because they are hypothesized to be readily 

metabolized as they also serve as a source of nitrogen.  Additionally, information relating to amino acid 

concentrations will complement measurements of dissolved ammonia and particulate organic nitrogen.  A 

hypothesis of this work is that concentrations of protein amino acids will rapidly decrease in the surface 

sediments indicating the early stages of OC degradation.  As a result, biomass concentrations are expected 

to decrease rapidly in the surface sediments.  A shift from heterotrophic to autotrophic metabolisms in 

deeper sediments where high concentrations of non-protein indicate high OC degradation is also 

predicted.  This metabolic shift will be recognized by lower δ13C values of phospholipids, a sign of 

autotrophic pathways.  

1.4 Microbial Phylogeny    

Originally, taxonomic assignments of microorganism were based on morphology and metabolic 

capabilities.  Today, taxonomic classifications are determined by evolutionary differences (phylogenetic 

relationships).  Most microbial phylogeny is based on the small sub unit (SSU) rRNA gene.  First used in 

the 1970s by Carl Woese, the gene has shown to be universally distributed amongst all living beings.  The 

rRNA has a relatively large gene (~1500 base pairs) and contains both universally conserved and species 

dependent variable regions, making it a prime candidate for sequence comparison and identification 

(Figure 1.5) (BAKER et al., 2003).  Ideally, primers are selected to anneal to conserved regions and flank 

hypervariable sections of interest.  

Characteristics required to distinguish one species from another are not well defined, 

microbiologists, so often refer to a group of sequences as an operational taxonomic unit (OTU).  An OTU 

is defined as a group of gene sequences that share a defined threshold of similarity.  OTUs generated from 

a single dataset may vary if clustered by a different method.   For example, this research utilized the 

program UCLUST and a similarity threshold of 97% (EDGAR, 2010).  UCLUST uses a seed clustering 

system, meaning a single sequence read is selected as a seed (Figure 1.6, sequence A).  A second 

sequence read, sequence B, is compared to the original seed.  If sequence B is ≥ 97% similar to sequence 

A, then sequence B is included into the OTU.  If sequence B is ≤ 97% similar than sequence A, then 

sequence B becomes the seed of a new OTU.  When using a seed method, not all sequence reads in a 

single OTU are necessarily ≥ 97% similar to each other.  Figure 1.5 demonstrates that while sequence B 

and C are ≥ 97% similar to sequence A, they can be ≤97% similar to each other.  Additionally, OTU  

!  
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Figure 1.5 An interpretation of the SSU rRNA gene according to Bakers 2003. Variable regions are 
boxed, un-boxed areas are assumed to be conserved among organisms.  Primer 515f and primer 
926r amplify DNA starting at their respected base pairs.  

!

 

Figure 1.6 A depictuion of the UCLUST de novo clustering method, modified from the Uclust User 
Guide (EDGAR, 2010) 
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groupings are dependent on the order in which the sequences are analyzed and therefore OTUs should be 

viewed as a taxonomic bin and not a defined species. 

Most!16S!rRNA!studies!performed!on!marine!sediments!employ!either!Sanger!or!454!
pyrosequencing!technologies.!!Frederick!Sanger!developed!Sanger!sequencing!in!1977.!!Sample!
preparation!includes!genomic!DNA!extraction!and!amplification!of!the!SSU!rRNA!gene.!!The!
amplified!DNA!fragments,!also!known!as!amplicons,!are!then!ligated!into!a!vector!plasmid,!which!is!
then!transformed!into!competent!cells!and!grown!on!an!agar!plate.!!Individual!clones,!each!
representing!a!single!rRNA!sequence!are!randomly!selected!for!sequencing,!and!compared!to!
databases!for!taxonomic!assignment!(FRANÇA!et!al.,!2002).! 

454 pyrosequencing is a highly parallel sequencing system that allows many samples to be 

analyzed simultaneously with a greater time and cost efficiency than Sanger sequencing (MARGULIES et 

al., 2005).  With pyrosequencing, a unique primer containing a coded series of nucleotides is designed for 

each sample (HAMADY et al., 2008).  When these barcoded primers amplify DNA, the barcode is 

included onto the amplicon.  Individual samples can then be pooled, purified and sequenced together.  An 

additional advantage to pyrosequencing is that cloning is unnecessary.  Currently pyrosequencing 

analyses can produce 1 million sequence reads per plate compared to the 96 sequences of a Sanger 

analyses (ROCHE, 2011).  The drawback to 454 pyrosequencing is the sequencing length.  Current 

technology produces readable lengths of about 500 nts compared to the nearly full-length sequences of 

Sanger methods.  Shorter sequence lengths limit the number of hypervariable regions that are analyzed.  

For this reason, primer selection is very important.  In silico research shows that some hypervariable 

regions are more diagnostic for species identification than others (LIU et al., 2008; LIU et al., 2007).  For 

example, taxonomic assignment based on variable region 6 does not yield accurate classifications (LIU et 

al., 2008; YOUSSEF et al., 2009).  Alternatively, universal primers 515f and 927r, which flank variable 

regions 4 and 5 (Figure 1.5) are known to provide excellent coverage and taxonomic assignments (LIU et 

al., 2007; WANG, 2009; YOUSSEF et al., 2009).  Therefore, these universal primers were chosen for SSU 

gene sequencing in these studies.  

454 pyrosequencing has revolutionized bioinformatics.  Data sets with hundreds of thousands of 

sequences make visual inspection of sequence alignment impossible.  The onset of the pyrosequencing 

era has brought upon an explosion of free online bioinformatic software and pipelines that help 

investigators remove erroneous sequences and cluster sequence reads as OTUs.  In this research QIIME 

(Quantitative Insights into microbial ecology) pipeline was used to filter, cluster, and assign taxonomy 
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(CAPORASO  et al., 2010 ). Specific steps and parameters utilized will be discussed in detail in the 

appropriate chapters.  

One of the earliest environmental studies to take advantage of 454 pyrosequencing was done by 

Slogin et al. in 2006.  Slogin et al. produced 117,778 sequence reads using pyrosequencing and uncovered 

a large magnitude of low abundance sequences that were not identified with a smaller sampling size.  

Organisms representing these low abundance sequences were termed as the “rare biosphere” (SOGIN et 

al., 2006).  Some of the scientific community responded to the rare biosphere with skepticism, and in 

2010 Kumin et al. cautioned that sequencing errors followed by inadequate OTU clustering will 

overestimate species diversity.  Kumin et al. (2010) sequenced a single strain of Escherichia coli to test 

various bioinformatic-filtering parameters.  The study showed that when clustered with a similarity 

threshold of 100%, and without measures of quality control, diversity was overestimated by an order of 

magnitude.  However, the authors do suggest that with appropriate quality trimming, and a clustering 

threshold no higher than 97%, diversity can be accurately estimated.  These recommendations were 

considered when analyzing pyrosequencing results in the studies to follow. 

1.5 Bacterial and Archaeal Phospholipids 

Phospholipids are the main components of bacterial and archaeal cell membranes (MADIGAN et 

al., 2012).  In both cases, up to two carbons of the glycerol backbone are linked to hydrophobic 

hydrocarbon chains of varying lengths.  The third carbon is linked to a polar phosphate group.  Phosphate 

groups vary and include functional groups such as sugars and amine components.  The combination of 

both the polar “head” and non-polar “tails” gives phospholipids an amphipathic nature that allows the 

formation of a stable lipid bilayer.  Upon cell death, extracellular enzymes such as phospholipase cleave 

the phosphate head from the glycerol backbone (HARVEY et al., 1986) making phospholipids useful 

biomarkers for living or recently dead organisms.   

While similar, there are several structural differences that differentiate bacterial and archaeal 

phospholipids.  For example, the hydrocarbon tails of bacterial phospholipids, known as phospholipid-

derived fatty acids (PLFAs), are acetogenic lipids linked to the glycerol back bone via an ester bond.  

Acetogenic lipids consist of repeating monomers of acetyl-CoA, which can include a variety of functional 

groups and points of unsaturation (Figure 1.7).  The final structure of the hydrocarbons will be a result of 

the species, the growth stage, and environmental conditions. Thus, unique lipid structures have been used 

to identify particular groups of organisms. For example, branched and monounsaturated PLFAs are often 

associated with gram-positive and gram-negative bacteria respectively (O'LEARY and WILKINSON, 1988; 

WHITE et al., 1996; WILKINSON, 1988).  Polyunsaturated PLFAs tend to be more common among 
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organisms living in cold or high pressure environments where the increased points of unsaturation add to 

the fluidity the cell membrane (NICHOLS and MCMEEKIN, 2002).  Actinobacteria are known to produce 

abundant iso and anteiso fatty acids (BRENNAN, 1988).  However, classification of individual species 

must be made with caution.  Varying or stressed growth conditions can cause a PLFA profile to change 

(GUCKERT et al., 1986; KIEFT et al., 1994). For example, during stages of starvation, bacteria have a 

tendency to change cis bonds to the trans, and points of unsaturation to cyclic rings (GUCKERT et al., 

1986).  Additionally, some bioindicators are produced by multiple organisms. The PLFA 10me16:0, for 

example, is produced by Actinomycetes, sulfate reducing bacteria of Desulfobacteria, and Planctomycetes 

(BRENNAN, 1988; DOWLING et al., 1986; O'LEARY and WILKINSON, 1988; SITTIG and SCHLESNER, 

1993).  To further complicate the matter, there are many species that remain unidentified and uncultured, 

and thus, their PLFA profiles are unknown.   

A conversion factor that relates measured phospholipids to direct cell counts is required to obtain 

biomass estimates from phospholipid analyses (HAACK et al., 1994b).  Studies have shown that 

taxonomic differences as well as growth conditions can affect the concentration of phospholipids per cell 

(HAACK et al., 1994b; SUMMIT et al., 2000; WHITE et al., 1979b). Nonetheless, conversion factors based 

on culture studies have been developed for both bacterial and archaeal cells. In the case of bacteria, many 

conversion factors were developed assuming 100 µmol PLFA cell-1 (SUMMIT et al., 2000; WHITE et al., 

1979b).  Studies using this assumption generally generate PLFA biomass estimates that are less than 

direct cell count estimates (JIANG et al., 2007; LUDVIGSEN et al., 1999; SUMMIT et al., 2000).  Some 

common marine species, including those belonging to the phyla Firmicutes and Bacteroidetes, only have 

11 and 42 μmol PLFA cell-1
 respectively, and may be the cause of the underestimations.  In addition, 

spores, which are stained by acridine orange (MAGGE et al., 2009; SCHICHNES et al., 2006), contain small 

amounts of PLFA (MATHIAS et al., 2010).  Thus spore-producing organisms from the phyla Firmicutes or 

Acinomycetes may contribute to lower PLFA biomass estimates.  On the other hand, it is also possible 

that PLFA biomass estimates are a more accurate estimation of the viable population than the direct 

counts.  Fluorescence of mineral grains or inactive cells caused by DNA binding stains such as acridine 

orange or SYBR Green have been attributed to over estimations in the past (MORONO et al., 2009b; 

SMITH and D'HONDT, 2006).  Thus, PLFA conversion factors ranging from 2x107 to 5.9x107 bacterial 

cells per nmol PLFA are commonly applied to marine sediments, and have produced biomass estimates 

within an order of magnitude of direct cell counts (MILLS et al., 2006; RÜTTERS et al., 2002; SUMMIT et 

al., 2000). 

Phospholipids of archaeal membranes are made of isoprenoid lipids and consist of repeating 

isoprenoid monomers that are linked to the glycerol back bone with an ether bond (MADIGAN et al., 
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2012).  Some archaeal cells produce tetraether lipids.  Tetraether lipids are essentially two phospholipids 

with linked hydrocarbons.  These structural differences give archaea membranes a few advantages over 

bacteria.  Their strong ether bond and tetraether structure increases the membrane’s tolerance to extreme 

temperatures, while highly branched isoprenoids make membranes less permeable to ions (MADIGAN et 

al., 2012).  Examples of archaeal diethers and tetraethers are shown in Figure 1.7.  Similar to PLFAs, 

archaeal phospho-ether lipids (PELs) can serve as bioindicators for groups of organisms.  Archaeol is the 

most common archaeal lipid and is present in most species (KOGA et al., 1998).  Sn-2-hydroxylarchaeol is 

used as a bioindicator for the methanogenic archaea methanosarcinales and for anaerobic methane 

oxidizers ANME 1, while sn-3-hydroxyachaeol is suggestive of Methanosaeta concilli, and 

Methanococcus voltae (PANCOST and SINNINGHE DAMSTE, 2003).  Cyclic tetraethers appear to be 

produced solely by crenarchaeotes (DELONG et al., 1998 ) 

PELs are either measured by an HPLC as intact PELs or lipids derivatized for gas 

chromatography.  This research tested two different PEL derivatization methods for gas chromatography, 

a lithium aluminium hydride (LiAlH4) reduction and a silylation reaction with (N,O-bis(trimethylsilyl) 

trifluoroacetamide (BSTFA).  In both cases, the phosphoether bond has to be broken to release the 

isoprenoid chain by acid hydrolysis.  The final derivatives were measured with a flame ionization detector 

and quantified using an external standard curve. Unfortunately, satisfactory lipid recovery from either 

methods was never achieved (Chapter 2).  It is suspected that the glycoplipids are lost on solid phase 

extraction column and/or on drying agents (LENGGER et al., 2012).  As a result, glycolipids analyzed in 

these studies were subsequently measured as intact phospholipids by HPLC in Dr. Roger Summons’ 

laboratory at the Massachusetts Institute of Technology. 

1.6 Natural Abundance of Stable Isotopes 

The two stable carbon isotopes are 12C and 13C.  The masses of these two isotopes are 12.000000 

amu and 13.003355 amu, respectively.  Consequently, the mass of 13C is 8.36% greater than the mass of 
12C.  This mass difference results in both kinetic and equilibrium isotope fractionation during a host of 

different processes.  According to quantum mechanics, the vibrational frequency of a covalent bond 

containing a heavier isotope is lower than the vibrational frequency of a bond containing a lighter isotope 

(FAURE and MENSING, 2005).  Vibrational energy is proportional to vibrational frequency:  

           (1.1) 

  

E = 1
2
hυ
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Figure 1.7 Examples of (A) bacterial phospholipid fatty acids, (B) archaeal tetraethers, (c) archaeal 
diethers. Images from B and C are modified from Pancost 2003 ). In this thesis, PLFAs will be 
named according to X:YωZ nomenclature.  Where X represents the number of carbons in the 
chain, Y represents the number of double bonds, and Z represents the location of the first double 
bond from the aliphatic end of the chain.  Additional information such as cis (c) or trans (t) may 
follow.  Hydrocarbon chains with methyl, hydroxyl, or cyclopropyl groups are represented by a 
“me”, “OH”, or “cy” prefex respectively.  If the position of the hydrox groups can be determined, it 
will be identified by its position form the carboxyl end, followed by “OH”. The same is true for 
methyl branches, but the position will be followed by “me”.  Carbons of methyl branches do not 
add to the total value of the carbon chain (for example10me16:0 has 17 carbons total).  The 
opposite is true for iso and anteiso terminal methyl branches.  The carbons of these terminal 
branches are indicated with an “i” or an “ai” prefix.  Carbons of these terminal methyl branches do 
add to the total value of the carbon chain (example, i14:0 has 14 carbons total). 
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where h is Plank’s constant and υ"is vibrational frequency. Bonds containing lighter isotopes have more 

energy, are less stable and more apt to be broken in abiotic and biological processes. 

The global abundances of 12C and 13C and are 98.89% and 1.11% of total carbon respectively.  

The isotopic composition of compound a (Ra), is defined as the abundance of the heavy isotope divided 

by the abundance of the light isotope (12C/13C) in that compound, and is typically measured using an 

isotope ratio mass spectrometer.  Due to instrumentation differences, abundance ratios are compared to a 

standard (std) and reported using the standard delta notation in per mil (‰) (Equation 1.1 and 1.2).  

      (1.2) 

or  

         (1.3) 

This equation can be rewritten to solve for Ra as below  

         (1.4) 

The discrimination against heavier isotopes during chemical and/or physical processes is referred 

to as isotopic fractionation.  The processes that control isotope fractionation can be divided into two 

major types: equilibrium or kinetic fractionation effects.  The abiotic reaction between gaseous CO2 and 

dissolved bicarbonate is an example of an equilibrium effect because the reaction is reversible and at 

equilibrium (Equation 1.5) 

       (1.5) 

The fractionation factor of any reaction is defined as the isotopic composition of the products, 

divided by the isotopic composition of the reactants. Fractionation factors are temperature dependent and 

can be determined empirically.  The fractionation factor for equation 1.5 is:  
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or  

 

         (1.7) 

Often, fractionation factors are converted to enrichment factors, which are reported in per mil and 

thus easier to compare.  The enrichment factor for equation 1.7 is shown below. 

       (1.8) 

 

Substituting equation 1.7 into equation 1.8 yields equation 1.9 below 

        (1.9) 

or 

        (1.10) 

Applying equation 1.4 to equation 1.10 gives the following relationship 

    (1.11)

 

which simplifies to  

      (1.12)
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or  

        (1.14) 

 This assumption provides a simple relationship between enrichment factors and isotopic 

compositions, where the enrichment factor closely approximates the isotopic composition of the products 

minus that of the reactants.  

Kinetic isotopic fractionation is observed when a reaction is not at equilibrium, meaning either 

the forward and reverse reactions occur at different rates, or the products become separated from the 

reaction after formation.  The formation of the biomolecule acetyl-coenzyme A (acetyl-CoA) is just one 

example of a reaction that undergoes kinetic isotopic faction.  Once produced, acetyl-CoA is utilized in 

the cell for lipid formation, the building block for bacterial membrane lipids.  In most aerobic 

heterotrophs, acetyl-CoA is formed from the oxidative decarboxylation of pyruvate.  The overall reaction 

can be viewed below in Figure 1.8 and requires the enzyme pyruvate dehyrogenase (PDH), coenzyme A 

(CoASH) and the electron carrier nicotinamide adenine dinucleotide (NAD+/NADH+H+).  The isotopic 

enrichment observed from this reaction can be expressed using equation 1.15.  

 

Figure 1.8 The decarboxylation reaction of pyruvate by pyruvate dehydrogenase (PDH) for the 
production of Acetyl-CoA 

       
(1.15) 

 

The observed fractionation for this reaction is dependent on the selectiveness of the enzyme PDH, 

and has been experimentally measured to be ~ -3‰ for most organisms.  Some types of organisms use 

alternative enzymes and pathways for the production of aceyl-CoA (Table 1.2). For example, some 

aerobic methanotrophs and anaerobic heterotrophs are thought to use the enzyme malyl-coA-lyase 

ε
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(JAHNKE et al., 1999; TEECE et al., 1999; ZHANG et al., 2003).  This enzyme has been credited with 

isotope enrichments as large as -12‰ (JAHNKE et al., 1999).  

1.7 Applications of δ13CPLFAs  

One goal of this study was to use δ13C measurements of PLFAs (δ13CPLFAs) to determine how 

carbon is being utilized in Antarctic Sediments.  The production of acetyl-CoA is just one reaction of 

lipid biosynthesis.  The first requirement is assimilation of a carbon source. Table 1.3 lists known 

assimilation pathways and the associated enrichment factors.  The possible carbon assimilation pathways 

for autotrophic bacteria include the acetyl-coA pathway, the reverse tricarboxylic acid cycle (rTCA), the 

3-hydroxypropionianate cycle (3-HP) and the Calvin Cycle.  The acetyl-coA pathway demonstrates the 

largest 13C fractionation ranging from -3 to -36 (HOUSE et al., 2003 ; LONDRY and DES MARAIS, 2003; 

PREUΒ et al., 1989).  Bacteria using the The Calvin-Bensen Cycle typically fractionate 13C ~ -20‰ (DES 

MARAIS and CANFIELD, 1994; MADIGAN et al., 1989; QUANDT et al., 1977; SIREVÅG et al., 1977).  The 

rTCA cycle and 3-HP pathway generally show fractionations less than -8 ‰ (HOLO and SIREVÅG, 1986; 

HOUSE et al., 2003 ; QUANDT et al., 1977; VAN DER MEER et al., 2001a; VAN DER MEER et al., 2001b).  

Heterotrophs also show little fractionation with enrichments ranging from +3 and -7‰ (COFFIN et al., 

1990; TEECE et al., 1999; ZHANG et al., 2003).  Methanotrophs have unique metabolic pathways for the 

consumption of methane and show relatively large isotopic enrichments.  Type I methanotrophs, which 

consume only methane for biosynthesis can fractionate carbon as much as -31‰ (JAHNKE et al., 1999; 

SUMMONS et al., 1994).  Type II methanotrophs incorporate CO2 as well as CH4 into their biomass and 

consequently display less carbon fractionation with respect to methane, with reported isotopic 

enrichments ranging +8 to -15‰ (JAHNKE et al., 1999; SUMMONS et al., 1994).  Ultimately, observed 

δ13CPLFA values will reflect the pathways of assimilation and lipid production as well as the carbon source 

utilized (Table 1.3).  The following chapters will use δ13C values of PLFAs and available carbon sources 

to back calculate the metabolic pathways occurring within these sediments.  

1.8 Thesis Overview 

The following chapters integrate phylogenetic techniques with phospholipid analyses and 

geochemistry to elucidate the microbial abundances and metabolic processes occurring in different deep-

sea Antarctic marine sediments.  Ultimately, this thesis shows that biogeochemical processes in the 

marine sedimentary environments are intimately tied to sedimentation rates and thus primary productivity 

of the seawaters above.  Chapter 2 investigates sediments below the Ross Ice Sheet.  Despite this site’s 

proximity to the continental shore, primary productivity and consequently sedimentation rates are limited 

by sea ice.  Low OC inputs support a relatively small microbial community compared to other near shore   
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Table 1.2 Isotope fractionation associated with various lipid biosynthetic pathways 

Enzyme! Reaction! εlipids!/biomass! Reference!

pyruvate!
dehydrogenase! pyruvate!→!!acetylXCoA! ~!X3‰! (MONSON!and!HAYES,!

1982)!

malylXCoA!lyase! malate!→!acetylXCoA! ~!X12‰! (JAHNKE!et!al.,!1999)!

pyruvate!!
formate!lyase! pyruvate!→!AcetylXCoA! ~!X10‰! (TEECE!et!al.,!1999)!

acetate!kinase!
phosphoate!actyl!
transferase!!

acetate!→!AcetylXCoA! X4.5!to!9.4‰! (ZHANG!et!al.,!2003)!

 

 

 

 

 

Figure 1.9 The δ13C value of phospholipids reflects the δ13C value of the original carbon source as 
well as the carbon fractionation associated with carbon assimilation and lipid biosynthesis.   

!  
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Table 1.3 Isotope fractionation associated with various metabolism and biochemical pathways. 
References: 1(DES MARAIS and CANFIELD, 1994), 2(SIREVÅG et al., 1977). 3(MADIGAN, 1986), 
4(HOUSE, 1999), 5(PREUΒ et al., 1989), 6(QUANDT et al., 1977), 7(VAN DER MEER et al., 2001b), 
8(TEECE et al., 1999), 9(ZHANG et al., 2003), 10(COFFIN et al., 1990), 11(JAHNKE et al., 1999), 
12(SUMMONS et al., 1994) 

Carbon!Source! Assimilation!Pathway! Metabolism! εbiomass/Carbon!Source!(‰)!

CO2! CalvinXBenson!Cycle! Autotrophy! X11!to!X241X3!

CO2! AcetylXCoA!Pathway! Autotrophy! X6!to!X364X5!

CO2! Reverse!Citric!Acid!Cycle! Autotrophy! X2.5!to!X124X6!

CO2! 3XHydroxypropionate!
Cycle! Autotrophy! 0.7!to!X144,7!

! ! ! !

(CH6O)n! General!Heterotrophy! Heterotrophy! 3!to!X78X10!

) ! ! !

CH4)
Ribulose!
Monophosphate!Pathway!

Type!I!
Methanotrophy! X13!to!X3111X12!

CH4) Serine!pathway! Type!II!
Methanotrophy! +8!to!X1511X12!
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sites.  Chapter 3 looks at sediments collected from a near shore, eutrophic basin with very high 

sedimentation rates of ~2 cm yr-1.  Here high organic inputs create anoxic conditions that impede OC 

diagenesis.  Preservation of OC, including DNA from surface water communities, complicates the 

interpretation of SSU rRNA sequencing results and highlights the importance of integrating multiple 

techniques to obtain an accurate depiction of the active microbial community.  Chapter 4 is a comparison  

study between the continental basin described in chapter 3 and a deep-sea offshore site with a 

sedimentation rate of 20 m My-1.  Biomass estimates at this offshore site are two orders of magnitude 

lower than those from the near shore basin.  While the quality and abundance of sedimentary OC (as 

described by amino acid concentrations) are lower at the off shore site, the availability of electron 

acceptors supports a dominantly heterotopic community.  Heterotrophic processes such as fermentation 

also occur in addition to methanogensis thanks to anoxic conditions caused by high sedimentation rates. 

Together, the studied sites demonstrate that OM quality and quantity does appear to affect 

biomass concentrations.  As expected, the deep-sea basin contained the most labile OM and the largest 

microbial population, while the sediments of the Ross Sea and the continental margin support less 

biomass.  Despite differences of OM quality and abundance, heterotrophic microbial organisms 

dominated microbial communities at all sites.  Common heterotrophs included Bacteroidetes, γ-

Proteobacteria, Chloroflexi, and Actinobacteria.  High sedimentations rates in the deep-sea basin created 

anoxic conditions, which stimulated autotrophic metabolisms in addition to heterotrophy, and promoted 

the preservation of OM, including labile amino acids and surface water-derived DNA.  Most importantly, 

information provided from these Antarctic environments further enhanced our understanding of carbon 

cycling in marine sediments as well as the interactions occurring between geosphere and biosphere.  

!  
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2. CHAPTER TWO :  
BACTERIAL ABUNDANCE AND COMPOSITION 

 IN MARINE SEDIMENTSBENEATH THE  
ROSS ICE SHELF, ANTARCTICA 

 

Abstract 

Marine sediments of the Ross Sea, Antarctica, harbor microbial communities that play a 

significant role in the decomposition, mineralization, and recycling of organic carbon.  In this study, the 

cell densities within a 153 cm sediment core from the Ross Sea were estimated based on microbial 

phospholipid concentrations and acridine orange direct cell counts.  The resulting densities were as high 

as 1.7x107 cells mL-1 in the top ten centimeters of sediments.  These estimates are lower than those 

calculated for most near-shore sites but consistent with other deep-sea locations with comparable 

sedimentation rates.  δ13C measurements of PLFAs and sedimentary carbon sources were used to infer 

microbial metabolic pathways.  The δ13C values of dissolved inorganic carbon (DIC) in porewaters 

ranged downcore from -2.5‰ to -3.7‰ while δ13C values for the corresponding sedimentary particulate 

organic carbon (POC) varied from -26.2‰ to -23.1‰.  The δ13C values of PLFAs ranged between -29‰ 

to -35‰ throughout the sediment core, consistent with a microbial community dominated by 

heterotrophs.  Small subunit ribosomal RNA (SSU rRNA) gene pyrosequencing revealed that members of 

this microbial community were dominated by β-, δ-, and γ-Proteobacteria, Actinobacteria, Chloroflexi 

and Bacteroidetes.  Amongst the sequenced organisms, many are known heterotrophs that utilize organic 

carbon sources such as amino acids, oligosaccharides, and lactose, consistent with our interpretation from 

δ13CPLFA analysis.  Integrating phospholipids analyses with porewater chemistry, δ13CDIC and δ13CPOC 

values and SSU rRNA gene sequences provides a more comprehensive understanding of microbial 

communities in marine sediments, including those of this unique subglacial environment. 

 
2.1 Introduction 

For more than a decade, marine sediments were thought to hold 55% to 85% of all microbial life.  

Now Kallmeyer et al. (2012) suggest that the marine subsurface only holds 0.9 to 31% of total microbial 

life.  The discrepancy between these estimates is largely attributed to biased sampling efforts towards 

sediments located along continental shores in former studies (PARKES et al., 2005; WHITMAN et al., 

1998).  Thus, the recent inclusion of deep-sea, low biomass environments are thought to have improved 
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abundance estimates (HINRICHS and INAGAKI, 2012; KALLMEYER et al., 2012), emphasizing the 

importance of sampling unique subsurface environments.   

During the 2006 geological ANtarctic Geological DRILLing Project (ANDRILL), the top 1.53 m 

of marine sediment was retrieved from beneath the Ross Ice Shelf for microbiological and geochemical 

analyses.  The operations of the ANDRILL drill rig provide a unique opportunity to collect sediments 

located below a 82 m thick ice shelf and ~ 850 m of seawater (FALCONER et al., 2007).  Previous studies, 

which document microbial abundances from sediments of continental margins and the open ocean, 

indicate that those margins generally have a larger microbial population due to larger amounts of OM 

(D'HONDT et al., 2009; DEMING et al., 1992; LIPP et al., 2008; SHIPBOARD SCIENTIFIC PARTY, 2003 ).  

However, while located on the continental shelf, permanent sea ice at this site limits sedimentation rates 

(0.5 mm year-1) and sedimentary organic carbon (OC) content (0.18 wt%) (MCKAY et al., 2008).  It 

remains unclear how the quantity or quality of sedimenting OM affects living cell densities and metabolic 

diversity within these oligotrophic sediments.  Thus, the goal of this study was to analyze and compare 

the microbial abundances, diversity and metabolic pathways within these Antarctic sediments to other 

marine environments.  

Understanding the effects of OM quality and quantity on the resident microbial communities 

requires an integrated approach that examines both the available carbon sources and indicators of 

microbial abundance, diversity, and metabolism.  This study compares and contrast direct cell counts to 

indirect abundance estimates calculated based on phospholipid concentrations.  Because nucleic acid 

stains bind to the DNA of living, dormant, and dead cells, direct counts do not always provide an accurate 

estimate of viable cell numbers (MORONO et al., 2009b; SMITH and D'HONDT, 2006).  In addition, 

fluorescence from mineral grains can cause interference, increasing the error of cell estimates (RUBLEE, 

1982).  Alternatively, phospholipid analyses are believed to provide an alternative means to estimate the 

total viable microbial population, as these structures days degrade after cell death (GUIILINI et al., 2010; 

HARVEY et al., 1986; MILLS et al., 2006; SUMMIT et al., 2000).   

Metabolic pathways and diversity were investigated by measuring stable carbon isotope ratios of 

phospholipids  (δ13CPLFAs).  δ13CPLFAs values provide information relating to the carbon sources and 

metabolic pathways utilized by the microbial community (ABRAHAM et al., 1998; PANCOST and 

SINNINGHE DAMSTE, 2003).  Depending on the phospholipid synthetic pathway and associated 13C 

fractionation effects, lipids produced from carbon intermediates of the various assimilation pathways will 

show a range of δ13C values, but ultimately reflect the δ13C of their carbon substrates.  Due to the 

complexity of environmental samples, isotope techniques were integrated with estimates of microbial 
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abundance, small subunit (SSU) ribosomal RNA sequencing, porewater geochemistry, δ13CDIC and 

δ13CPOC values with to provide a more comprehensive understanding of microbial abundance, diversity, 

and influences on carbon cycling in deepsea, sub-glacial marine sediments. 

2.2 Methods  

Below the methods and site description for this study are explained.  

2.2.1 Site Description 

Soft sediment cores from ANDRILL site AND-1B were collected from locations beneath the 

Ross ice shelf at water depths of approximately 850 m (-77° 53' 22", 167° 5' 22").  Of the four push cores 

recovered, three were used for geological studies while the longest (PU-010) was reserved for 

microbiological investigations.  The cored sediments are best described as muds with occasional rounded, 

granule-sized clasts of mudstone, quartz and basalt with most biosiliceous material contained within the 

top 60 cm below sea floor (cmbsf) (DUNBAR et al., 2007).   

2.2.2 Sediment Sample Collection  

All push cores were collected by attaching the push corer assembly to the end of the PQ drill bit 

(DUNBAR et al., 2007).  The push corer was pressed into sediments without drilling fluids or drill rotation.  

Push Core 010 was pushed on October 26th, 2006 to a depth of 1.53 m.  Sampling methods for 

microbiology were modified from D’Hondt (2003) and described by Pompilio et al. (2007) as briefly 

noted here.  After drilling, the core was transferred intact to a nearby laboratory for further 

microbiological and geochemical sub-sampling in a sterile laminar flow hood.  The core was extruded 

from the polyvinylchloride core liner, and alternating whole round cores (WRNDs) were cut with a sterile 

(autoclaved) spatula at 5 cm intervals for pore water chemistry and microbiological analyses.  The 

microbiological WRNDs were then immediately sub-sampled by inserting a pre-sterilized 5 mL plastic 

syringe barrel into the center of each WRND and withdrawing approximately 5 mL of sediment.  The top 

and bottom 1 mL of this 5 mL subsample were preserved separately for AODC, and the middle 3 mL of 

sediment was saved for DNA analysis.  The remaining WRND was dedicated to phospholipid analyses 

and both the molecular and phospholipid subsamples were immediately covered and frozen on the 

Antarctic ice (~-20o C) until transferred to a freezer in the Crary Laboratory at McMurdo Station (-80 °C).  

The samples were subsequently shipped frozen to the Colorado School of Mines where they were stored 

at -80o C until analyzed.  

!  
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2.2.3 Geochemistry 

Whole round cores reserved for porewater analyses were compressed with titanium squeezers 

according to ODP sampling protocols (MANHEIM and SAYLES, 1974) and were previously described by 

Dunbar et al. (2007).  All porewater samples were immediately filtered (0.2 µm nylon membrane filter).  

On ice measurements of the porewater included pH, alkalinity, SO4
2-, O2 and NH4

+ (DUNBAR et al., 2007; 

POMPILIO et al., 2007).  Dissolved oxygen concentrations were also measured at the drill site using a 

Mettler 4100e oxygen sensor (Mettler Toledo, Columbus, OH) and an YSI dissolved oxygen meter (YSI 

Incorporated, Yellow Springs, OH).  Porewater samples for nitrate and nitrite were acidified to pH < 2 

and kept refrigerated during storage (4oC) and shipment to CSM and subsequently analyzed in Dr. 

Richard Smith’s laboratory (U.S. Geological Survey, Boulder, Colorado) with a chemiluminescent nitric 

oxide detector (Sievers Analytical, Model NOA 280).  δ13C values of dissolved inorganic carbon (DIC) 

and particulate organic carbon (POC) were measured at the Stable Isotope Biogeochemistry Laboratory at 

Stanford University.  After acidification, CO2 was evolved from DIC via acidification and cryogenic 

vacuum extraction and measured on a FinniganMAT 252 isotope ratio mass spectrometer (IRMS) 

(GRUBER et al., 1999).  Squeeze cakes were lyophilized and POC concentration and δ13C measurements 

were made using a Carlo Erba NA1500 elemental analyzer/Conflo II system coupled to a Finnigan 

DeltaPlus IRMS following procedures outlined in Moy et al. (2008). Results are presented in standard 

delta notation relative to the Vienna Pee Dee Belemnite.  One standard deviation was  +/-0.05‰ for 

δ13C DIC and POC measurements and 0.14% for wt% POC.   

2.2.4 Cell Counts 

Microbial cell counts were estimated using AODC techniques based on Hobbie et al. (1977).  

Briefly, 1 cm3 of sediment was injected into serum vials containing 9 mL of filter-sterilized seawater that 

had been pre-amended with formaldehyde (3.8% final concentration v/v) (MF-Millipore Membrane 

Filters, 0.22 µm).  Sediment slurries were prepared by vortexing the serum vials for 5 mins.  Immediately 

following agitation, triplicate subsamples were stained with acridine orange (final concentrations 0.01%) 

for three mins (HOBBIE et al., 1977). At least 100 cells or 100 fields of view were microscopically 

counted for each slide prepared.   
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2.2.5 Lipid Extractions and Derivatization  

All glassware and metal tools used for lipid extractions were baked at 460 oC for 8 hours.  All 

Teflon-lined caps and stoppers were rinsed with both chloroform and methanol prior to use.  Sediment 

cores were lyophilized, after which 2 mm of sediment was scraped from the outside surface areas and 

discarded.  Depending on depth and AODC cell number estimates, 35 to 147 g (dry weight) of sediment 

was extracted for each sample.  Each sample was divided among several 200 mL glass centrifuge tubes to 

maximize extraction efficiency.  Sediments then underwent two total lipid extractions following the 

modified Bligh-Dyer method (WHITE and RINGELBERG, 1998).  Total lipid extracts were combined and 

evaporated under nitrogen.  Total lipids were then separated into neutral lipids, glycolipids, and 

phospholipid phases using solid phase extraction (SPE) cartridges packed with 0.5 g silica (Alltech part 

#209200)(WHITE and RINGELBERG, 1998).  Columns were preconditioned with 5 ml CHCl3 and the three 

previously mentioned lipid phases were eluted with 10ml CHCl3, 10 ml acetone, and 10 ml methanol 

respectively.  Fatty acid methyl esters (FAMEs) by mild alkaline methanolysis (WHITE and RINGELBERG, 

1998).  Dimethyl disulfide (DMDS) derivatives were produced from selected FAME samples in order to 

determine the point of unsaturation within monounsaturated structures (WHITE and RINGELBERG, 1998). 

Phosphoether lipids (PEL) were separated from FAMEs using the same SPE columns as above 

and were reduced to hydrocarbons with LiAlH4 as described by Koga and Morii (2006).  Special care was 

taken to protect the LiAlH4 reduction from water and the atmosphere, including the use of Na2SO4 as a 

drying agent.  The reduction was conducted in a sealed culture tubes under argon using tetrahydrofuran 

dispensed from a Pure Solv Solvent Purifier (Innovated Technology).  

2.2.6 FAME Identification and Quantification  

Fatty acid methyl ester samples and PEL hydrocarbons were analyzed using an Agilent 7890A 

gas chromatograph (GC) equipped with a DB-1 MS column (JBW Scientific, 60 m x 0.32 mm internal 

diameter; 0.25 micron film thickness) and an Agilent 5975C mass spectrometer (MS) at the U.S. 

Geological Survey in Lakewood, CO (Figure 2.1) FAMEs were identified by comparing their mass 

spectra and retention times to FAME standards.  Quantification of FAME peaks was based on selected 

ions.  Unique quantification ions were chosen for the different FAME classes based on their dominance in 

the mass spectrum (short chain and branched fatty acids = 74 + 87, monounsaturated fatty acids = 55 + 

69, double unsaturated fatty acids = 55 + 67, cyclic fatty acids = 74, and polyunsaturated fatty acids = 79 

+ 67 + 91) (DODDS et al., 2005).  The FAME 13:0 was added to all samples as an internal standard.  

Response factors were calculated to compensate for response variations between different FAME classes 

and the 13:0 internal standard.   
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Figure 2.1 Chromatogram of derivatized FAMEs extracted from surface sediments of the 
ANDRILL core and mass spectrum of internal standard FAME 13:0  

 

PEL derivatives were analyzed using the same GCMS described above.  The GC program started 

with a 2 min hold at 70oC and then ramped from 70oC to 130oC at 20oC with 1 min hold, 130oC to 190oC 

at 4oC/min with a 2 min hold, and finally 190oC to 250oC at 4oC/min with a 20 min hold. PEL 

hydrocarbons were identified by their mass spectra.  

2.2.7 FAME stable carbon isotope ratios  

The δ13C of the FAMEs were measured using a Delta V plus GC- isotope ratio mass 

spectrometer interfaced to a Thermo Trace GC with a split/splitless injector on a Restek Rxi-5MS column 

(60 m x 0.25 mm id, x 1.0 µm film thickness)(Skidaway Institute of Oceanography, Savannah, GA).  

Isotopic values were corrected for the added carbon during methylation and final values were reported in 

standard δ notation, and expressed against Vienna Pee Dee Belemnite. 
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2.2.8 DNA Extraction, PCR, and Sequencing 

DNA was extracted from 0.2 g of soil using the Powersoil extraction kit from MoBio, Inc. 

(Carlsbad, CA).  Universal forward and reverse PCR primers were selected to flank the V4 and part of the 

V5 hypervariable region of the SSU rRNA gene as described in Baker et al. (2003).  Forward primers 

included the 454 life Science A adapter, a distinct 8 basepair (bp) barcode, a two linker, and the 515F 

primer (5’-GCCTCCCTCGCGCCATCAG-barcode-CA-GTGCCAGCMGCCGCGGTAA-3’, coverage of 

Bacterial and Archaeal domains with two mismatches allowed equal 80.7% and 65.8%, respectively) 

(COLE et al., 2009).  The reverse primer included the 454 life science B sequencing adapter, a two bp 

linker and the 926R primer (5’-GCCTTGCCAGCCCGCTCAG-TC-CCGTCAATTCMTTTRAGTTT-3’, 

coverage of Bacterial and Archaeal domains with two mismatches allowed equal 65.8% and 75.1%, 

respectively) (COLE et al., 2009).  PCR reactions for the samples were conducted using Promega Master 

Mix (Madison, WI USA), and the amplicons were normalized using Invitrogen’s SequalPrep 

Normalization Plate Kit (Carlsbad, CA).  The normalized amplicons from each sample were then pooled 

together, gel purified, and sequenced on a 454 FLX Sequencer at the Denver Health Science Center 

(Denver, CO).  

2.2.9 Phylogenetic Analysis 

Pyrosequencing reads were analyzed using the QIIME software pipeline(CAPORASO et al., 2010).  

Reads outside 200-300 nucleotides in length, with a minimum quality score lower than 27, or incorrect 

barcodes were discarded from further analyses.  In total 27,962 pyrosequencing reads among the 15 

samples qualified for further processing.  Sequences were denoised using the QIIME denoiser and 

clustered into Operational Taxonomic Units (OTUs) at 97% similarity using the UCLUST furthest 

neighbor algorithm (EDGAR, 2010).  OTUs were aligned using PyNAST (CAPORASO et al., 2010) and 

chimeras were identified and removed using QIIME’s ChimeraSlayer.  Taxonomy was assigned by 

comparing OTUs against the Silva database using the Basic Local Alignment Search Tool 

(BLAST)(ALTSCHUL et al., 1990; PRUESSE et al., 2007).  Samples were rarefied to 1130 sequences (with 

the exception of sample 30-35 cmbsf, which only had 421 sequence reads); whereafter, rarefaction 

curves, Chao1 estimates and the Shannon Index were created using QIIME software to assess diversity 

(CHAO, 1984; SHANNON and WEAVER, 1949).  Given that QIIME calculates the Shannon Index using 

log2 instead of ln, results calculated by QIIME were corrected by multiplying values by ln(2). 

Relative contributions of individual OTUs were used as input values for principal components 

analysis (PCA).  The PCA was conducted using Minitab 16 statistical software.  Loading scores for the 
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individual OTUs were used to assess the influence individual OTUs had on the calculated principal 

component axes. 

2.3 Results  

Below the results of the study are described.  

2.3.1 Geochemistry 

Porewater chemistry shows that these sediments are oxic with no dramatic shifts in redox states 

or carbon availability to 1.5 mbsf (Figure 2.2).  With the exception of one apparent outlier at 132.5 cmbsf, 

dissolved O2 concentrations decreased with depth, reaching a minimum of 252 µM at 142.5 cmbsf.  

Analytical drift for O2 measurements was not accounted for and may have resulted in possible errors.  

However, our dissolved O2 profile is reasonable compared to our other porewater results, which are also 

consistent with an oxic environment throughout our study interval.  Sulfate concentrations were similar to 

seawater concentrations fluctuating between 29 and 27 mM.  Concentrations of NO3
-, NO2

-, and NH4
+ all 

show a similar profile with depth.  Concentrations of NH4
+ reached three local maxima at approximately 

17, 47, and 87 cmbsf.  Increased concentrations of NO3
- and NO2

- exist at 37 and 107 cmbsf.  Both NO3
- 

and NO2
- are undetectable at 55-60 cmbsf.  Alkalinity and δ13CDIC remain relatively constant with depth 

with values of approximately 3 mM and -3‰ respectively.  Similarly, bulk sediment measurements show 

small changes with depth.  POC and δ13C values were on average 0.18 wt % and -22.7‰, rrespectively.  

2.3.2 Acridine orange Direct Cell Counts 

Direct cell counts were highest in the top surface sediments (0-10 cm) with approximately 

1.7x107 cells mL-1 and decreased to 1.3x106 cells mL-1 down the 153 cm core (figure 2.3a).  Standard 

deviation was on average 33%.  

2.3.3 Total Phospholipid concentrations 

PLFAs and PELs were derivatized and measured as FAMEs and phytane respectively, in order to 

estimate viable cell concentrations (Figure 2.3b, Table 2.1).  FAME concentrations within the top 0 to 2 

cmbsf and 2 to 5 cmbsf were significantly greater than those below, reaching 3.69 and 2.66 nmol g dw-1 

respectively.  Concentrations between 10 and 153 cmbsf ranged between 1.34 and 0.22 nmol g dw-1 

generally decreasing with depth.  The concentrations of FAMEs at 40 to 45cmbsf are relatively low (0.32 

nmol g dw-1) compared to the surrounding samples, and total FAME concentrations reach a minimum at 

140 cmbsf.  Isoprenoid lipids of archaeal membranes were detected in any of the samples. 



!
!

!
!

33!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Porewater profiles with depth.   Values at 0 cmbsf represent seafloor seawater measurements 

δ" δ"



!
!

!
!

34!

 

 

 

 

 

 

2.  

 

 

 

 

 

 

 

 

Figure 2.3 Estimates of cell density and comparisons.  (A) acridine orange direct counts (AODC) with depth; (B) Total PLFA 
concentrations with depth (C) Comparison between total PLFA concentrations and AODC cell counts. Cell counts were converted to units 
of cells g-1 sediment (dry wt) using porosity data (D) Comparison between total PLFA concentrations and AODC cell counts focused on 
sediments 10-153 cmbsf.  Cell counts were converted to units of cells g-1 sediment (dry wt) using porosity data  (E) Comparison between 
total PLFA concentrations and AODC cell counts, focused on sediments 10-153 cmbsf 
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2.3.4 FAME Compositions  

Compositional analysis of FAMEs was further used to characterize in the microbial community 

with depth.  The relative molar abundances of individual FAMEs are shown in Table 2.1.  

Monounsaturated (MUFA) and short chain ( < c20) fatty acids are the most dominant FAMEs throughout 

the core, with averages of 28.4 and 48.7 mol % respectively.  Interestingly, several diunsaturated fatty 

acids (DUFA) and polyunsaturated fatty acids (>2 points of unsaturation, PUFA) were found in the 

surface sediments and between 85 and 105 cmbsf, suggesting the detection of eucaryotes or PUFA 

producing bacteria. DUFAs and PUFAs include 18:2, 20:4, 20:5, 20:2 and 22:6.   

2.3.5 FAME δ13C values 

PLFAs of sufficient quantity were measured for stable carbon isotopes and are presented in 

Figure 2.4 and Table 2.2.  PLFAs measured in triplicate exhibited deviations less than ± 0.9‰.  While 

some δ13CPLFA values fluctuate more than others, generally the δ13C values are at approximately -32‰ 

throughout the core, suggesting that microbial metabolisms change little within these sampled sediments.  

Iso15:0 and 16:1ω7 have heavier δ13C values in the top 20 cm (~ -28‰), but show a 10‰ depletion at 

32.5 cmbsf, representing the lightest PLFAs detected in these sediments.  16:0 also shows a ~10‰ change 

over a single depth interval, shifting from -37‰ at 120 cmbsf to -28‰ at 130 cmbsf.   

2.3.6 Phylogeny and Diversity 

The 16S rRNA gene was sequenced from genomic DNA extracted from 15 depths throughout the core in 

order to measure diversity and elucidate metabolic pathways.  Fifty bacterial phyla were identified by the 

SSU rRNA sequences.  The most dominant phyla included Actinobacteria, Bacteroidetes, Chloroflexi, 

Firmicutes, and the sub-phyla β-, δ-, and γ-Proteobacteria (Figure 2.5).  Other phyla that represent at least 

1% of the bacterial population at one or more sample depths include Acidobacteria, Candidate Division 

OP3, Candidate Division OP9, Cyanobacteria, Deferribacteres, Deinococcus-Thermus, Planctomycetes, 

and α-Proteobacteria. 

Chloroflexi, Firmicutes, Actinobacteria, and Bacteroidetes  

 On average, Chloroflexi make up 25% of the microbial communities at each depth and are most 

abundant at 50-55 cmbsf, making up 61% of OTUs.  Of the 289 Chloroflexi OTUs sequenced, 52% of 

Chloroflexi sequences were assigned to the uncultured subphylum lineage VadinBA26 (vinesses 

anaerobic digester of Narbonne) while classes Anaerolinaea and Caldilineae of subphylum I each 

represented 11% of Chloroflexi sequences.  Actinobacteria are found relatively evenly throughout the
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Table 2.1 Total and relative PLFA abundances 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Point of unsaturation not determined.  SCFA : short chain fatty acid (>20 carbons), LCFA: long chain fatty acid (>20 carbons), BRFA: Branched fatty acids, MUFA: 
Mononounsaturated fatty acids, DUFA: diunsaturatred fatty acids, PUFA: Polyunsaturated fatty acids, CyFA: cyclic fatty acids!

Depth 
(cmbsf) 

0-2 2-5  10-15 20-25 30-35 40-45 50-55 65-70 75-80 85-90 95-100 105-110 120-125 135-140 145-145 150-153 
nmole 

PLFA g-1 
3.58 2.47 0.13 0.18 0.15 0.03 0.10 0.06 0.12 0.09 0.06 0.03 0.10 0.03 0.02 0.06 

Mole % of Total PLFA 
i14:0 0.5 0.8 0.5 1.1 0.9 0.0 2.1 0.8 0.4 0.3 0.7 0.6 0.3 0.5 0.2 0.5 
14:0 2.4 3.6 3.3 4.9 5.3 4.6 2.7 3.5 3.0 2.2 3.7 3.5 2.0 3.9 2.0 5.6 

i15:0 2.4 2.7 2.2 3.9 3.2 2.9 2.2 2.2 1.7 1.4 2.6 2.8 1.2 2.7 1.7 1.7 
a15:0 2.0 5.2 3.4 5.9 5.8 4.2 2.3 3.3 2.7 1.6 3.3 4.2 1.7 3.8 2.6 2.5 
15:0 0.4 1.0 1.0 1.5 1.8 1.9 2.3 1.6 1.3 0.8 1.3 1.7 0.7 1.5 1.3 0.9 

11me15:0  0.0 0.5 0.3 0.3 0.6 0.0 0.0 0.3 0.2 0.0 0.2 0.0 0.0 0.3 0.2 0.0 
i16:0  0.8 2.0 0.5 0.7 1.0 1.1 0.0 1.2 0.9 0.7 1.1 1.3 0.5 1.0 1.0 0.7 

16:1w9 2.4 2.4 2.0 3.5 1.9 0.3 0.0 0.0 0.8 0.8 0.7 0.0 0.3 0.3 0.0 0.0 
16:1w7 16.7 13.9 10.7 20.9 14.0 7.7 8.9 7.8 4.7 6.3 5.0 7.1 5.7 12.3 10.7 9.3 

16:1a 0.5 0.8 0.7 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.2 0.0 0.0 
16:1w5 5.4 5.2 3.4 6.0 3.1 1.9 0.0 2.2 1.2 1.7 1.2 2.9 0.9 1.4 1.5 1.6 

16:0 15.1 14.4 36.0 17.3 17.3 32.4 46.2 37.4 43.7 29.4 34.1 34.9 39.5 28.9 35.0 17.2 
i17:0 0.9 0.5 1.8 2.3 4.1 1.6 0.0 1.8 1.4 0.8 1.3 1.7 0.6 1.3 1.8 0.5 

8me16:0 0.3 0.7 0.5 0.8 0.7 0.5 0.0 0.6 0.2 0.6 0.6 0.3 0.0 0.6 0.0 0.0 
5me16:0 0.7 1.0 0.6 1.1 0.9 0.5 8.8 0.6 0.4 0.5 0.6 0.6 0.0 0.5 0.0 0.0 
17:1w8 1.6 2.0 0.0 3.5 0.0 0.0 0.0 0.0 0.0 0.0 4.6 0.0 13.5 0.0 0.0 0.0 
cy17:0 1.7 2.1 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17:0 0.3 0.5 0.5 0.8 0.8 0.5 2.7 0.0 0.7 0.5 0.7 0.9 0.3 0.6 0.9 0.4 
18:2 0.9 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

18:1w9 3.3 3.8 1.9 3.8 22.7 4.0 1.6 1.6 2.5 1.5 1.0 4.0 1.4 3.5 5.6 36.0 
18:1w7 16.9 13.1 6.8 15.0 6.0 11.4 1.7 3.9 2.7 6.5 3.3 7.4 2.6 6.2 7.2 5.5 

18:0 3.8 5.1 16.0 2.1 2.8 13.9 8.6 22.3 23.9 16.1 16.2 16.6 25.1 23.7 17.1 8.9 
cy19:0/19:1

a 
0.1 1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.6 0.0 0.0 0.0 0.0 0.0 

cy19 0.2 2.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:4 8.2 9.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21.7 8.6 0.0 0.0 0.0 0.0 0.0 
20:5 5.5 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5 0.0 0.0 0.0 0.0 0.0 
20:2 0.8 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 

20:1w9 0.9 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:1w7 0.6 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20:0 0.2 0.2 0.5 0.7 1.4 1.9 0.0 1.7 1.4 0.8 0.9 1.9 0.0 1.5 2.1 5.4 
22:6 2.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:0 0.5 0.6 1.0 1.4 2.5 3.8 0.0 3.0 2.5 1.4 1.7 3.4 1.9 2.5 3.7 1.7 
23:0 0.1 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.7 0.3 0.4 0.0 0.0 0.0 1.1 0.0 
24:0 0.9 0.7 1.0 2.0 3.1 4.9 9.9 4.2 2.9 1.6 1.8 4.2 1.9 2.8 4.3 1.8 

Total 
SCFA 

21.9 24.6 56.8 26.6 27.9 53.3 62.4 64.9 72.6 48.9 55.9 57.7 67.7 58.7 56.3 32.9 
Total 
LCFA 

1.6 1.6 2.9 4.0 7.0 10.7 9.9 8.9 7.6 4.2 4.9 9.4 3.8 6.8 11.2 8.9 
Total 

BRFA 
8.1 13.6 9.6 16.2 17.2 10.7 15.5 10.8 8.0 5.8 10.3 11.5 4.2 10.6 7.5 5.9 

Total 
MUFA 

48.4 43.0 25.5 53.1 47.6 25.4 12.2 15.5 11.8 16.7 16.3 21.4 24.3 23.9 25.0 52.3 
Total 

DUFA 
1.7 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 0.0 

Total 
PUFA 

16.5 12.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21.7 12.0 0.0 0.0 0.0 0.0 0.0 
Total CyFA 1.9 5.5 4.7 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.6 0.0 0.0 0.0 0.0 0.0 
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Figure 2.4 Carbon isotopic values of FAMEs and possible carbon sources with depth. 
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Table 2.2 δ13C values (‰) for FAMEs 
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 FAME 
Depth cmbsf 13:0 14:0 i15:0 a15:0 16:1ω7 16:0 18:1ω7 18:0 20:4 20:5 

0-2 -34.6 -32.9 -28.9 -32.3 -31.1 -33.8 -32.9 -31.9 -35.8 -32.8 
2-5 -33.8 -34.5 -29.5 -32.2 -32.2 -33.3 -31.6 -33.4 -36.8 -34.9 

10-15 -34.0 
 

-27.6 
  

-31.4 
 

-32.7 
  20-25 -34.3 

 
-28.5 

 
-28.8 -32.3 -22.4 

   30-35 -34.7 -31.8 -38.4 -34.8 -40.5 -33.5 -32.6 -32.3 
  40-45 -30.8 

 
-30.6 

  
-32.8 

 
-33.3 

  50-55 -33.0 
 

-34.4 
  

-32.4 
 

-33.6 
  65-70 -33.5 

 
-30.0 

  
-30.6 

 
-30.7 

  75-80 -34.4 
 

-34.0 -31.0 
 

-31.7 
 

-34.4 
  85-90 -34.8 

 
-33.8 -32.0 

 
-33.4 -31.3 -31.7 -33.0 

 95-100 
     

-31.8 -30.4 -29.9 
  105-110 -31.6 

 
-33.5 -29.9 

 
-33.1 

 
-36.3 

  120-123 -32.2 
    

-38.0 
 

-30.4 
  130-135 -31.9 

 
-27.5 

  
-28.1 

 
-30.4 

  140-145 -34.1 
 

-31.6 
  

-31.1 
 

-32.6 
  150-153 -34.2 

 
-31.8 -33.0 

 
-27.9 -39.3 -35.2 
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Figure 2.5 Relative phylogenic abundances at the phylum and sub-phylum level. (A) Bacterial and archaeal phyla representing at least 
1% at any depth (B) Bacterial phyla representing at least 10% at two depths 
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core, at approximately 6%, with the exception of 150-153 cmbsf, where they were absent.  Abundances of 

Firmicutes fluctuated through the core, reaching more than 14% at 85-90 and 130-140 cmbsf.  Within the 

phylum Firmicutes, the 98% sequenced OTUs fall into the classes of Bacilli and Clostridia.  Bacteroidetes 

are most abundance in the deepest sediment, making up 46% of the microbial community at that depth. 

Proteobacteria 

Betaproteobacteria OTUs were found in high abundances (>20%) at depths 30-35, 40-45, 65-70, 

75-80, and 150-153 cmbsf.  At these depths, over 45% of β-Proteobacteria OTUs were classified as the 

Family Hydrogenophilacaea and more specifically, the genera Thiobacillus and Teptidiphius.  

Gammaproteobacteria on average represented 8% of the community at all sample depths except 120-

125cmbsf, where they represent 40% of the community.  OTUs of γ-Proteobacteria were primarily 

classified as Pseudomonadals, Xanthomonadaceae, and Enterobacteriales.  Small percentages (~2 – 3% of 

total γ-Proteobacteria) of Shewanellaceae were present at 40-45, 85-90 and 95-100 cmbsf.  

Deltaproteobacteria represent 25% of the microbial community at 0-2 cmbsf and an average of 7% 

throughout the rest of the core, except for sediments at 85-90 and 150-153 cmbsf, where they represent 

less than 1% of the community.  

Archaea 

Archaea sequences were found to represent less than 4% of the overall microbial community at 

most depths, which is comparable to other methane-free marine settings (BOWMAN et al., 2003; 

VETRIANI et al., 1999).  Euryarchaeota represent on average 1% of the total population and as much as 

5% of OTUs at 20-25 cmbsf.  At 120-125 cmbsf, members of the Crenarchaeota make up 25% of the total 

community, with 93% of sequences grouping into the Miscellaneous Crenarchaeotal Group (MCG).  This 

relatively high percentage of Crenarchaeota is unexpected given no detectable phytane in the sediments 

and raises questions whether the extracted DNA translates to active and viable cells.  Diversity 

Rarefaction curves were generated for each depth to evaluate the thoroughness of the 16S rRNA 

sequencing (Figure 2.6).  Rarefaction plots compare the number of unique OTUs identified to the number 

of sequences subsampled.  Thorough sampling efforts are achieved when the number of unique OTUs 

approaches a limit described by the upper bound of the rarefaction curve. Incomplete sampling would 

continue to follow a slope of 1.  Rarefaction curves generated using sequences sampled from 20-153 

cmbsf were all approaching an upper bound.  Rarefaction curves for the shallowest sediments illustrate 

that additional sampling would reveal more unique OTUs and increase diversity. This observation is 
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mirrored by Chao1 species richness estimates (Figure 2.7), which estimate the number of unique OTUs in 

a sample based on the number of OTUs that are represented by only one or two sequences (CHAO, 1984). 

The Chao1 estimates are as high as 1,166 (± 7.6%) in surface sediments and drop to an average of 284.7 

(±34.3%) OTUs below 20 cmbsf and show no apparent trend with depth.  

Biodiversity is not only a measure of species abundance but also species distribution, thus the 

Shannon Index, a measure of both richness and evenness was calculated (Figure 2.7)(SHANNON and 

WEAVER, 1949).  The highest value of diversity according to the Shannon Index was 5.7, which was 

found within the top 5 cm of sediment, while the lowest values (3.1 and 2.1) were calculated for samples 

120-125cmbsf, and 150-153 cmbsf.   

2.3.7 Principal Component Analysis  

A Principle component analysis was applied to sequenced OTUs from all sample depths (figure 

2.8)The first two principle components (PCs) account for 33% and 19% of the total variance.  Samples 

plotted into three groups.  All samples had positive PC1 values.  The samples of group I had PC 1 values 

below 0.15 and included shallow sediments 0-25cmbsf, 120-125 cmbsf and 105-153 cmsf.  Group II had 

PC 1 values larger than 0.15, negative PC 2 values and included 30-25 cmbsf, 40-45 cmbsf, 65-70 cmbsf, 

and 75-80 cmbsf.  Group III had PC 1 values greater than 0.15, positive PC 2 values, and included all 

remaining samples.  According to the loading scores OTUs belonging to the phyla Chloroflexi have a 

positive influential on PC1 and PC 2, while Deinoccus-Thermus, Betaproteobactiera and Planctomycetes 

had a positive effect on PC1 but a negative effect PC2.  

2.4 Discussion  

Below the results of this study are discussed below.  

2.4.1 Biodensity Estimates based on Direct Cell Counts and relevance to Global Microbial Distributions 

The ANDRILL Program provided a rare opportunity to sample deep-sea sediments from beneath 

an ice shelf for microbiological studies.  Microbial estimates derived from AODC at the ANDRILL site 

are 1.7x107 cells g cm-1 at the surface.  These cell densities are considerably lower than cell 

concentrations found in most near shore, shallow sediments (~108 cell mL-1
,
 Figure 2.9a, Appendix A) but 

still 100x greater than deep-sea, open ocean sites such as the South Pacific Gyre (105 cells cm-1) 

(D'HONDT et al., 2009; EXPEDITION 329 SCIENTISTS, 2011).  Instead, our reported densities fall in 

between estimates from near shore sites and the SPG, agreeing reasonably well with samples collected 

from the deep-sea sediments of the Peru Margin, (ODP site 1225, 2°46.25’N, 110°34.29’W).  Peru 

Margin sediments cell densities are  ~107 cells mL-1 near the surface and drop to ~ 7.5x106 cells mL-1  at ~
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Figure 2.6 Rarefaction curves for all samples, a few distinct samples are labeled by depth (cmbsf).  
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Figure 2.7 Depth profiles Chao1 (black ! ) and the Shannon Index (gray " ) 
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Figure 2.8 Principal Component Analysis of sequenced OTUs 
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85 cmbsf (D'HONDT et al., 2003).  Unlike most continental settings, sea ice limits primary productivity 

and restricts organic carbon inputs to the sediments.  Therefore the relatively low cell numbers we 

observed in surface sediments of the Ross Sea seem reasonable.  

Microbial studies of the deep marine biosphere conducted through programs such as the 

Integrated Ocean Drilling Program (IODP) have led to many generalizations concerning population size.  

In general, there is a global trend of decreasing population with increasing sediment depth (PARKES et al., 

2000), as evident at this site where cell numbers decrease by one order of magnitude over the top 150 cm 

of sediment.  Based on previously studies of seafloor cell abundances, a positive correlation is also 

observed between population size and sedimentation rate, a proxy for OM flux. Figure 2.9a was generated 

from the shallowest cell abundance estimates (<10 mbsf) of various near shore and deep ocean 

environments (Figure 9a; Appendix A).  Hypothesis testing proves the observed linear regression to be 

significant (p-value < 0.005, R2 = 0.4), illustrating that sites with higher sedimentation rates generally 

have higher microbial densities.  A similar correlation was recently documented by Kallmeyer et al 

(2012).  Their observations demonstrate that sites with high sedimentation rates tend to be located on 

continental shelf and slopes and/or in areas of high surface water productivity.  Comparable conclusions 

have been made using ocean photosynthetic productivity as a proxy for OM flux (D'HONDT et al., 2009; 

DEMING et al., 1992; FRANCO et al., 2007; JØRGENSEN and BOETIUS, 2007; KALLMEYER et al., 2012; 

LOCHTE, 1992).   

Alternatively, lower microbial abundances of the deep sea are not only a reflection of decreased 

OM inputs but also increased exposure and degradation within the water column (DEMING et al., 1992).  

Although sedimentation rates appear to be a good proxy for reactive carbon, phytodetritus is not the only 

source of reactive carbon in marine settings.  This has also been observed in coastal and ocean waters 

where products of phototrophic primary productivity are abundant and reactive.  In a review of marine 

aquatic systems, correlation studies indicate that only 32% of bacterial production results from 

phytoplankton carbon sources (FOUILLAND and MOSTAJIR, 2010).  Additional sources of carbon to theses 

aquatic environments include allochthonous terrestrial sources and viral cell lysis.  Viral mortality has 

also been credited as a major source of labile carbon in subsurface environments (DANOVARO et al., 

2008; JIAO et al., 2010).  Within the analyses of this study, it is not possible to trace the dominant sources 

of OM at this site; however, it can be assumed that phytodetritus, terrestrial weathering, and viral 

mortality all contribute to the labile carbon pool.  

There appears to be no global trend between sediment POC (wt%) and microbial abundance 

(Figure 2.9).  This observation suggests that not all POC is available for microbial assimilation and that 
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refractive carbon may be stored in sediments for long periods of time.  Ultimately, it appears that the flux 

of fresh, incoming OC that has the greatest influence on viable microbial abundance, not the total POC 

present, which includes refractory humic compounds.   

2.4.2 Bacterial Abundances Based on PLFA Concentrations  

In order to obtain cell number estimates from phospholipid analyses, a conversion factor that 

relates measured phospholipids to direct cell counts is required (HAACK et al., 1994b).  Such estimates 

generally assume that all microbial cells contain 100 μmol PLFAs per gram of cell (dry weight)(WHITE et 

al., 1979a).  However studies have shown that taxonomic differences as well as growth conditions can 

affect the concentration of phospholipid per cell (HAACK et al., 1994b; KIEFT et al., 1994; SUMMIT et al., 

2000).  For example, culture studies show that some species of the phyla Firmicutes and Bacteroidetes 

generate reduced amounts of phospholipids, as low as 11.4 and 42.3 µmol PLFA g (dry weight) of cell-1 

respectively (HAACK et al., 1994a).  Nonetheless, conversion factors based on culture studies range from 

2x107 to 5.9x107 cells nmol PLFA-1 (GREEN and SCOW, 2000).  Past efforts to validate these PLFA 

conversion factors generally produce cell numbers that are less than AODC estimates (JIANG et al., 2007; 

LUDVIGSEN et al., 1999; SUMMIT et al., 2000).  This is understandable given that PLFA estimates are 

believed to target only living cells (HARVEY et al., 1986) where as AODC might also include non-viable 

cells (SMITH and D'HONDT, 2006).   

To further assess the reliability of these published conversion factors, cell numbers were 

calculated from our measured PLFA concentrations using a conversion factor of 5.9x107 cells nmol 

PLFA-1 (MILLS et al., 2006; RÜTTERS et al., 2002) (Figure 2.3c,d).  The selection of a larger conversion 

factor was made based on the comparative studies of Rütters et al. (2002) and Summit et al. (2000) which 

used the conversion factors 5.9x107 and 2.5x107 cells nmol PLFA-1, respectively.   Both studies compared 

AODC to PLFA based cell densities, however results were more comparable when the larger conversion 

factor was utilized (MILLS et al., 2006).  At this site, PLFA-based estimates are greater than AODC by an 

order of magnitude in the shallow sediments.  Below 10 cmbsf PLFA based estimates are usually lower 

than AODC, but comparable within a factor of 2.5.  Higher counts by AODC might be caused by 

fluorescence of mineral grains, staining of inactive cells, or the false assumption that all microbial cells 

contain the same amount of PLFAs (MORONO et al., 2009a; SMITH and D'HONDT, 2006) (MORONO et al., 

2009a; SMITH and D'HONDT, 2006; WHITE et al., 1979a).  Possible sources for the additional
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Figure 2.9 Cell abundances of marine sediments in relation to concentrations of sedimentation rates (A) and particulate organic carbon 
(B). Data points represent cell abundances reported for discrete depths of top sediments (<10 mbsf) Sites are grouped by location 
(☐continental shelves and slopes, !  open ocean, ▲ this study)(see Appendix A) 
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phospholipids measured in the uppermost sediments include active apochlorotic diatoms (BLACKBURN et 

al., 2009),  meiofauna such as nematodes, fungi, or oligochaetes (SOETAERT et al., 1997; ZINK et al., 

2008) as well as relatively fresh photosynthetic organisms from the water column (RÜTTERS et al., 2002).  

PLFA biomarkers of such eucaryotic organisms are known to include PUFAs PUFAs such as 18:2, 20:5, 

20:4 and 22:6 (DUNSTAN et al., 1993b; GIBSON et al., 1995; JAGDALE and GORDON, 1997; VOLKMAN et 

al., 1998), all of which were identified within the top 5 cmbsf of this core.  Regardless of PLFA sources, a 

Spearman’s rank correlation indicates a positive trend of higher PLFA concentrations with increasing cell 

counts. Correlation coefficients of this comparison are 0.53 when all depths are considered or 0.62 when 

the top 5 cm are excluded (Figure 2.3d,e)and indicate that both methods provide comparable cell 

densities.  

2.4.3 Archaeal Abundances Based on PEL Concentrations 

The absence of archaeal lipids is surprising considering the presence of archaeal DNA in the 

sediment.  LiAlH4 cleavage of a 4Me 16:0 diether phosphocholine standard (Avanti Polar Lipids, Inc., 

#999984) did produce phytane with an average recovery of 89.4% (n=3), suggesting that cleavage of the 

either bond was successful.  Lost of PELs is more likely to have occurred during the extraction or 

separation steps.  The Bligh and Dyer extraction protocol is known for low PEL recoveries (NISHIHARA 

and KOGA, 1987).  PEL efficiencies can be improved by replacing the aqueous phosphate buffer with 

either 2M HCl or 5% trichloroacetic acid (NISHIHARA and KOGA, 1987), however, this substitution was 

not made for this study. Recent studies have also shown that preparations steps involving SiO2 columns 

and drying agents such as Na2SO4 reduce PEL recovery by as much as 80% (LENGGER et al., 2012).  

Thus PEL analyses were considered inconclusive.   

2.4.4 PUFA Sources 

In the top 5 cm of sediment, greater PLFAs-based abundances compared to AODC and relatively 

large proportions of PUFAs g dry sed-1 suggest a eucaryotic source.  The same microeucaryotes may also 

be responsible for the PUFAs measured between 85-100 cmbsf, however, microeucaryotes often produce 

multiple PUFAs of varying chain length (DUNSTAN et al., 1993a; DUNSTAN et al., 1993b; TORNABENE et 

al., 1974).  Thus, while the theoretical presence of microeucaryotes cannot be denied, their existence in 

the deeper sections of this core is unlikely, seeing that no PUFAs other than those 20 carbons in length 

were measured below 5 cm.  A similar conclusion was reached by Freese et al. (2009) when only PUFA 

20:5 was measured in anoxic tidal flat sediments as deep as 15 cmbsf. 
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Another possible source for the measured PUFAs is PUFA producing bacteria.  This may be 

especially true for PUFAs measured from deeper sediments (85-100 cmbsf) where total lipid 

concentrations do not suggest an organism of larger size.  To date, known PUFA producing species 

include the genera Flexibacter and Psychroflexus of the phylum Bacteroidetes and the genera Shewanella, 

Colwellia, Halomonas, Phychromonas, Alteromonas, Photobacterium, and Moritella of the sub phylum 

γ-Proteobacteria.  While capable of growth over a range of temperatures, many of these organisms are 

thought to be psychrophilic and psychrotolerant, utilizing PUFAs to maintain cellular membrane fluidity 

in cold environments (ALLEN et al., 1999; DELONG and YAYANOS, 1986; HAZEL, 1995).  Temperature 

appears to have the greatest influence on PUFA production.  Studies of pure cultures show that PUFA 

production increases dreamingly when growth cultures are below 20 °C (FREESE et al., 2009; NICHOLS et 

al., 1997).  Temperatures at the water-sediment interface are universally cold and recorded to be -1.68oC 

at the Andrill site (MORIN et al., 2010), a habitat suitable for PUFA production.  

While the short reads of pyrosequencing do not allow taxonomic assignment to the species level, 

OTUs from the family Shewanellaceae and Colwelliaceaea were sequenced from 10-15, 20-25, 40-45, 

65-70, 85-90, 95-100 cmbsf reaching 0.2, 0.7%, 3%, 1.0%, 3%, and 2% of total OTUs respectively.  

Sequencing results identify DNA from both active and dormant cells, so the presence of OTUs do not 

necessarily indicate viable microorganisms, or quantitative representations.  However, the largest 

percentages of these OTUs are found at the same depths where PUFAs are the greater (85-90 and 95-100 

cmbsf, Table 2.1), further supporting the existence of active PUFA producing bacteria in these deeper 

sediments.  Based on the geochemistry available, it is not clear why Shewanellaceae and Colwelliaceaea 

are only measured at the listed depths.  

If psychrophilic bacteria such as Shewanellaceae are responsible for the PUFA between 85-100 

cmbsf, then PUFAs would also be expected at 40-45 cmbsf where Shewanellaceae are relatively high 

compared to other depths.  However, total phospholipid concentrations at 40-45 cmbsf are abnormally 

low compared to the surrounding depths, perhaps making the PUFAs undetectable.  

2.4.5 Richness and Evenness and Principal Component Analysis 

SSU rRNA sequencing shows that this is a complex community, with thousands of individual 

OTUs representing 52 bacterial and archaeal phyla.  Rarefaction curves, richness and evenness estimators 

were calculated from sequence data in an effort to observe possible changes in microbial diversity 

throughout the core (Figure 2.6 and Figure 2.7).  The top sediments appear to be the most diverse as 

indicated by high values from the richness and evenness estimators.  The increased diversity is most 

likely the result of microbial integration from seawater communities into the sediments or improved 
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organic matter quality.  Aside from measuring total POC concentrations, analyses on organic substrates 

were not preformed.  However it is reasonable to assume that surface sediments hold greater amounts of 

labile amino acids, fatty acids, and carbohydrates relative to deeper sediments (KEIL, 2000; WAKEHAM et 

al., 1997) due to continual marine snow deposition and phytodetritus.  Similarly, increased richness of 

arctic oligotrophic environments has been positively correlated to phytodetritus inputs, suggesting that 

increased energy sources support a larger variety of organisms (BIENHOLD et al., 2012).  Limited OC 

availability, as suggested by the presence of Actinobacteria and Bacteroidetes, may also be the cause for 

lower diversity values in the deeper sediments.  Relative abundances of Acidobacteria at this site are 

highest in the deeper sediments, reaching 10% of the total community at 132.5 cmbsf.  Acidobacteria 

have shown to be well adapted to oligotrophic conditions (FIERER et al., 2007) and their relative 

abundance in sedimentary environments has been shown to be inversely related to phytodetritus 

concentrations (BIENHOLD et al., 2012).  Bacteroidetes dominate the microbial community at 150-153 

cmbsf.  Cultivable strains are known to have hydrolytic and fermentative abilities capable of breaking 

down complex organic carbon, including cellulose, chitin, and proteins (COTTRELL and KIRCHMAN, 

2000b; JULIES et al., 2010).  These hydrolytic and fermenting capabilities may give Bacteroidetes an 

advantage when more labile carbon sources become limited (CANFIELD, 1994). 

Principal component analysis of sequenced OTUs grouped samples into three distinct groups.  

According to loading scores, PC1 is strongly affected by the presence of Chloroflexi, Deinoccus-

Thermus, Betaproteobactiera and Planctomycetes.  Samples are future divided by PC2.  Increasing 

relative abundances of Uncultured Chloroflexi belonging to the classes Caldilineae and VadinBA26 have 

a positive effect on PC2 and separate group I from II and III.  Information relating to these organisms are 

very limited, however studies of cultured Caldilineae indicate the ability to grow heterotrophically and 

aerobically (YOON et al., 2010).  Based on the available geochemistry it is unclear why some samples 

have larger proportions of these Chloroflexi compared to others.  

 Increasing relative abundance of OTUs belonging to genus Meiothermus of the phylum 

Deinoccus-Thermus, the genus Thiobacillus of the phylum Betaproteobactiera and the class Phycisphaera 

of the phylum Planctomycetes were shown to have a negative affect on PC2.  Little is known about the 

class Phycisphaera.  The only cultured specie is a heterotrophic, facultative anaerobe (FUKUNAGA et al., 

2009) but their strong presence in among group II samples remains unexplained.  Organisms belonging to 

the genus Meiothermus are generally found in warmer environments (~50 to 60 °C), so their presence in 

these sediments is unexpected (ALBUQUERQUE et al., 2009; NOBRE et al., 1996).  However, similar to 

Thiobacillus, Meiothermus are capable of denitrification (BELLER et al., 2006; MIROSHNICHENKO et al., 

2003; NOBRE et al., 1996) and may be responsible for the decline of nitrate and nitrite at 55-60 cmbsf.  
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2.4.6 Metabolic Pathways  

A mixotrophic microbial community may best explain the large range of δ13CPLFAs values, and 

metabolic capabilities inferred by SSU rRNA sequencing.  Carbon isotope fractionation effects associated 

with various microbial carbon assimilation pathways vary, thus the resulting δ13CPLFA values should 

reflect both the metabolic pathways and carbon sources (HAYES, 2001).  Differences between individual 

δ13CPLFA values and δ13C of the carbon sources were calculated to decipher active metabolic pathways 

within this core.  When DIC is assumed to be the sole carbon source Δ13CPLFAs-DIC values ranged from -

19.3‰ to -37.4‰ (mean -29.3‰), with the 16:1ω7 having the most depleted Δ13CPLFAs-DIC value.  

According to pure culture studies, only the Calvin-Benson cycle and the acetyl co-A pathway have 

fractionation affects large enough to explain the measured depletions of 13C with respect to DIC.  The 

acetyl-coA pathway demonstrates the largest possible 13C fractionation of all autotrophic pathways, 

ranging from -3 to -36 ‰, (HOUSE et al., 2003 ; LONDRY and DES MARAIS, 2003; PREUΒ et al., 1989), 

whereas the Calvin-Bensen Cycle is typically ~ -20‰ (DES MARAIS and CANFIELD, 1994; MADIGAN et 

al., 1989; QUANDT et al., 1977; SIREVÅG et al., 1977).  Isotopic fractionation of carbon can also occur 

during lipid synthesis, often resulting in membrane lipids that are depleted in 13C relative to the total 

biomass.  Most aerobic autotrophs utilize the enzyme pyruvate dehydrogenase for the biosynthesis of 

membrane phospholipids, which typically fractionates carbon an additional 3‰ relative to cell biomass 

(MONSON and HAYES, 1982).  Possible utilizers of the acetyl-coA pathway in these sediments include 

sulfate-reducing bacteria (SRB).  SRBs are capable of metabolizing many organic substrates, but unitize 

the acetyl-coA pathway for autotrophic or mixotrophic growth (GIBSON, 1990). Sulfate-reducing bacteria 

make up 15% of the total sequenced community between 0-5 cmbsf, below which they average 2%.  

Sequenced Thiobacillus, which are relatively abundant in these sediments, are known to grow 

mixotrophically and autographically via the Calvin-Bensen cycle. (BELLER et al., 2006; KUENEN et al., 

1982).  Potential electron donors such as Fe2+, Mn2+, and H2 were not measured during this study, so it is 

difficult to elucidate the energy source for these chemotrophic pathways.  However Thiobacilli have been 

shown to be metabolically diverse, capable of growing on H2, Fe2+, reduced sulfur species as electron 

donors and O2, Fe3+, NO3
2-, and some sulfur species as electron acceptors (BELLER et al., 2006; DROBNER 

et al., 1992; OHMURA et al., 2002). 

Differences between δ13CPLFAs and δ13CPOC range from +0.4‰ to -17.7‰ (mean -9.2‰).  Most 

PLFAs fall within the expected ranges for heterotrophic metabolism, which range between 0.3 and -7‰ 

(COFFIN et al., 1990; TEECE et al., 1999; ZHANG et al., 2003).  Even the relatively large Δ13CPLFAs-POC 

values of i-15:0 (-12.0‰) and 16:1 (-17.7‰) found at 30-35 cmbsf and 18:1 (-16.6‰) at 150-153 cmbsf 
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can result from heterotrophic metabolism if enzymes other than pyruvate dehydrogenase are utilized for 

acetyl-CoA production.  For example, organisms utilizing the enzymes pyruvate formate lyase or acetate 

kinase with phosphate acetyl transferase can have εlipids-biomass values as great as -10.3‰ and -9.4‰, 

respectively (TEECE et al., 1999; ZHANG et al., 2003).  Additionally, the enzyme malyl-coA-lyase is 

thought to be responsible for εlipids-biomass values as large as -12‰ (JAHNKE et al., 1999), however this 

enzyme has only been credited for large fractionations during lipid synthesis in aerobic methanotrophs 

and anaerobic heterotrophic bacteria (JAHNKE et al., 1999; TEECE et al., 1999; ZHANG et al., 2003).  

Alternatively the heterotrophs of these sediments may be consuming a 13C-depleted fraction of organic 

matter, such as fatty acids, that is not well represented by the average 13CPOC value (BICKERT, 2000).  This 

scenario also explains why changes among cell densities and diversity do not correlate with average 

concentrations of POC. 

Sequences belong to heterotrophic organisms include, are not limited to, the phyla β-, δ-, and γ-

Proteobacteria, Actinobacteria, Chloroflexi and Bacteroidetes. For example, like species of Caldilinea, 

species of Anaerolinaea from the phylum Chloroflexi grown in culture have been shown to be slow 

growing heterotrophic organisms, capable of aerobic and anaerobic growth (YAMADA and SEKIGUCHI, 

2009; YAMADA et al., 2006).  Cultured species metabolize both carbohydrates and peptides.  

Bacteroidetes are dominant marine heterotrophs and were found at this site primarily at depth 150-153 

cmbsf.  Members of Bacteroidetes are known heterotrophs normally found in organic rich environments 

(D'HONDT et al., 2002; GOFFREDI and ORPHAN, 2010; MILLS et al., 2008).  Similarly, members of 

Actinobacteria, Firmicutes, δ-, and γ-Proteobacteria have all been cultured from a number of subsurface 

marine studies, and are also capable of growth on organic carbon substrates (BOWMAN et al., 2003; 

D'HONDT et al., 2004; DANG et al., 2009; YU et al., 2010).  Members of the Miscellaneous 

Crenarchaeotal Group of Archaea (MCG) have been found in terrestrial and marine subsurface 

environments, but have not yet been cultured (FRY et al., 2009; INAGAKI et al., 2003; KATO et al., 2009; 

WEBSTER et al., 2010).  While sometimes associated with sulfate / methane transition zones (SMTZ), 

isotopic studies have shown that members of the MCG are capable of both heterotrophic and autotrophic 

growth (BIDDLE et al., 2006; WEBSTER et al., 2010; WUCHTER et al., 2003).  

2.5 Conclusions  

Many marine subsurface environments remain presently unexplored.  This study investigated 

unique sub-glacial sediments, collected from beneath the Ross Ice Shelf.  Direct cell count estimates of 

these Antarctic marine surface sediments were as high as 1.7x107 cells mL-1, and decreased approximately 

one order of magnitude within the top 153 cm.  Total PLFA concentrations also decrease with depth, 
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ranging from 3.69 to 0.22 nmol g dw-1.  Cell density estimates derived from total PLFA concentrations 

were compared generally lower but well with those derived from AODC.  Nonetheless, both methods 

provided comparable results.  Cell densities from this location are lower than those measured from other 

near shore sites and are attributed to low sedimentation rates  

Molecular sequencing of the SSU rRNA gene revealed a diverse community.  Surface sediments 

appear to be more diverse than deeper sediments, although a trend with depth is not apparent.  Relative 

phylogeny also changes within the core, but not as a function of depth.  Instead, the availability of carbon 

substrates is most likely the factor controlling changes in both phylogeny and the degree of diversity.  

Stable carbon isotope analyses of PLFAs reveal that most δ13CPLFAs are depleted ~ 9‰ relative to POC.  

These δ13C values are consistent with molecular DNA analyses and suggest a microbial community that 

is primarily heterotrophic.  
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3. CHAPTER THREE:  
HIGH BACTERIAL ABUNDANCE DETECTED  

IN METHANE RICH SEDIMENTS OF THE  
ADELIE BASIN, ANTARCTICA  

 

Abstract 

The Adelie Basin, located ~100 km off shore of Antarctica’s Wilkes Land Margin, is an anoxic 

eutrophic sedimentary environment.  In this study, relative abundances of bacteria and archaea were 

determined based on pyrosequencing and quantitative PCR (qPCR) methods.  Operational taxonomic 

units (OTUs) provided by pyrosequencing efforts suggest that the microbial members of these sediments 

are predominately uncultured bacteria of Candidate Division OP9.  Large amounts of OTUs from 

microorganisms known to be aerobic are suspected to be preserved artifacts of surface water communities 

and suggest a preservation period of 1,125 years.  Pyrosequencing and qPCR methods both detect 

relatively low amounts of archaea (~2%) compared to bacteria.  Additionally, mcrA, a gene diagnostic of 

methanogens and/or anaerobic methane oxidizers was not detected, despite measured concentrations of 

methane as great as 21.8 mM.  Sanger sequencing revealed a selective bias in favor of Verrucomicrobia 

and Candidate Division OD1 using archaeal primers Arch349f and Arch806r.  Fossilized DNA, low 

extraction efficiencies, and primer biases are believed to be underestimating archaeal, particularly 

methanogen abundances at this site.  However the role of OP9 and possible methane-related metabolisms 

in sediments such as these remain unclear.  Further investigations of this uncultured organism, as well as 

improved extraction methods and primer selection for archaea, are necessary for understanding carbon 

pathways of sulfidic, methane-rich environments.  

3.1 Introduction 

The subsurface oceanic biosphere covers approximately 70% of the Earth’s surface and extends 

as deep as 1600 m below sea floor (mbsf) (ROUSSEL et al., 2008).  Originally estimates suggested that 

this habitat held as much as 1/3 of the world’s living biomass in terms of carbon (WHITMAN et al., 1998).  

Recent studies now suggest that the marine subsurface may only harbor 0.2 to 3.6% of living carbon 

(KALLMEYER et al., 2012).  These new investigations emphasize that studying the inhabitants of unique 

subsurface marine environments is crucial for understanding global biomass estimates and well as 

biogeochemical pathways.  Unfortunately, many bacteria and archaea of marine sediments are currently 

uncultured and their metabolic/physiologic potentials remain unknown.  This is especially true for 
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archaea, which are argued to be the majority of life in deep sediments due to their physiological adaptions 

to nutrient and energy starvation (BIDDLE et al., 2006; MAUCLAIRE et al., 2004; SCHIPPERS et al., 2012; 

SCHIPPERS et al., 2010; SCHIPPERS et al., 2005; VALENTINE, 2007).  Despite physiological advantages of 

archaea, most deep-sea studies have found higher relative abundances of bacteria than archaea (Appendix, 

B).  As a result, coverage of the archaeal domain by commonly used DNA primers has been questioned.  

Teske and Sorensen (2007) report that some primer sets require as many as 6 base pair mismatches before 

adequate coverage of the archaeal small subunit (SSU) rRNA gene is achieved.  Additionally it is 

unknown how many organisms remain undetected by available DNA primers (HUBER et al., 2002).  

Extraction methods for archaeal DNA have also been challenged.  Using cryogenic methods, 

Lipp et al. (2008) demonstrated improved cell disruption, and increased detection of the archaeal SSU 

rRNA gene, compared to less physical techniques.  Contrarily, Briggs et al. (2012) dispute the 

effectiveness of cryogenic methods, showing that harsh physical treatments reduced total DNA yields and 

SSU rRNA gene detection (BRIGGS et al., 2012).  They suggest that aggressive treatments sheer and 

destroy DNA leading to an underestimation of bacterial cells.  

The focus of this study is to expand on the diversity and relative abundances of bacteria and 

archaea in deep-sea eutrophic sediments.  Thus far, most studies of eutrophic sediments have been 

associated with estuaries, lagoons, deltas and other accessible areas along the 6 permanently populated 

continental shelves and slopes.  However, despite the lack of terrestrial vegetation, some coastlines of 

Antarctica can also harbor organic rich sediments.  The Adelie Basin, located on the continental shelf of 

the Wilkes Land Margin, has previously been described as a calving bay, downwind and down current 

from the Mertz Bank and Mertz Glacier polynya (MASSOM et al., 2001; MASSOM et al., 2003).  The 

calving bay environment provides syndepositional inputs at a rate of 2 cm yr-1 from glacial sedimentation 

as well as sea ice and polynya algal blooms (EXPEDITION 318 SCIENTISTS, 2011a).  This study integrates 

a combination of 454 pyrosequencing, quantitative PCR (qPCR) and bacterial phospholipid analyses in 

order to describe the microbial diversity and abundances within these organic rich Antarctic sediments.  

3.2 Methods 

Below the methods and site description for this study are explained. 

3.2.1 Site Description  

Sediments of the Adelie Basin were collected from the drill hole U1357C during the Integrated Ocean 

Drilling Program (IODP) Expedition 318.  For a complete description of site U1357, refer to EXPEDITION 

318 SCIENTISTS (2011a).  Site U1357C is located directly off shore of the Adelie Drift along the Wilkes 
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Land Margin (66o24.8’S, 140o25.5’E).  Water depths of this basin are ~1000 m.  Sedimenting debris is 

focused into the basin trough, which is surrounded by grounded sea ice.  The lithostratigraphy of sampled 

sediments is described as diatom ooze (80-99%) with occasional fine layers of clay and silt.  Sediments 

display alternating greenish brown and olive brown varves ~ 1 cm think, representing annual inputs from 

austral summer algal blooms.  Expansion of methane and hydrogen sulfide gases during sediment 

transport to the sea surface caused sediments to shift within the core liner and some sediment was lost 

from ends of core sections.   

Previously reported shipboard analyses included, but were not limited to, measurements of 

particulate organic carbon (POC), dissolved inorganic carbon (DIC), methane, and sulfate concentrations 

(EXPEDITION 318 SCIENTISTS, 2011a).  Concentrations of particulate total organic carbon within the top 

100 mbsf average 1.6 wt%.  Dissolved inorganic carbon (DIC) was measured within the top 20 m and 

increased from 40 mM at 0.15 meters below seafloor (mbsf) to 80 mM at 18.27 mbsf.  Methane 

concentrations indicate a maximum peak concentration of 12.8 mM at 21.61 mbsf, and a secondary peak 

of 5.2 at 68.79 mbsf (Figure 3.1).  As expected, sulfate is quickly depleted to below detection limit with 

in the first two meters of the sediment water interface.  Higher concentrations of sulfate at the top of each 

9 m core section suggests that seawater contaminated the top 2 m of the porous core material, so the depth 

of sulfate depletion is unclear.  While sulfide gas was not measured, a sulfidic aroma was apparent.   

3.2.2 Sampling strategy and core handling  

A complete description of microbiology and interstitial water sampling has been previously 

reported by Expedition 318 Scientist, 2011.  Briefly, alternate 10 cm whole round samples (WRNDs) 

were taken for microbiology and interstitial water geochemistry at high resolution within the top 20 m of 

core.  Samples for microbiology were named with the prefix MBIO followed by the sample depth 

measured in mbsf.  Microbiology WRNDs were immediately sub-sampled for molecular studies under a 

laminar flow hood on board in the microbiology cold room (4 °C).  Within the hood, the bottom few 

centimeters of each WRND was removed using a sterile scalpel in order to remove potential 

contamination from the drilling process and core liner.  Five mL sterile syringe barrels were then pushed 

into the center of each whole round to sample 5 mL of sediment for molecular analyses.  Additional 

molecular samples were collected in the same fashion from the bottom of core sections reaching a depth 

of 103.65 mbsf.  All molecular samples and the remains of the WRNDs were immediately frozen at -80oC 

for the entire duration of the cruise and were shipped frozen to the Colorado School of Mines, Golden 

CO.   
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Figure 3.1 Methane concentrations measured from IODP Hole U1357A (EXPEDITION 318 
SCIENTISTS, 2011a) 
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3.2.3 Lipid extractions, derivatization and quantification   

Total lipids were extracted as previously described in Chapter 2.  Briefly, WRNDs were 

lyophilized and 2 mm of sediment was scraped from the outside surfaces and discarded.  As much as 15 g 

was used per sample.  Samples were subjected to duplicate total lipid extractions according to the 

modified Bligh-Dyer protocol (White and Ringelberg, 1998).  Total lipid extracts were combined and 

evaporated under nitrogen, and separated by polarity into neutral lipids, glycolipids and phospholipids 

using solid phase extraction (SPE) cartridges (Alltech part #209200). Phospholipids were derivatized to 

fatty acid methyl esters (FAMEs) by mild alkaline methanolysis (White and Ringelberg, 1998).  

Individual FAMEs were identified and summed for total FAME abundances. FAME abundances were 

quantified using an Agilent 7890A gas chromatograph equipped with a DB-1 MS column (60 m x 0.32 

mm internal diameter; 0.25 micron film thickness), a flame ionization detector (FID) and an Agilent 

5975C mass spectrometer (U.S. Geological Survey in Lakewood, CO). Quantification was based on FID 

responses, and calculated using FAME 13:0 as an internal standard (Chapter 2).  

3.2.4 DNA Extractions  

Genomic DNA was extracted from sediment samples using a bead beating/phenol chloroform 

protocol modified from Zhou et al. (1996).  Briefly, 0.1 to 1.0 g of sediment was diluted with 2 mL of 

lysis buffer (100 mM Tris [pH 8.0], 100 mM EDTA, 100 mM NaCl, 1.5 NaCl, 1% cetrimonium 

bromide).  Samples were homogenized with 0.1 mm zircon beads for 30 s at 2500 rpms.  Fifty uL of 

proteinase K (50 mg/mL, Sigma-Aldrich, # P2308) was added and samples were shaken at 37oC for 30 

mins.   Subsequently, 10 uL of sodium dodecyl sulfate (SDS) was added and samples were incubated at 

65oC for two hours with frequent inversions every 15 mins.  Samples were centrifuged at 6,000 g for 10 

mins and supernatants were decanted into clean microcentrifuge tubes.  An additional 1 mL of the lysis 

buffer and 10 uL of SDS were added to the remaining sediment for a second extraction.  Sample tubes 

were vortexed and incubated at 65 oC for 10 mins, centrifuged as above and the supernatants were 

combined.  Nucleic acids were extracted from the supernatants with an equal volume of phenol 

chloroform (1:1 v/v).  The resulting supernatant underwent a second extraction with an equal volume of 

chloroform:isoamyl alcohol (42:1 v:v).  Nucleic acids were precipitated with an equal volume of iced 

isopropanol and 10% 3M sodium acetate, followed by two ice cold ethanol (70%) washes.  Precipitates 

were brown in color and suspected to include humics as well as genomic DNA.  Therefore, precipitates 

were dissolved with nuclease free water (Integrated DNA technologies, Coralville, Iowa) and purified 

using an ethidium bromide high salt extraction (STEMMER, 1991).  
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3.2.5 454-Pyrosequencing and bioinformatic processing  

Amplicons of the SSU rRNA gene were prepared for 454 pyrosequencing using a PCR-

touchdown annealing temperature strategy from Don et al. (1991) as modified by Osburn et al. (2011) 

using the modified SSU primers 515f and 927r.  Forward and reverse primers included 454 Life Science 

A and B adaptors, respectively, and forward primers included an 8 nt barcode.  Amplicon concentrations 

for each sample were quantified using a 2100 Bioanalyzer (Agilent Technologies, Colorado Springs, CO), 

pooled (22 ng DNA/sample) and concentrated using a savant DNA 12 Speed Vac Concentrator (Thermo 

Scientific Waltham, MA).  The pooled DNA was gel purified using the Montage DNA Gel Extraction Kit 

(Millipore, Bellerica, MA), and sequenced on a Roche 454 FLX titanium platform at Engencore, 

University of South Carolina.   

Pyrosequencing reads were analyzed using Quantitative Insights Into Microbial Ecology (QIIME) 

Pipeline (CAPORASO  et al., 2010 ).  Reads between 200 and 500 base pairs with a quality score of 27 or 

above were denoised using the QIIME denoiser for titanium runs, and clustered into operational 

taxonomic units (OTUs) at a 97% similarity threshold using UCLUST (EDGAR, 2010).  Taxonomy was 

assigned by BLASTing (ALTSCHUL et al., 1990) OTUs against the Silva SSU Ref102_NR database 

(PRUESSE et al., 2007) and chimeras were identified and removed using QIIME’s ChimeraSlayer 

Wrapper.  All samples were rarefied to 1,250 sequences before calculating Chao1 and the Shannon Index 

via QIIME.  

Pyrosequencing efforts identified a total of 2,221 OTUs from 107,092 sequence reads.  Two of 

these, OTU 613 and OTU 2153 are particularly abundant, representing as much as 49% of the microbial 

community in the deepest parts of the core.  Therefore these two OTUs were studied in more detail and 

compared phylogenetically to an OP9 reference tree.  The reference tree was constructed using all OP9 

sequences within Silva’s SSU r108 database that were 1200 base pairs or longer (PRUESSE et al., 2007).  

Sequences were re-clustered at a similarity threshold of 95% using UCLUST and representative OTUs 

were selected based on the highest abundance.  Sequence alignments were constructed using SSU-align 

and regions of low posterior probabilities were masked out using SSU-mask (NAWROCKI et al., 2009).  A 

phylogenetic tree was constructed using RaxML version 7.2.7 with the rapid bootstrapping algorithm and 

GTRGAMMA as the nucleotide substitution model and evolutionary mode (STAMATAKIS et al., 2008).  

OTUs 613 and 2153, and 8 closely related sequences according to a NBCI BLASTn search against the 

Greengene Database, were aligned using the same filter mask developed for the reference tree alignment 

(ALTSCHUL et al., 1990; DESANTIS et al., 2006).  Aligned sequences were then placed into the 

constructed phylogenic tree using pplacer (MATSEN et al., 2010). 
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3.2.6 Amplification of the mcrA gene 

Primer pairs MLf/MLr (LUTON et al., 2002) and mlas/mcrA-rev (STEINBERG and REGAN, 2008) 

were used for detection of the mcrA gene.  Both primer sets have been reported to have good coverage of 

most known methanogens and the MLf/MLr set has been used often with marine sediments (NARIHIRO 

and SEKIGUCHI, 2011; PARKES et al., 2010).  The thermocycler’s program for MLf/MLr started with a 2 

minute incubation at 94.0 °C, followed 30 cycles of 30 seconds at 95 °C, 1 minute at 56.9 °C, and 1.5 

minutes at 72.0 °C.  Amplification using primer set mlsa/mcrA-rev was conducted as described by 

Steinberg and Regan (2008).  In both cases, Methanosarcina barkeri was used as a positive control.  With 

the exception of the positive control, no PCR amplification was visualized from either primer set.  

3.2.7 Quantitative PCR and Sanger sequencing of qPCR amplicons 

Quantitative PCR was performed to estimate total and archaeal SSU rRNA gene copies in the 

sediment core samples.  Universal SSU rRNA genes were amplified with the same SSU rRNA primers 

used for 454 pyrosequencing, but without the barcode and pyrosequencing adaptors.  Archaeal SSU 

rRNA gene abundances were measured using Arch349f and Arch805r (Table 3.2) (TAKAI and 

HORIKOSHI, 2000).  Each reaction was prepared with 0.5 uL of the appropriate forward and reverse 

primers (50 µM), 12.5 µL 2x PerfeCTa SYBR Green Super Mix (Quanta Bioscience, Gailtherburg, MD), 

2 µL of DNA template, and nuclease free water (Integrated DNA technologies, Coralville, Iowa) to a total 

reaction volume of 25 µL.  Extracted DNA amplified with 515f and 927r used a three step thermal 

cycling program beginning with a 5 min incubation at 95 °C followed by forty cycles of 95 °C for 30 

secs, 60 °C for 45 secs, and 72 °C  for 35 secs.   The thermal cycling program for Arch349f and Arch806r 

began with 5 mins at 95 °C followed by forty cycles of 95 °C for 30 seconds, 57 °C for 2 mins, and a final 

extension time of 5 mins at 72 °C.  All qPCR assays included a melting curve analysis to check PCR 

amplification specificity.  Samples were analyzed in triplicate and some samples were included in 

multiple runs to ensure reproducibility among runs.    

PCR products of pure cultures of the bacterium Escherichia coli and the archaeon 

Methanosarcina barkeri were gel purified as described above and used for standards.   The concentrations 

of PCR products were estimated using a 2100 Bioanalyzer (Agilent Technologies, Colorado Springs, CO) 

and a 10x dilution series was used to produce standard curves.  Amplification efficiency was calculated as 

described by Bustin et al (2009).  An amplification efficiency 1.0 would indicate that 100% of the DNA is 

amplified every cycle.  Only runs with efficiencies between 0.88 and 1.0 were deemed reliable.  

Amplification efficiency was also calculated for a series dilution of the environmental sample MBIO 

97.41 in order to test for possible matrix hindrances to PCR amplification.   
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Amplification products from MBIO 0.075, MBIO 5.98, MBIO 18.40, and MBIO 97.41 were 

chosen for Sanger sequencing. Quantitative PCR products were gel purified as above and cloned using a 

TOPO TA Kit for Sequencing (Invitrogen, Carlsbad, CA).  Amplicons were ligated into a pcR4-TOPO 

vector, and transformed into E. coli TOP10 electrocompetent cells.  Randomly selected clones were 

sequenced on a MegaBACE 1000 dye-terminating sequencer (Colorado University, Boulder Colorado).  

Base calling of Sanger sequences was preformed with Xplorseq (FRANK, 2008) and taxonomy was 

assigned according to the Silva database using BLAST (ALTSCHUL et al., 1990). (BUSTIN et al., 2009) 

3.3 Results 

Below the results of the study are described.  

3.3.1 Viable biomass estimates  

Fatty acid methyl esters (FAMEs) were derivatized from bacterial phospholipids and quantified 

for an estimation of viable bacterial biomass.  FAME concentrations decrease with depth and ranged from 

4.3x10-8 mole g dw-1 at 0.05 mbsf to 6.8x10 -10  mole g dw-1 . at 16.35 mbsf.  Bacterial biomass was 

estimated based on a conversion factor of 5.9x107 cells nmol PLFA-1 (MILLS et al., 2006; SUMMIT et al., 

2000).  This resulted in estimates ranging from 2.5x109 to 4.0x107 cells g dw-1, or when accounting for 

porosity, from 2.6x109 to 4.3x107 cells/ml  (Figure 3.2a).  As discussed in more detail below (Section 

3.3.3 and Section 3.4.2), biomass estimates calculated based on PLFAs are approximately one order of 

magnitude greater than SSU rRNA gene copy determined by qPCR.  

3.3.2 Microbial diversity and phylogeny  

Genomic DNA was extracted from 40 depths along the 103 m core and the SSU rRNA gene was 

sequenced using 454-pyrosequencing technology (Figure 3.3).  After quality control filtering, a total of 

107,092 sequences were deemed suitable for taxonomic assignment.  An average of 2,677 sequences were 

read per sample.  Among the 40 depths, a total of 45 different phyla were identified.  Phyla representing 

more than 10% of the microbial community at a minimum of one sampling depth include Bacteroidetes, 

Actinobacteria, Planctomycetes, Candidate Division OP9, and the sub-phyla α- and γ- Proteobacteria.  

Other phyla representing more than 1% of the microbial community include Acidobacteria, Chloroflexi, 

Firmicutes, Spirochaetes, sub-phlyum Deltaproteobacteria and Candidate Divisions OP8, WS1, and WS3.  

Several depths above 10 mbsf contain large amounts of chloroplast DNA (clustered as cyanobacteria). 
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Figure 3.2 Estimates of biodensity (A) Bacterial biomass estimates from PLFA concentrations, calculated based on a conversion factor of 
5.9x107 cells nmol PLFA-1 (B) SSU rRNA gene copy numbers detected by qPCR using universal primers 515f/927r (closed diamonds) and 
archaeal primes Arch349f/Arch807r (closed circles) (C) Relative abundances of archaeal SSU rRNA gene copy numbers based on 454 
pyrosequencing results (open circles) and qPCR (closed circles)  
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Bacteroidetes, Actinobacteria and Planctomycetes  

Bacteroidetes is 25% of the total population in the surface sediments, but steadily drops to ~5% at 20 

mbsf, and reaching a minimum of 2% in the deepest sediments.  OTU dominance within the phylum of 

Bacteroidetes shifts with depth as well.  In the top 20 mbsf 76% of Bacteroidetes sequences fall into the 

class Flavobacteria, while below 20 mbsf 74% of OTUs are classified as Sphingobacteria.  Actinobacteria 

constantly represent ~7% of the total identified OTUs, and on average, 80% of Actinobacteria OTUs are 

Acidimicrobiaceae.  Plancotmycetes make up ~8% of the microbial community throughout the core, and 

are represented by the classes Plancotmycetacia, Phycisphaerae and VadinBA30.  

Proteobacteria  

Relative percentages of α-proteobacteria fluctuate between 2% and 12% throughout the core.  

Within α-proteobacteria, 31% and 49% of sequence reads fall into the classes of Rhizobiales and 

Rhodospirillaceae, respectively.  Gammaprotobacteria represent ~10% of the sequenced OTUs, ranging 

from 2% at 91.29 mbsf to 16% at 2.95 mbsf.  Enterobacteriales is the most abundant class compring 40% 

of the γ-protobacteria sequences.  On average Thiotrichales represents 15% of γ-protobacteria in the top 

10 mbsf and less than 1% in the deepest sediments.  Likewise, JTB148 represents on average 13% of γ-

protobacteria in the top 10 m and less than 1% in the deepest sediments. 

Candidate Divisions OP9 and OP8  

The relative abundance of Candidate Division OP8 steadily increases with depth in sediments 

above peak methane concentrations, starting at 1% in surface sediments and reaching 6% of total OTUs 

at18.37 mbsf.  Below 20 m, OP8 decreases to ~3% of the total microbial population with relatively high 

abundances of 4% and 6% at 64.79 and 97.41 mbsf, respectively.   

Percentages of Candidate Division OP9 increase with increasing depth, ranging from 4% in 

surface sediments to 51% at 103.64 mbsf.  Approximately 94% of OP9 sequences belong to two 

dominant OTUs referred to in this study as OTU 613 and OTU 2153.  OTU 2153 has a higher relative 

abundance in the shallow depths, and makes up over 20% of the total microbial community at 6 mbsf, 

below which abundances drop to ~10% (Figure 3.4).  In comparison, the relative abundance of OTU 613 

remains below 20% of the total population until 18.37 mbsf and reaches a maximum of 40% at 103.64 

mbsf.   

According to the Silva database, OTU 613 and OTU 2153 cluster with OTUs previously 

associated with other marine sediments (Figure 3.5).  OTU 2153 shows similarity to OTUs sequenced 
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Figure 3.3 Relative abundances of phyla and subphyla detected from 454 pyrosequencing. Bacterial 
phyla representing less than 1% of OTUs in 90% of the samples were grouped as “Bacteria/other” 
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Figure 3.4 Relative abundances of OTU 2153 (squares) and OTU 613 (circles) determined by 454 pyrosequencing. (A) includes samples 
through the entire core, while (B) focuses on the top 30 mbsf.  
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Figure 3.5 Phylogentic locations of OTUs 613, 2153, and like sequecnes (see Table 3.1) within an OP9 reference tree.  Bootstrap values 
lower than 50 are were excluded from the created tree.  OP9 reference tree includes OTUs clustered from nearly full length SSU rRNA 
sequences provided by the Silva r108 data base and clustered with a similarity threshold of 95%. 
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EF205555, EF205517 - Geothermal spring mat

EU924241, AF027081 hot spring environment

CU92453, CU920591, AB603836
Wastewater sludge anaerobic digester

CU918716, CU919074, CU918716
Wastewater anaerobic digester

Eu358731, Eu407194 - Biogas digester

AF323773, AF323764 - Benziate degrading methanogenic consortium
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Table 3.1 OP9 species with high similarity to OTU 613 (>98%) and OTU 2153 (=100%) according to a BLASTn search against the NCBI 
database (ALTSCHUL et al., 1990).  Sequences were placed into OP9 reference tree along with OTUs 613 and 2153 (Figure 3.5) 

!

Accession 
Number  

Organism Name Length  Similarity 
to OTU 

Site description  Study title  Reference  

OTU 613 
AF142824 uncultured 

bacterium 
BURTON-4 

1005 99% anoix sediments from 
Burton Lake, 
Antarctica  

Diversity and community structure within anoxic sediment 
from marine salinity meromictic lakes and a coastal 
meromictic marine basin, Vestfold Hilds, Eastern 
Antarctica 

Bowman et al, 2000 

AF147496 uncultured 
bacterium SCALE-
16 

526 99% anoxic sediments from 
Scale Lake, Antarctica  

Community structure and functionality of Antarctic 
maritime lake and fjord benthic zones 

Bowman et al, 2000 

AF142787 uncultured 
bacterium ACE-5 

1006 99% anoxic sediments from 
Ace Lake, Antarctica  

Diversity and community structure within anoxic sediment 
from marine salinity meromictic lakes and a coastal 
meromictic marine basin, Vestfold Hilds, Eastern 
Antarctica 

Bowman et al, 2000 

AF142966 uncultured 
bacterium 
TAYNAYA-18 

1010 99% anoix sediments 
fromTaynaya Bay, 
Antarctica  

Diversity and community structure within anoxic sediment 
from marine salinity meromictic lakes and a coastal 
meromictic marine basin, Vestfold Hilds, Eastern 
Antarctica 

Bowman et al, 2000 

AF142820 uncultured 
bacterium ACE-45 

1010 100% anoxic sediments from 
Ace Lake, Antarctica  

Diversity and community structure within anoxic sediment 
from marine salinity meromictic lakes and a coastal 
meromictic marine basin, Vestfold Hilds, Eastern 
Antarctica 

Bowman et al, 2000 

OTU 2153 
FJ873257 uncultured 

bacterium 
1441 100% Methane-rich cold seep 

sediments, Okhotsk 
Sea 

Vertical distribution and diversity of bacteria and archaea 
in methane-rich cold seep sediments located at the base of 
the Okhotsk Sea 

Gao, Y. Unpublished results, 
Silva Database (Pruesse, Quast 
et al. 2007) 

FJ873258 uncultured 
bacterium 

1142 100% Methane-rich cold seep 
sediments, Okhotsk 
Sea 

Vertical distribution and diversity of bacteria and archaea 
in methane-rich cold seep sediments located at the base of 
the Okhotsk Sea 

Gao, Y. Unpublished results, 
Silva Database (Pruesse, Quast 
et al. 2007) 

AM229211 uncultured 
bacterium 

1524 100% marine gas hydrate 
bearing subsurface 
sediment 

Microbial diversity and community composition in the 
vicinity of and within gas hydrates of Hydrate Ridge 
(Cascadia Margin) 

Loesekann, T. Unpublished 
results, Silva Database 
(Pruesse, Quast et al. 2007) 
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from sediments in Antarctic meromictic lakes (BOWMAN et al., 2000), while OTU 613 groups closely 

with sequences associated with methane cold seeps (Table 3.1)(Gao, Y. unpublished results, Silva 

Database, Pruesse, 2007).   Many branches of the OP9 reference tree have bootstrap values below 50%, 

the of poor phylum coverage.  

Archaea  

Archaea on average comprise 2% of the sequences identified by 454 pyrosequencing, with the 

highest relative abundance being 7% at 91.29 mbsf.  Relative abundances of Euryarchaeota are generally 

greater than Crenarchaeota, however both phyla are present in all samples.  Marine Benthic Group B and 

Marine Group I (MGI) are the major Crenarchaeota representatives, making up an average of 5% and 

25% of total archaea numbers, respectively.  Euryarchaeota abundances increase with depth, starting as 

1% of total OTUs, and reaching a maximum of 4% at 97.41 mbsf.  The dominant representatives of 

Euryarchaeota include Halobacteria, Thermoplamata and Methanomicrobia, which represent on average 

36%, 28%, and 3% of total archaea respectfully.  

Diversity Indices 

454 Pyrosequencing results were rarified to 1,250 sequences prior to construction of rarefaction 

curves (Figure 3.6) and calculation of the Chao1, and Shannon Index values (Figure 3.7).  Rarefaction 

curves and the Chao1 predict species richness. In general, samples collected above 20 mbsf show less 

curvature than those collected below 20 mbsf, meaning that sequencing efforts of the latter were more 

complete than the former.  The exception being MBIO 3.15, which approaches a horizontal plateau earlier 

than most other sediments, shallow or deep.  The same trend is observed from Chao1 estimates, which 

range between 255 and 690 species.  Chao1 values for samples below 20 mbsf are generally lower than 

surface samples, averaging a richness of 438 species. However, the lowest values were calculated at 3.15 

mbsf.   

The Shannon Index (H’) characterizes diversity based on both richness and evenness.  The H’ 

scale ranges from high to low where 0 represents a community of 1 single organism.  A value of 7 

represents the theoretical maximum of richness and evenness for 1,250 sequence reads as calculated here 

(1,250 different species all represented once). The general equation for the Shannon Index is 

!! = !!(!"!!)
!

!!!
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Figure 3.6 Rarefaction curves created from SSU rRNA gene pyrosequencing.  Filled circles 
represent samples collected 0-20 mbsf, open circles represent samples collected 20-103 mbsf.  The 
lowest filled circle represents MBIO 3.15. 
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Figure 3.7 Measurements of diversity based on SSU rRNA gene pyrosequencing 
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 where Pi equals the relative abundance or proportion that a given OTU represents in a given 

sample.  QIIME calculates the Shannon Index using log2 instead of ln, so results calculated by QIIME 

were corrected by multiplying values by ln(2).   Calculated H’ values range from 3.1 to 4.9 and show a 

decrease of diversity with depth below 20 m. 

3.3.3 Quantification of the SSU rRNA gene  

Relative abundances of archaeal and bacterial SSU rRNA gene copies were determined using 

qPCR.  Amplification efficiencies of standard curves generated using universal primers 515f/927r ranged 

between 0.90 and 0.97.  The amplification efficiency calculated for the dilution series of environmental 

sample MBIO 97.41 was 0.92.  SSU rRNA gene copy numbers showed a maximum of 1.9x107 copies ml-

1 sediment at 3.45 mbsf (Figure 3.2b).  

Amplification efficiencies for standards amplified with primer set Arch349f/Arch806r ranged 

from 0.88 to 0.92.  The amplification efficiency calculated for the dilution series of MBIO 97.41 was 

0.90.  Archaeal copies show no clear trends with depth and reach a maximum of 1.1x106 ml-1 at 8.15 mbsf 

(Figure 3.2b).  

3.3.4 Sanger Sequencing of qPCR product 

Amplicons created using Arch349f/Arch806r were selected from four samples for Sanger 

sequencing (Figure 3.8).  A total of six phyla were identified from 68 sequences: Crenarchaeota, 

Euryarchaeota, Candidate Phylum OD1, Verrucomicrobia, Planctomycetes, and Spirochaetes.  Fourteen 

clones were successfully sequenced from MBIO 0.075 including Candidate Divisions OD1, 

Planctomycetes and Verrucomicrobia.  No archaea was classified from MBIO 0.075 or MBIO 5.98 

clones.  Twenty of 22 sequenced clones from MBIO 5.98 were classified as Verrucomicrobia.  The other 

remaining sequences were identified as Planctomycetes and Spirochaetes.  Of the 20 sequences sampled 

from MBIO 18.34 mbsf, 6 and 1 were classified as Crenarchaeota/c) and Euryarchaeota/Thermoplasmta, 

respectively, 11 sequences were Verrucomicrobia and the remaining clones were identified as OD1.  

Eleven clones were sequenced from MBIO 97.41 including 3 Crenarchaeota/MGI, 7 OD1 and 1 

Verrucomicrobia.  
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Figure 3.8 Sanger sequencing results of qPCR amplicons created with archaeal primer set 
Arch349f/Arch807r. Sample names include the MBIO prefix followed by the sample depth (mbsf). 

 

3.4 Discussion 

Below the results of this study are discussed below.  

3.4.1 The appearance of water column-derived microorganisms in Adelie sediments: time estimates of 
DNA Burial and Preservation  

454 Pyrosequencing of the SSU rRNA gene revealed a complex microbial community dominated 

by members belonging to Bacteroidetes, Actinobacteria, Planctomycetes, Candidate Division OP9, and 

the sub-phyla α- and γ- Proteobacteria.  Chloroplast DNA and DNA from known aerobes including 

Flavobacteria, Rhodophirellula, Planctomycetes and Halobacteria represent 14% - 48% of sequences 

identified above 8.15 mbsf (Figure 3.9).  As discussed further below, DNA from these sources are 

suspected to be from the surface waters above due to their known physiological traits and low abundances 

in the deep sediments of this site.  For example, 76% of Bacteroidetes above 25 mbsf are classified as 

Flavobacteria.  While some cultures of the Flavobacteria family are capable of respiratory growth with 

nitrate, or via fermentation, most Flavobacteria are known to be obligate aerobes (BERNARDET and 

NAKAGAWA, 2006; BERNARDET et al., 1996; KIRCHMAN, 2002).  They have previously been sequenced 

from diatom rich, coastal surface waters (COTTRELL and KIRCHMAN, 2000a; PINHASSI et al., 2004).  

Considering the lack of available electron acceptors in these sediments, it is unlikely that Flavobacteria 

DNA sequences are derived from active benthic organisms.  It is more plausible that they originated from 
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the waters above and subsequently settled to the sediments as marine snow, fecal material or simply by 

gravity (DELL'ANNO and DANOVARO, 2005).   

Similar to Flavobacteria, the average relative abundances of Rhodopirellula and Planctomyces, of 

the phylum Planctomycetes, are also within the top 20 m than below.  While previously sequenced from 

marine sediments (MUSAT et al., 2006; RAVENSCHLAG et al., 2001), Rhodopirellula and Planctomyces 

are often associated with algal aggregates of surface waters (DELONG et al., 1993; LAGE and BONDOSO, 

2011).  The algae are known to provide an abundance of degradable sulfur organic compounds (MICHEL 

et al., 2006) as well as a surface for microbial reproduction (GADE et al., 2005; SCHLESNER et al., 2004).  

In general, Rhodopirellula and Planctomyces have diverse metabolisms and have been shown to 

breakdown complex organic compounds by both oxic respiration and anoxic fermentation (GLÖCKNER et 

al., 1999; SCHLESNER et al., 2004; WOEBKEN et al., 2007).  Based on SSU sequencing data alone, it is 

not possible to determine if the Rhodopirellula and Planctomycetes OTUs identified in the sediments are 

fermenting algal organic matter or if they simply represent non-degraded material attached to preserved 

algal cells.   

Sequences belonging to JTB148 and Thitrichales of γ-Proteobacteria are also most abundant 

above 20 mbsf.  The lineages are closely related to each other, and have been described as sulfur 

oxidizing phototrophs (BOWMAN et al., 2003; GARRITY et al., 2005 -b). JTB148 and Thitrichales have 

been sequenced from other marine sediments (BOWMAN et al., 2003; HAMDAN et al., 2011; MADRID et 

al., 2001; TIAN et al., 2009), but the presence of aerobic phototrophs is questionable and most likely 

represents decomposing biomass derived from surface waters above.  Likewise, Halobacteria are known 

archaeal phototrophs (OESTERHELT and KRIPPAHL, 1983; OREN, 2006) and are most abundant in the top 

20 m of these sediments and suspected to originate from seawater above.   

To summarize, several groups of bacteria suspected to be derived from the surface waters, as well 

as chloroplast DNA, were detected in the top 20-25 mbsf.  Given these cumulative results and assuming 

this DNA is derived from microbes in the water column, one can make estimates of DNA degradation 

based on the sediment burial rates.  Considering that relative abundances of aerobic-related and 

chloroplast DNA represent less than 7% of sequenced DNA below 25 mbsf (Figure 3.9), and assuming a 

sedimentation rate of 2 cm yr-1, preservation of surface water DNA appears to be ~ 1250 years.  The 

preservation of DNA in sediments is well  
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Figure 3.9 Relative abundance of DNA assumed to have originated from surface seawaters with 
depth.  Note depths are not to scale. 

 
 

0%# 10%# 20%# 30%# 40%# 50%# 60%#

0.05#
2.75#
2.95#
3.15#
3.45#
3.65#
3.85#
4.45#
4.75#
5.05#
5.35#
5.65#
5.95#
6.15#
6.65#
7.15#
7.65#
8.15#

12.35#
13.35#
14.25#
15.35#
16.35#
17.26#
18.37#
25.24#
33.23#
37.67#
44.39#
52.51#
59.41#
61.79#
64.76#
74.47#
78.78#
81.56#
88.29#
91.29#
97.41#
103.64#

Rela2ve#Abundance##

De
pt
h#
(m

bs
f)#
#

Chloroplast**
Flavobacteria*
Rhodopirellula*
Planctomyces*
JTB148*
Thiotrichales*
Halobacteria*



!
!

!74!

documented (COOLEN et al., 2004; CORINALDESI et al., 2011; CORINALDESI et al., 2008; DELL'ANNO and 

CORINALDESI, 2004; DELL'ANNO and DANOVARO, 2005).  It is estimated that 1.26x107 metric tons of 

extracellular DNA is transported to ocean sediments every year (DELL'ANNO and DANOVARO, 2005).  

Theoretically, DNA can be preserved for periods greater than 100,000 years (COOLEN and OVERMANN, 

2007; WILLERSLEV and COOPER, 2005).  Turn over rates depend on a variety of environmental factors 

including oxygen availability, mineralogical composition, organic matter loading and the microbial 

community (DELL'ANNO and CORINALDESI, 2004).  Considering that a major mechanism of DNA 

degradation is oxidation (LINDAHL, 1993), preservation of DNA in these sediments is most likely due to 

lack of electron acceptors, and a high abundance of alternative carbon sources (CORINALDESI et al., 

2008).  Other mechanisms related to DNA preservation include adsorption of DNA.  However, due to the 

lack of clay in these sediments, this process is expected to play a minimal role at this setting.  

Concentrations of chloroplast DNA are variable and especially high in the top 8 mbsf.  If 

calculated on chloroplast DNA alone, DNA preservation time would be 400 years.  It is not clear why 

concentrations of chloroplast DNA fluctuate more than other suspected surface water DNA.  One possible 

theory is that chloroplast DNA originating from diatoms may display a stronger seasonal effect that other 

aerobic surface water organisms.  Thus larger amounts of chloroplast DNA in the surface sediments may 

represent a longer, warmer summer.  Additionally, uneven sampling of summer and winter varves would 

also affect the amount of measured chloroplast DNA.  Therefore, preservation rates calculated on 

chloroplast DNA alone might not be as accurate as those that consider all aerobic DNA.  

3.4.2 Composition of insitu sedimentary microbial communities based on SSU rRNA analysis 

As DNA suspected to originate from surface waters is degraded with depth, relative abundances 

of DNA from known anaerobes consequently increase.  Bacteroidetes are heterotrophic organisms 

common to many environments including soils, sediments, and aquatic environments (COTTRELL and 

KIRCHMAN, 2000b; KIRCHMAN, 2002; LLOBET-BROSSA et al., 1998). Below 20 mbsf, 74% of 

Bacteroidetes sequences are classified as Sphingobacteria.  Organisms belonging to Sphingobacteria are 

capable of heterotrophic, anaerobic growth and have been found in anaerobic sediments (JULIES et al., 

2012; KIRCHMAN, 2002; ROSSELLÓ-MORA et al., 1999; TESKE et al., 2011).  Like most Bacteroidetes, 

organisms of this class are associated with hydrolytic and fermenting abilities (COTTRELL and 

KIRCHMAN, 2000b) and are believed to be actively involved with carbon remineralization in the 

sediments.  Likewise, relative abundances of the class Phycisphaera of the phylum Planctomycetes 

increase with increasing depth.  With only one cultured member (FUKUNAGA et al., 2009), little is known 
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about the organisms belonging to the order Phycisphaera.  Phycisphaera minurensis is a facultative 

anaerobe capable of heterotrophic growth.  Additional sequences classified as Physichaera have been 

found within sediments of the Peru Margin, Antarctic lakes, and the coast of Spitsbergen (unplusblished 

results, Silva Data Base, (PRUESSE et al., 2007).   

OP8 has previously been identified as a minor constituent in methane bearing marine sediments 

(HARRISON et al., 2009; LLOYD et al., 2006; TEMPLER et al., 2011; WEBSTER et al., 2006a) but has yet to 

be isolated.  In the Adelie Basin, relatively high OP8 concentrations at 18.37 and 64.79 mbsf correspond 

with high methane concentrations (Figures 3.1 and 3.3).  The large abundances of OP8 at 97.41 mbsf does 

not coincide with a methane peak, though methane concentrations at this depth are ~ 3 mM.  Nonetheless, 

based on the presence of OP8 in similar sediments elsewhere, organisms of this division appear to play an 

important ecological role in anoxic methane rich environments (HARRISON et al., 2009; LLOYD et al., 

2006; TEMPLER et al., 2011; WEBSTER et al., 2006a).   

Actinobacteria, α-Proteobacteria and γ-Proteobacteria are found throughout the core and are 

believed to be active inhabitants of these sediments. Actinobacteria have repeatedly been associated with 

natural methane seeps and sediments with large volumes of organic matter or hydrocarbon contamination 

(LANOIL et al., 2001; PIZA et al., 2004; REED et al., 2002).  Most Actinobacteria OTUs here are classified 

as Acidimicrobineae, a group capable of breaking down complex organic material (MCCARTHY and 

WILLIAMS, 1992; SCHREMPF, 2001; VOROB’EV et al., 2007).  Alphaproteobacteria are common 

heterotrophs in oxic marine waters and sediments (DURBIN and TESKE, 2011; NITAHARA et al., 2011; 

TESKE et al., 2000; TESKE et al., 2011).  These marine organisms are known to be capable of phototrophy 

as well as chemoorganotrophy and fermentation (GARRITY et al., 2005 -a).  Some isolates are capable of 

degrading carbohydrates, amino acids, cellulose, lignins as well as organo-sulfur compounds (BUCHAN et 

al., 2005; HWANG and CHO, 2008; SASS et al., 2010).  Alphaproteobacteria sequenced from these 

sediments are grouped within the classes of Rhizobiales and Rhodospirillaceae and have previously been 

sequenced from marine sediments (HAMDAN et al., 2011; PRUESSE et al., 2007) and are known capable of 

facultative anaerobic growth (CHO and GIOVANNONI, 2004; HWANG and CHO, 2008).  While it is 

possible that these sequences represent aerobic species from the waters above, their presence throughout 

the core and in other sedimentary environments suggest that they maybe native inhabitants.  

Enterobacteriales represent most of the γ-Proteobacteria in this core.  Species of this order have 

previously been identified in marine sediments (KOBAYASHI et al., 2008; TIAN et al., 2009; URAKAWA et 

al., 1999).  The presence of these sequences has been attributed to laboratory or human contamination 

(WEBSTER et al., 2006a; WEBSTER et al., 2003).  However, no PCR product was visualized from either 
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extraction or amplification negative controls.  Therefore, Enterobacteriales OTUs sequenced here are 

believed to inhabit these sediments.  

OP9 Phylogeny  

OTU 2153 and OTU 613 of Candidate Division OP9 make up the majority of the microbial 

community.  Interestingly, the change of dominance among OP9 sequences occurs at 25.24 mbsf, where 

methane concentrations are greatest.  OTU 2153 dominates sediments above the methane peak, while 

OTU 613 dominate the community below the methane peak.  These sequences align closely with OTUs 

identified from other anoxic, sulfidic, methane bearing sediments (Table 3.1, Figure 3.5).  OP9 species 

have yet to be isolated, so it is impossible to determine the environmental factors responsible for the 

overall abundance of OP9.  However, based on the geochemical descriptions of environments they are 

commonly sequenced from, OP9 appears to thrive in euxinic environments.  For example OTU 2153 is 

closely related to species sequenced from Antarctic meromictic lake sediments (BOWMAN et al., 2000).  

These sediments harbor high levels of sulfide and no physical mixing within the water column.  The 

presence of OP9 in potentially toxic sulfidic lakes suggests that organisms of this phylum may have high 

tolerance for sulfide allowing OP9 to thrive and out compete other organisms in this setting.  The shift 

from OTU 2153 to OTU 613 with depth may be related to increasing methane concentrations with depth 

(Figure 3.4), which either inhibit the growth of OTU 2153 or encourage the growth of OTU 613 below 21 

mbsf.  Based on the environments OP9 is sequenced from (Figure 3.5), it is possible that OP9 organisms 

are either directly or indirectly involved with the production or consumption of methane.  

Diversity  
 
454 Pyrosequencing results were used to calculate Chao1, the Shannon Index, species evenness 

and rarefaction curves.  The measurements indicate that there is generally more diversity in the surface 

sediments (top 20 mbsf) than the deeper sediments (20 mbsf and below).  Rarefaction curves demonstrate 

that samples collected above 20 m are generally approaching a horizontal plateau less quickly and 

therefore have more unique OTUs than deeper samples (Figure 3.6).  This observation is mirrored by the 

Chao1 estimator, which predicts fewer OTUs in deeper samples (Figure 3.7a).  MBIO 3.15 is an 

exception, showing fewer predicted OTUs than other samples collected from surficial sediments (Figure 

3.7a) and a more level rarefaction curve.  This abnormality may be a result of a normalization error and 

PCR bias during sequencing, as there are no porewater and sedimentary geochemistry anomalies at this 

depth.  Despite efforts to normalize amplicons, sample MBIO 3.15 generated the greatest amount of 

sequence reads, which may have impacted the calculated alpha diversity.  
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Below 12.35 mbsf, the Shannon Index shows a decreasing trend with depth, indicating a decline 

of evenness, and ultimately, diversity throughout the deeper parts of the core (Figure 3.7b).  Above 12.35 

mbsf a larger range of values is observed.  Surface samples with relatively low values on the Shannon 

Index (~ ≤4) also have large amounts (>20%) of chloroplast DNA (Figure 3.10).  For example, sample 

MBIO 8.15, which has a low Shannon Index score of 3.5, has the largest contribution of chloroplast DNA 

(35%) of all sampled sediments.  High levels of chloroplast DNA give the illusion of an uneven, non-

diverse community.  However, large quantities of chloroplast DNA are not a reflection of the active living 

communities.  Instead these quantities reflect past summer productivity in surface waters, DNA 

transportation and preservation within the sediments, and uneven collection of summer versus winter 

sediment during DNA sampling.   

 When calculated without DNA from chloroplast and suspected aerobic organisms, diversity 

matrices depict a slightly more diverse community (Figure 3.11).  Overall the Chao1 estimator predicts a 

similar level of richness.  The Chao1 is largely based on the ratio of OTUs represented by 1 sequence read 

compared to those represented by 2 sequence reads, a ratio that remained relatively constant despite the 

removal of surface water-derived DNA.  However, the removal of this DNA did alter the Shannon Index, 

especially in the top 8 mbsf.  For example, without surface water-derived DNA the evenness of MBIO 

8.15 increased from 3.5 to 4.5. 

 

 

Figure 3.10 Comparisons between the abundance of chloroplast DNA and Shannon Index values 
within the top 12.35 mbsf.  
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3.4.3 Archaeal relative abundance based on 454 pyrosequencing and qPCR analyses  

Based on 454 pyrosequencing results, the relative abundances of archaea are surprisingly low 

considering the recent claims for archaeal dominance in marine sediments and the high concentrations of 

methane at this site (BIDDLE et al., 2006; HUBER et al., 2007; INAGAKI et al., 2006).  Only 2% of the 

sequences are derived from archaea, of which 25% were classified as MGI.  Cultured strains of MGI have 

been described as aerobic ammonia oxidizing autotrophs (KONNEKE et al., 2005; MOSIER et al., 2012), 

while radioisotope studies indicate the possibility of heterotrophic or mixotrophic growth (INGALLS et al., 

2006).  Dominant Euryarchaeota include Halobacteria and Thermplamata. As discussed above, sequence 

reads classified as Halobacteria are assumed to have originated from the seawater above.  Organisms 

belonging to the class Thermoplamata are known anaerobes and found throughout the entire core (HUBER 

and STETTER, 2006) and are therefore believed to be active members of this community.  

Archaeal SSU rRNA was also quantified from extracted genomic DNA using qPCR as a second 

measurement of archaeal relative abundance.  Total microbial and archaeal DNA was amplified using the 

primer sets 515f/927r and Arch349f/Arch807r, respectively.  Primer set Arch349f/Arch807 was chosen as 

the Archaeal primer set due to its selectivity for archaeal SSU genes (Table 3.1)(COLE et al., 2009).  Total 

gene copies measured with 515f/907r are approximately one order of magnitude lower than expected 

based on total FAME abundances (Figure 3.2a,b).  This seems particularly low given that most organisms 

carry more than one copy of the SSU rRNA gene (KLAPPENBACH et al., 2001).  Considering the good 

amplification efficiencies, this difference is more likely a result of low DNA extraction recovery than a 

consequence of PCR inhibition.  Archaeal gene copy numbers are also low but seem reasonable when 

normalized to total microbial gene copies (Figure 3.2c).  Relative archaeal percentages average 2% and 

show no trend with depth.  These results compare well with relative percentages calculated from 454 

pyrosequencing, again suggesting low archaeal abundances in these sediments.  However, when qPCR 

amplicons were Sanger sequenced to verify specificity for primer set Arch349F/Arch806R, clones were 

mostly classified as bacteria (Figure 3.8).   

Bacterial clones of Verrucomicrobia, Candidate phylum OD1, Planctomycetes, and Spirochaetes 

indicate that PCR quantification with this primer set overestimated archaea gene copies.  The 

identification of these bacterial species was unexpected since these phyla represented no more than 1% of 

454 pyrosequencing results.  Archaeal sequences were only detected among the deeper samples MBIO 

18.40 and 97.41.  Of all the sequenced archaeal clones, only one was classified as Euryarchaeota 
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Figure 3.11 Measurements of diversity based on SSU rRNA gene pyrosequencing, excluding 
chloroplast DNA. Highlighted regions focus on the top 20 mbsf.   
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(Thermoplasma).  This contradicts pyrosequencing data, which suggest a slight dominance of 

Euryarchaeota over Crenarchaeota.  This discrepancy is most likely a result of PCR bias.  According to 

the Ribosomal Database Project’s Probe Match, primer set 515f/907r matches 8% more Crenarchaeota 

than Euryarchaeota with two mismatches and 15% with archaeal primer set Arch349f/Arch806r (Table 

3.2) (COLE et al., 2009)  Considering the apparent zone of methane production at ~ 20 mbsf (Figure 3.1), 

it is surprising that no methanaogenic Euryarchaeota were sequenced.  

The archaeal primer set Arch349f/Arch806r also has a high affinity for Verrucomicrobia and 

Candidate Phylum OD1.  With two mismatches, the primer set matches 46% and 42% of 

Verrucomicrobia and OD1 respectively.  This coverage is abnormally high when compared to other 

bacterial species such as Proteobacteria and Actinobacteria, which have 0% coverage with these archaeal 

primers.  Consequently, Verrucomircobia and OD1 are over represented with this archaeal primer set.  

According to the in silico testing, archaea should also be well amplified with the Arch349f/Arch806r 

primer set, and yet archaea are a minority.  It is important to note, that this primer set was originally 

designed for, and is often used with, Taqman probe Arch516 (TAKAI and HORIKOSHI, 2000).  While 

Taqman probes are known to enhance target specificity (HOLLAND et al., 1991), a recent study of 

methanogens in hot spring sediments demonstrated 75% archaeal specificity using the Arch349f/806r 

primer set without a Taqman probe (EYDAL et al., submitted).  Therefore, not using Arch516 in this study 

seems well justified.  However, Sanger sequencing results demonstrate the opposite and disprove the 

assumption that the selected primers were exclusively amplifying archaea, and emphasize the importance 

of using Sanger sequencing to check qPRC products.   

At this time, it is difficult to distinguish whether Verrucomicrobia and OD1 truly outnumber 

archaeal sequences, or if the primer pair Arch349f/Arch806r is biased towards these groups of bacteria. 

Alternatively, it is possible that the archaeal members of this environment belong to a novel undiscovered 

group, still not detected by present day primer sets.  This was the case with Nanoarchaea, which remained 

undetected until 2002 (HUBER et al., 2002).   

3.4.4 Methane Sources  

Both pyrosequencing results and Sanger sequencing of qPCR amplicons indicate that archaea, 

and consequently methanogens, make up a small percentage of the microbial community in these 

sediments.  Methanomicrobia are the only methanogens/anaerobic methanotrophs detected in these 

sediments by pyrosequencing and make up less than 0.2% of the total community.  No methanogens were 

sequenced from qPCR amplicons, which raises questions about the origin of the detected methane.   
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Table 3.2 Primer coverage of selected phyla according to the Ribosomal Database Project Probe Match (COLE et al., 2009) 

Primer Coverage Within the RDP Database 

Primer set Oligonucleotide Sequence  Reference  

Arch349f 

Arch806r  

5´-GYGCASCAGKCGMGAAW- 3´ 

5´-GGACTACVSGGGTATCTAAT- 3´ 

(TAKAI and HORIKOSHI, 2000) 

(TAKAI and HORIKOSHI, 2000) 

Group 

Total 
Species 

# of Hits with X Mismatches % of Hits with X Mismatches 

0 1 2 0 1 2 

Bacteria 2212243 21 9311 48028 0% 0% 2% 
Archaea 107969 61866 73123 75901 57% 68% 70% 
Crenarchaeota 25407 16381 19626 20227 64% 77% 80% 
Euryarchaeota 63870 33394 39444 41016 52% 62% 64% 
Verrucomicrobia 18937 1 7905 8625 0% 42% 46% 
OD1 616 1 3 258 0% 0% 42% 
Proteobacteria 720640 0 23 3517 0% 0% 0% 
Actinobacteria 244053 0 5 693 0% 0% 0% 
Bacteroidetes 268318 0 336 7941 0% 0% 3% 
 Primer set Oligonucleotide Sequence  Reference  

 515f-modified 

927f-modified  

5’- GTGYCAGCMGCCGCGGTAA  -3’ 

5’-CCGYCAATTCMTTTRAGTTT-3’ 

(OSBURN et al., 2011) (OSBURN et 
al., 2011) 

Group 

Total 
species 

# of Hits with X Mismatches % of Hits with X Mismatches 

0 1 2 0 1 2 

Bacteria 2212243 1097536 1288164 1311515 50% 58% 59% 
Archaea 107969 58294 65988 69874 54% 61% 65% 
Crenarchaeota 25407 15503 17249 17783 61% 68% 70% 
Euryarchaeota 63870 32353 36383 39303 51% 57% 62% 
Verrucomicrobia 18937 2278 10343 10839 12% 55% 57% 
OD1 616 0 159 297 0% 26% 48% 
Proteobacteria 720640 342984 382384 390283 48% 53% 54% 
Actinobacteria 244053 112654 181248 183825 46% 74% 75% 
Bacteroidetes 268318 125610 136593 138606 47% 51% 52% 
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Methane hydrates can be a source of methane in marine sediments, but were not visually 

observed within these cores.  Additionally, the constant salinity values with depth, and the absence of a 

bottom-stimulating reflector, suggests that gas hydrates are not likely present in these sediments.  Instead, 

stable carbon isotopic (δ13C) analyses of DIC, in combination with high methane concentrations from 

these sediments, suggest active methanogenesis (Chapter 4).  Within the top 20 m of sediment, δ13CDIC 

values increase from -18.2‰ to -2.4‰, indicative of autotrophic pathways where 12CO2 molecules are 

preferentially selected during conversion to CH4 by autotrophic methanogens (CONRAD, 2005; 

EXPEDITION 318 SCIENTISTS, 2011a; KRZYCKI et al., 1987).  

The absence of sequences for methanogens may be the result of poor genomic DNA recovery as 

suggested by low concentrations of SSU rRNA gene copies with respect to PLFAs, and undetectable 

concentrations of mcrA.  Here, DNA extraction methods used chemical and moderate physical treatments 

in an attempt to recover both archaeal and bacterial DNA (BRIGGS et al., 2012; LIPP et al., 2008).  

However, it is possible that the methods chosen were not aggressive enough to break archaeal cell 

structures (LIPP et al., 2008).  Possible PCR biases against archaeal may also contribute to the lack of 

methanogens as discussed previously.  To verify the presence or absence of archaea in these sediments, 

intact phospholipids have been sent to The Roger Summons’ Laboratory at Massachusetts Institute of 

Technology for high performance liquid chromatography – mass spectrometry analyses.  Lastly, while 

never observed before, it is possible that an uncultured bacteria organism is involved with the production 

of methane, either directly or indirectly.  For example, Candidate Division OP9 is abundant in these 

sediments as well as similar methane rich environments, but their ecological roll has not yet been defined. 

 
3.5 Conclusion  

454 Pyrosequencing of organic rich, Antarctic sediments identified the presence of anoxic 

heterotrophs including, Sphingobacteria, Actinobacteria and Phycisphaerales.  Several OTUs common to 

aerobic surface environments were also sequenced suggesting the transport and preservation of DNA 

from the waters above.  These preserved sequences are most common within the top 25 m, and suggest a 

preservation period of 1,250 years.  

Methane concentrations within these sediments are as high as 12.8 mM, and the absence of 

methane hydrates suggests active methanogenesis.  However, both pyrosequencing and qPCR methods 

detect low amounts of archaea, and consequently methanogens.  We hypothesize that the low detection of 

methanogens is a result of one, or a combination of the three factors below:  (1) Poor recovery of genomic 

archaeal DNA, as evident by low SSU rRNA gene copy numbers detected by qPCR (2) selective primer 
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biases against archaea, as demonstrated by Sanger sequencing results, or (3) the under representation of 

active community members due to the abundance of preserved DNA from surface waters, especially 

above 20 mbsf. Additionally, qPCR results demonstrate the importance of integrating different molecular 

techniques to prevent misinterpretations.  

Uncultured OP9 dominated sediments suggesting a high tolerance and/or preference for sulfidic, 

methane rich environments.  Future work should focus on identifying and isolating these uncultured 

bacteria to study their biogeochemical and possibly symbiotic role in methangenic environments. 

! !
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4. CHAPTER FOUR : 
ORGANIC MATTER DIAGENSIS AND MICROBIOAL CARBON 

CYCLING WITHIN DEEP-SEA MARINE SEDIMENTS  
OFF EAST ANTARCTICA 

 
Abstract  

Attention has been drawn to the global carbon cycle as earth’s climate continues to change.  From 

a marine perspective, increasing global temperatures have resulted in warming ocean waters, as well as 

increasing levels of primary production and fluxes of phytodetritus to the sediments below.  This research 

investigated the microbial response to organic matter (OM) fluxes at two contrasting Antarctic settings: a 

near shore basin and an offshore continental margin.  Here total hydrolysable amino acids (THAA), 

porewater and sedimentary geochemistry, and phospholipid structural and δ13C values were analyzed to 

characterize the interactive relationship between OM quality and the resident microbial communities at 

these sites.  THAA concentrations measured from the continental margin describe the sediments to be 

more refractory than those measured from the basin.  Total THAA concentrations represent only 2% of 

total organic carbon with relative proportions of non-protein amino acids β-alanine (β-ala) and γ-

aminobutyric acid (γ-aba) as high as 40%.  In contrast, THAA measured from the near-shore basin 

represent 40%-60% of total organic carbon with concentrations of β-ala and γ -aba often below the 

detection limit.  Large contributions of aromatic amino acids inflate the Degradation Index site scores 

(sensu Dauwe et al., 1999) and provided conflicting perspectives of OM degradation at both sites.  

Higher concentrations of labile, or reactive carbon sources in the Adelie Basin support a larger 

bacterial community, although communities at both sites are predominately heterotrophic as evident by 
13C measurements of phospholipid fatty acids and interstitial water geochemistry.  Despite a large 

microbial population within the near-shore basin, OM quality remains relatively labile throughout the top 

100 m of sediment.  These observations imply that warming temperatures, and consequently, increased 

phytodetritus fluxes, can result in an increased burial of labile organic matter in seafloor sediments which 

could affect global ocean chemistry over time.   

4.1 Introduction  

Microorganisms carry out the majority of organic matter (OM) remineralization in marine 

sediments (JØRGENSEN, 2000) and are thus responsible for the selective preservation and short term   
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removal of OM from the global carbon cycle.  With evidence for climate change increasing, so is the 

attention towards the effects of rising temperatures on marine carbon cycling.  Warming temperatures 

have been linked to changes in ocean currents, water column stratification, microbial metabolic rates, 

phytodetritus fluxes, and attendant nutrient cycling in marine systems (DANOVARO et al., 2001; 

FULWEILER and NIXON, 2009; MCGOWAN et al., 1998).  Polar regions are particularly sensitive to 

climate change (HANSEN et al., 1999; TURNER et al., 2007) and have become areas of interest for climate 

research.  One study of deep-sea Antarctic sediments showed that increased fluxes of phytodetritus can 

increase O2 consumption and respiration rates in shallow sediments (VEIT-KÖHLER et al., 2011).  Climate 

related incubation studies in Artic sediments demonstrate a decoupling of OM processes with increasing 

temperatures (ROBADOR et al., 2010b).  The decoupling is evident by increasing concentrations of 

dissolved organic matter, which is a result of decreased levels of sulfate reduction and increased 

enzymatic and hydrolytic activities.  

Amino acid degradation can serve as an indicator of OM diagenesis in marine sediments (DAUWE 

and MIDDELBURG, 1998; DAUWE et al., 1999; KEIL, 2000; MÜBIUS et al., 2011; PANTOJA and LEE, 

2003).  Amino acids are an important source of carbon and nitrogen for heterotrophic microorganisms and 

have been shown to degrade faster than bulk OM (COWIE and HEDGES, 1994; COWIE et al., 1992a; 

WAKEHAM and LEE, 1993).  The percentage of organic carbon and total nitrogen represented by amino 

acids (CAA% and NAA%, respectively) are commonly used to describe OM quality (COWIE and HEDGES, 

1994; KEIL, 2000; LOMSTEIN et al., 2009).  Additionally, as microorganisms consume protein-building 

amino acids the generate “non-protein” forming amino acids by products. β-alanine (Β-ala) and γ-

aminobutyric acid (γ-aba), for example are the decarboxylation products of aspartic and glutamic acid, 

respectively.  These non-protein amino acids are not further decomposition when protein-building amino 

acids are available making their relative abundance a useful measure of OM degradation (COWIE and 

HEDGES, 1994; KEIL, 2000).   

The degradation index (DI) is another amino acid-based measurement of diagenesis designed for 

marine sediments by Dauwe and Middelburg (1998) and later revised by Dauwe et al. (1999).  Although 

every protein has a unique amino acid composition, the DI assumes that the overall composition of fresh 

OM is relatively constant regardless of its origin (COWIE et al., 1992a; DAUWE and MIDDELBURG, 1998).  

Selective utilization and preservation of particular amino acids during diagenesis is also assumed to be 

similar across various sedimentary environments (COWIE and HEDGES, 1994; TENORE et al., 1984; 

WAKEHAM et al., 1997).  Enrichments and depletions of amino acids relative to source materials have 

been successfully used to derive DI site scores that can be compared to other sedimentary environments 

(DAUWE and MIDDELBURG, 1998; DAUWE et al., 1999).   
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A combination of CAA%, relative abundances of non-protein amino acids, and DI scores are often 

utilized to describe spatial and temporal changes in OM quality (ALKHATIB et al., 2012; DAVIS et al., 

2009; KEIL, 2000; LOMSTEIN et al., 2009; VEUGER et al., 2012).  Davis et al. (2009) used all three 

measurements to describe changes in dissolved OM over time with incubation studies.  Their observations 

showed that changes in CAA% are greatest during the early stages of degradation while changing DI 

values and relative abundance of non-protein amino acids were better indicators of intermediate and late 

stage OM degradation, respectively (DAVIS et al., 2009).  When applied to studies of deep-sea sediments, 

these indicators demonstrate that incoming OM is more refractory with increasing distance from 

landmasses and increasing water depth (KEIL, 2000).  However, few studies have investigated how OM 

continues to change once it settles on the sea floor.  The studies that have investigated this have generally 

restricted their observations to the top few meters of sediment (COWIE et al., 1995; LOMSTEIN et al., 

2009).  Thus, further alterations of OM in deeper sediments remain unclear.   

Here multiple amino acid degradation indicators were used to describe OM diagenesis occurring 

in sediments as deep as 187 meters below sea floor (mbsf) at two contrasting deep-sea Antarctic sites.  

The Adelie Basin, located off the coast of the Wilkes Land Margin (Figure 4.1), experiences 

accumulation rates as high as 2 cm yr-1 (EXPEDITION 318 SCIENTISTS, 2011a).  These accumulation rates 

are attributed to high levels of primary production in surface water during the summer and benthic 

focusing caused by grounded ice sheets (LEVENTER et al., 2006).  The sedimentation rates for the Adelie 

Basin are extremely unusual for the Antarctic coast where massive ice shelves restrict OM fluxes to the 

continental shelf (Chapter 2).  Assuming that global temperatures will continue to rise, the Adelie Basin 

might be viewed as a prototype for future Antarctic sediments.  By comparing the Adelie Basin to an off-

shore reference site located on the continental margin, this study advances our global perspectives of the 

dynamic relationship between OM diagenesis and microbial communities in deep-sea sediments of 

Antarctica.  This study used a multi-technique and integrative approach to better understand this 

relationship, which included structural and stable isotopic (δ13C) analyses of bacterial-derived 

phospholipid fatty acids (PLFAs), organic geochemistry, and DNA sequencing to elucidate microbial 

metabolic pathways and OM degradation within these sediments. Additionally, the effectiveness of 

applying amino acid degradation indicators (eg., DI) to sediments as deep as 187 mbsf was also 

investigated. 

4.2 Methods  

Below the methods and site description for this study are explained. 
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Figure 4.1 Locations of IODP sites sampled during expedition 318 in 2010, White Circles mark the locations of the U1357 and U1359 
which were sampled for this study. Photo used with permission from the Integrated Ocean Drilling Program. (EXPEDITION 318 
SCIENTISTS, 2011c) 
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4.2.1 Site Descriptions  

Site U1357 (Adelie Site) is located directly off shore of the Adelie Drift of the Wilkes Land 

Margin (66o24.8’S, 140o25.5’E) (Figure 4.1).  The water depth of this continental shelf basin is ~1000 m.  

High levels of primary production during the summer season contribute to the alternating greenish brown 

and olive brown varves and sedimentation rates of 2 cm yr-1.  The top 100 m of sediment are described as 

80-99% diatom ooze with fine layers of clay and silt. Site U1359 (Margin Site) is located on the 

continental rise, off shore of the Wilkes Land Margin (64o 54.2’S, 143o57.7’E) (Figure 4.1).  Water depth 

at this location is ~ 3000 m.  The top 200 m of sediments from this core are described as diatom rich silty 

clays.  Sedimentation rates at this site are approximately 20 m My-1.  A complete description of site 

U1357 and U1359 is available in Expedition 318 Scientists (2011a,b).  

4.2.2 Sampling Strategy and Core Handling  

During IODP (International Ocean Drilling Program) Expedition 318 in February 2010, samples 

for microbiology and pore interstitial water geochemistry were sampled from Holes U1357C and 

U1359B.  A complete description of the microbiology and water sampling has been previously reported 

(EXPEDITION 318 SCIENTISTS, 2011 ).  Briefly, whole round cores (WRNDs) were divided on the catwalk 

using sterile spatulas and transported to the microbiology cold room for additional sampling in a laminar 

flow hood.  Within the hood the exposed outer portions of the core were removed and discarded using a 

sterile scalpel.  The center of each WRND was subsampled for molecular analyses using a presterile 

syringe barrel that was pushed into the center of the core and retracted with an intact sediment “plug” 

which was immediately frozen at -80°C.  The remaining WRND was also frozen at -80°C and saved for 

onshore lipid analyses.  Additional sediment samples for molecular and amino acid analyses were 

collected as deep as 103.65 and 187.31 mbsf at the Adelie and Margin Sites, respectively.  These samples 

were collected from the bottom of the core sections with sterile 5 mL syringe barrels.  All sediment 

samples were stored at -80 °C on board and shipped frozen at -20 °C to the Colorado School of Mines 

(CSM).   

4.2.3 Amino Acid Analyses  

Measurements of amino acids were performed on 0.25 to 1 g sediment (dry weight).  Prior to acid 

hydrolysis, sediments were loaded into pre-baked glass vials and an amount of norvaline (Nor, Sigma-

Aldrich #851620) was added as an internal standard based on the expected amino acid concentrations.  

Vials were sealed with 5 mL of a solution with 6 N HCL, 10% trifluoroacetic acid, and 1% phenol (KEIL 
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and KIRCHMAN, 1991) and heated at 100 °C for 24 hours (GARCÍA and THOMSEN, 2008).  During 

hydrolysis, asparagine and glutamine were converted to aspartic and glutamic acid.  The combined pools 

are referred to as Asx and Glx respectively.  Samples were centrifuged at ~1000 g and supernatants were 

buffered with H3BO3 (0.2 N) to a pH of 8.0.  Samples were filtered with a 0.2 μm nylon member filters 

(VWR # 28145-481, Radnor PA) prior to analysis by high performance liquid chromatography.  Sixty µL 

of hydrolyzed sample was mixed with 20 µL of o-phthaldialdehyde reagent (OPA, Sigma-Aldrich 

#P0657) (DAUWE and MIDDELBURG, 1998) and allowed to react for two minutes, after which the reaction 

was quenched with 20 uL of 20% acetic acid.  

Amino acids were separated on a Thermo HPLC spectrasystem P2000 (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) with a Kinetex 2.6 µm C18 column (Phenomenex, Torrance, CA), and a 

F3000 fluorescent detector with excitation and emission wavelengths of 340 nm and 455 nm respectively 

(Figure 4.2).  Eluents for HPLC runs were (A) THF/methanol/sodium acetate (0.1mol/L, pH 

7.2)(5/95/900; v/v/v) and (B) methanol.  Solvent A was mixed fresh daily.  Table 4.1 outlines the elution 

method.  Peaks were assigned based on the retention time and quantified standard response curves were 

generated for each amino acid.  Any losses that may have occurred during sample preparation and acid 

hydrolysis were corrected using the Nor internal standard.  Similar to other THAA studies utilizing OPA, 

proline, tryptophan, cysteine, and lysine were not analyzed.  Proline, a secondary amino acid, does not 

react with the OPA reagent, while tryptophan and cysteine do not survive the hydrolysis step (MOPPER, 

1986).   Lysine produces an unstable OPA-derivative and degraded during the analytical run (MOPPER, 

1986), yielding an unreliable standard curve.  

A degradation index (DI) value is a single site score that sums amino acid molar compositions 

which have been normalized and then weighted by a factor coefficient using Equation 4.1 (DAUWE and 

MIDDELBURG, 1998; DAUWE et al., 1999). Vari represents the molar percentage of amino acid (i) for a 

given sample, and AVGvari and STDvari represent the average molar percent and standard deviation of 

amino acid (i) in a given dataset. The factor coefficient (fac.coefi) for an amino acidi is the first principal 

component calculated from a principal component analysis (PCA) of a given data set (DAUWE and 

MIDDELBURG, 1998; DAUWE et al., 1999). 
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Figure 4.2 Chromatogram of analyzed amino acid extracted from 4.45 mbsf at the Adelie Site (black trace) compared to an amino acid 
standard (pink trace).  (Asx - asparagine and aspartic acid; Glx - glutamine and glutamic acid; Ser – serine; His – hisidine, Gly – glysine; 
Thr – threonine; Agr – arginine; β-ala– β-alaine; Ala – alanine; γ -aba – γ-aminobutyric acid; Tyr – tyrosine; Met – methionine; Val – 
valine; Nor – noravaline; Phe – phenylalanine; Ile – isoleucine; Leu – leucine)
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Table 4.1 HPLC program for amino acid assays 

Eluent A % Eluent B % Flow Rate 
(ml min-1) 

Time 
(min) 

97.5 2.5 1.5 0 

68 32 1.5 25 

60 40 1.3 28 

60 40 1.2 30 

55 45 1.2 40 

20 80 1.2 45 

20 80 1.2 55 

 

     Equation 4.1  

To understand how the OM quality at Adelie and Margin Sites compare to OM of other locations, 

DI scores were calculated using the AVGvari, STDvari, and fac.coefi values derived from a large data set 

compiled by Dauwe et al (1999).  To understand changes of OM quality occurring locally, DI’ values 

were calculated using AVGvari, STDvari, and fac.coefi values derived from site-specific datasets.  Site-

Specific PCA of amino acid concentrations was performed with Minitab 16 statistical software.  Amino 

acid concentrations measured below the range of the standard curves were replaced by the detection limit 

(0.13 pmol/μL and 0.48 pmol/μL for protein and non-protein amino acids, respectively) to avoid zero 

values for PCA analyses. Data that failed a normality test (p <0.05) was normalized using a Johnson 

transformation algorithm (CHOU et al., 1998).  A principal component analysis was also preformed on all 

sample depths from both site locations in a similar fashion.   

4.2.4 Shipboard Interstitial Water Analyses  

A full description of shipboard interstitial water analyses is available in Expedition 318 Scientists 

(2011c), following procedures previously outlined by Gieskes et al. (1991) and Murray et al. (2000).  

Briefly, 10 cm WRND cores for interstitial water analyses were sampled adjacent to microbiology 

DI = var1− AVGvari
STDvar1

"

#
$

%

&
'

i
∑ × fac.coefi
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samples.  Water was squeezed from sediments using a modified titanium squeezer and hydraulic press 

(MANHEIM and SAYLES, 1974).  Extracted water was split into three aliquots: 5 mL for shore-based 

quantification of dissolved organic carbon (DOC), 10 mL for shore-based isotopic analyses of dissolved 

inorganic carbon (DIC), and 10 mL for routine shipboard analyses.  

Shipboard analyses included, but were not limited to, alkalinity, pH, DIC, anions, and cations.  

Salinity was measured using a Reichert temperature-compensated manual refractometer while alkalinity 

was measured by Gran titration with a Metrohm autotitrator.  Sulfate concentrations were measured using 

a Dionex ICS-3000 ion chromatograph, while ammonium, nitrate, and nitrite concentrations were 

measured using a DA3500 discrete analyzer (OI Analytical, College Station, TX).  Nitrate and nitrite 

analyses were combined and measured as total nitrite.  Finally, DIC concentrations were measured using 

a UIC 5011 CO2 coulometer.   

Shore-based aliquots were filtered through a 0.2 µm polysulfone disposable filter (Whatman) into 

a baked ampoule that contained 5mL of HgCl (saturated solution).  Samples were stored and shipped to 

the CSM and Stanford University at 4 °C, and remained refrigerated at 4 °C until analyzed. 

4.2.5 Shore based interstitial water analyses  

Dissolved organic carbon was measured on samples from the Adelie Site with a Shimadzu Total 

Organic Carbon Analyzer (Shimadzu Scientific Instruments, Columbia, MD) and on samples from the 

Margin Site with a Sievers 5310C TOC Analyzer (Sievers Instruments, Inc, Boulder, CO).  Samples were 

measured in triplicate with blanks analyzed for quality control.  Quantification was based on a serial 

dilution of a potassium hydrogen phthalate standard. 

Stable carbon isotope (δ13C) analyses of DIC were conducted at the Stable Isotope 

Biogeochemistry Laboratory at Stanford University.  Carbon dioxide was evolved from DIC using 

cryogenic vacuum separation techniques (GRUBER et al., 1999).  The δ13C of CO2 was measured on a 

Finnigan MAT 252 isotope ratio mass spectrometer (IRMS).  Values were reported in the standard delta 

notation relative to the Vienna Pee Dee Belemnite (VPDB) standard and had a precision of 0.05%.   

4.2.6 Elemental and isotopic analyses of carbon and nitrogen 

Approximately 1 g of sediment was lyophilized, crushed and homogenized for geochemical 

analyses, including bulk elemental and isotopic (C and N) analyses and total hydrolysable amino acids.  
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Carbon and nitrogen concentrations and isotopic analyses were conducted separately because 

acidification can reduce nitrogen concentrations.  For carbon analyses, sediments were loaded into silver 

capsules and acidified with a 6% sulfurous acid solution.  Nitrogen analyses were conducted in tin 

capsules without acidification.  Measurements were made at the Stable Isotope Biogeochemistry 

Laboratory at Stanford University using a Carlo Erba NA 1500 elemental analyzer/Conflo II system 

coupled to a Finnigan DeltaPlus IRMS.  Values are reported in the standard delta notation relative to 

VPDB and air, with a standard deviation of 0.05‰ for δ13C and 0.2‰ for δ15N.  Standard deviations were 

0.14% and 0.01% wt% for particulate organic carbon (POC) and total nitrogen, respectively.  

4.2.7 Lipid extractions and derivatization  

Protocols for lipid extraction and derivatization have already been discussed in chapters 2 and 3.  

Briefly, sediment cores were lyophilized, after which 2 mm of sediment was scraped from the outside 

surface areas and discarded.  Depending on the expected biomass and material available, 6 to 200 g of 

lyophilized sediment was used for extractions.  Two sequential Bligh-Dyer extractions were performed on 

each sample (White and Ringelberg, 1998).  Phospholipids were isolated using silica solid phase 

extraction (SPE) cartridges (Alltech part #209200) and fatty acid methyl esters (FAMEs) were derivatized 

by mild alkaline methanolysis (White and Ringelberg, 1998).  Dimethyl disulfide (DMDS) derivatives 

were produced from selected FAME samples in order to determine the position of unsaturation for 

monounsaturated structures (White and Ringelberg, 1998).  Fatty acid methyl ester samples were 

analyzed using an Agilent 7890A gas chromatograph (GC) equipped with a DB-1 MS column (60 m x 

0.32 mm internal diameter; 0.25 micron film thickness), flame ionization detector (FID), and an Agilent 

5975C mass spectrometer (U.S. Geological Survey in Lakewood, CO).  Individual FAMEs were 

identified based on retention time and their mass spectra.  Quantification was based on FID response 

compared to that of an internal 13:0 FAME standard.  

 The stable carbon isotope values (δ13C) of the FAMEs were separated on an Agilent 6890 GC 

with an Agilent J&W DB-Petro column (100 m x 0.25 mm id, x 0.50 �m film thickness), and analyzed by 

a VG Optima IRMS isotope ratio mass spectrometer (U.S. Geological Survey in Lakewood, CO).  The 

δ13C values were corrected for the added carbon during methylation and final values were reported in the 

standard δ notation, expressed against VPDB.  

!  
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4.3 Results 

Below the results of the study are described.  

4.3.1 Amino Acids  

Individual amino acids were quantified from freeze-dried sediment in an effort to describe the 

relative reactivity of sediment OM (Table 4.2).  At the Adelie Site THAA concentrations were as great as 

120 µmol g-1 at 3.45 mbsf and decreased in concentration with increasing depth throughout the top 20 m 

of core.  The lowest THAA concentrations were 36.0 μmol g-1 at 91.29 mbsf.  The most dominant amino 

acids measured included Asx, Glx, glycine (Gly), and valine.  Non-protein amino acids β-ala and γ-aba 

were undetectable (below 2.6 pmol/mg and 0.91 pmol/mg, respectively) in many samples and on average 

represented 0.1 mol % combined.   

Amino acid concentrations at the Margin Site were approximately 2 orders of magnitude lower 

than those measured at the Adelie Site (Table 4.3).  The highest concentrations were found in the 

shallowest sediments (0.05 mbsf) at 7.5 µmol g-1.  Concentrations decreased to ~ 2 µmol g-1 within the top 

1.25 mbsf.  Concentrations remained at or below ~ 2 µmol g-1 throughout the rest of the sampled interval. 

Beta-alanine and γ-aba were dominant in these sediments representing on average 21% and 9% of amino 

acids profile respectively.  Serine (Ser) and Tyrosine (Tyr) were often below detection limits (below 0.91 

pmol/mg and 0.56 pmol/mg sediment, respectively), especially in shallow sediments. !

A PCA of amino acid concentrations was preformed for all sample locations.  Both PCA site 

scores and loading scores were plotted in an effort to understand the primary influences on sample 

variance (Figure 4.3).  The first three principle components (PCs) account for 45%, 33% and 5% of the 

total variance.  Samples were separated by PC1 and PC2 and cluster by site location.  Samples collected 

from the Adelie Basin generally had PC1 values > 0.1 and negative PC2 values.  In general, samples from 

the Margin Site had PC1 values < 0.1 and positive PC2 values.  

4.3.2 Elemental analyses of carbon and nitrogen  

Carbon and nitrogen measurements were conducted in an effort to characterize available OM 

within the top 20 m of sediments.  At the Adelie Site particulate organic carbon (POC) and total nitrogen 

concentrations averaged 1.71 ± 0.20 wt % and 0.30 ± 0.03 wt % respectively.  POC concentrations 

decreased with depth from 1.96 wt % at 2.57 mbsf to 1.41 wt % at 18.38 mbsf.  Consequently C:N ratios 

decreased with depth from 5.8 at 0.05 mbsf to 4.8 at 17.25 mbsf.  There was little variation in δ13CPOC  
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Table 4.2 Molar compositions and total amino acid concentrations and factor coefficients and DI and DI’ site scores from the Adelie Site 

 

!  
Asp Glu Ser His Gly Thr Arg Bala Ala Gaba Tyr Met Val Phe Ile Leu

0.05 10 6.6 3.4 1.2 27 5.6 5.4 2.7 9.5 1.8 5.6 1.0 6.6 4.1 5.0 4.6 100 -0.68 -0.33

2.75 9.2 7.3 3.8 1.4 16 6.5 5.5 BDL 9.8 2.4 10 1.0 8.2 5.0 6.9 6.3 120 2.0 0.08

2.95 9.8 7.2 4.0 1.1 19 6.3 6.1 3.9 9.8 2.4 9.0 0.80 7.2 3.5 5.5 4.6 130 0.15 -0.35

3.15 11 7.3 3.7 1.8 7.1 7.6 5.4 BDL 9.5 3.0 16 1.2 10 6.0 7.5 2.9 100 3.0 0.44

3.45 7.9 8.2 4.4 1.8 9.1 7.1 5.8 4.7 9.2 2.8 13 0.90 8.3 4.1 7.4 5.5 120 1.8 0.25

3.65 12 6.5 4.2 1.3 19 6.7 6.3 BDL 9.9 1.6 8.1 0.70 7.7 4.4 6.2 5.6 120 0.92 -0.45

3.85 11 7.7 4.8 1.2 18 6.9 5.2 BDL 10 BDL 8.9 0.60 8.1 4.8 7.1 6.2 120 1.2 -0.2

4.15 13 8.5 3.8 1.5 9.7 6.5 5.0 BDL 8.4 BDL 13 0.90 9.1 4.8 8.7 6.2 120 1.6 0.26

4.45 8.8 7.3 4.9 0.9 15 6.7 5.4 BDL 9.9 2 8.9 1.6 8.2 5.1 8.1 7.1 110 2.2 0.03

4.75 9.1 8.6 5.2 1.0 20 6.5 5.5 BDL 9.6 2.1 8.1 0.80 7.7 4.2 6.4 5.5 100 0.56 -0.17

5.05 7.5 8.3 3.7 1.6 6.6 6.8 5.1 4.0 8.1 BDL 12 1.0 10.1 6.0 11.2 8.3 130 3.6 0.59

5.35 9.6 7.6 4.3 1.1 17 6.2 6.5 3.2 9.9 2.2 7.7 0.8 8.0 4.4 6.3 5.4 100 0.71 -0.24

5.65 9.4 7.8 4.9 1.3 16 6.3 7.0 2.7 10 2.1 6.3 1.5 7.8 4.7 6.2 5.8 90 0.62 -0.18

5.95 7.6 7.4 4.1 2.4 8.9 6.7 5.2 BDL 8.3 3.4 16 1.1 9.2 5 9.1 5.8 100 3.2 0.77

6.15 8.7 8.3 4.9 1.5 19 6.7 6.1 BDL 10 1.8 7.0 0.80 7.9 4.4 6.5 5.8 110 0.89 -0.21

6.65 8.2 8 5.0 0.7 11 8.3 5.7 BDL 10.5 2 6.4 1.7 9.2 5.9 8.4 8.8 110 3.6 -0.26

7.15 8.4 7.7 4.5 1.6 20 6.4 5.5 3.6 8.8 1.8 8.8 1.3 6.9 4.2 5.8 5.1 100 -0.05 0.09

7.65 9.4 8.4 5.2 1.6 23 6.5 5.4 BDL 9.9 1.8 6.5 0.90 7.2 4.1 5.6 5.0 100 -0.24 -0.19

8.15 15 9.2 6.3 1.2 17 6.3 5.5 3.6 9.5 1.3 3.7 0.80 6.9 4 5.9 3.9 93 -2.2 -0.46

12.35 13 8.1 5.7 1.5 13 6.5 5.2 2.8 10 1.5 3.9 0.80 7.6 4.3 11.2 4.0 88 -0.14 -0.35

13.35 12 7.4 5.5 1.7 26 4.9 4.9 6.6 8.1 1.3 3.3 0.90 5.8 3.4 4.9 3.6 96 -3.4 -0.19

14.25 11 7.4 6.2 1.6 34 5.2 1.6 BDL 8.7 1.5 3.3 1.00 5.8 3.7 5 4.1 93 -2.9 0.04

15.35 14 9.0 6.8 2.0 10 6 5.0 7.6 8.9 3.1 4 0.90 7.2 4.8 5.8 4.6 81 -2.2 0.09

16.35 13 8.2 5.8 1.4 23 5.2 5.2 5.5 8.7 BDL 3.6 1.3 6.3 3.9 5.1 4.1 90 -3.1 -0.16

17.26 12 8.1 7.0 1.5 23 5.5 5.8 4.8 8.8 0.9 3.3 1.1 6.0 3.4 4.6 3.7 84 -3.4 -0.31

18.37 15 9.5 7.1 2.1 11 6.4 5.3 5.9 9.4 BDL 4.2 1.0 7.6 5.1 6.2 4.8 77 -2.2 0.05

25.23 16 12 3.6 2.1 9.8 7.6 9.4 7.2 5.4 BDL 2.5 5.7 6.4 7.6 1.2 3.3 73 -3.6 0.69

33.23 8.0 6.0 3.6 0.9 16.1 6.1 8.0 3.7 11 2.0 3.3 1.7 10.3 3.9 11.2 3.9 90 2.3 -0.74

44.38 11 8.5 6.5 4.5 3.7 7.3 7.3 9.3 7.9 3.3 4.7 1.6 10.3 3.8 7.4 3.5 52 -0.8 0.26

52.51 11 8.3 5.8 2.8 7.1 6.7 5.1 6 11 2.1 4.2 2.3 8.2 5.4 8.1 6.2 55 0.25 0.42

64.76 13 8.8 6.8 2.6 15 6.3 5.8 4.9 10 1.5 3.9 1.5 6.3 4.5 4.8 4.1 53 -2.6 0.05

74.47 14 9.9 5.7 2.5 14 6.7 7.4 BDL 7 1.7 4.5 1.7 7.8 4.8 7.4 5.1 53 -1.2 0

91.29 13 9.5 5.8 3.7 11 7.1 6.3 BDL 8.2 3.5 5.8 1.6 8.7 5.4 5.4 4.7 32 -0.58 0.4

103.64 12 9.1 5.6 2.4 7.6 6.6 7.4 2.3 10 0.8 4.8 2.4 8.3 6.0 8.3 6.4 48 0.61 0.31

Fac.Coef. -0.10 0.07 0.02 0.16 -0.10 -0.13 -0.12 0.0 -0.04 0.0 0.18 0.13 -0.04 0.13 0.14 0.18

Fac.Coef’ -0.34 -0.21 -0.28 -0.16 -0.20 0.25 0.05 -0.24 0.20 0.12 0.36 -0.05 0.37 0.18 0.36 0.31

DI’ Site 
Score

depth 
(mbsf)

Relative Mole Percentages Total 
umol/g 
dry sed

DI Site 
Score
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Table 4.3  Molar compositions total amino acid concentrations from the Margin Site  

  

AspGluSerHisGlyThrArgBalaAlaGabaTyrMetValPheIleLeu

0.057.64.55.82.424.67.16.214122.51.01.05.01.82.41.97.5-1.1-1.6

0.457.34.14.34.08.36.34.8221212BDL0.75.82.24.914.1-0.60-1.4

0.656.94.34.84.512.26.57.227115BDL1.35.01.62.50.902.6-0.75-2.1

1.256.64.1BDL5.75.85.59.1241315BDL0.805.11.92.51.11.9-0.67-2.7

1.556.74.7BDL5.37.16.84.9221112BDL1.15.56.36.40.601.70.46-0.41

2.351210BDLBDL8.19.45.9BDL12128.01.78.23.48.61.21.00.261.7

2.757.94.64.74.08.06.59.226115.5BDL1.35.61.82.81.21.9-0.91-2.5

3.257.36.7BDL6.48.09.55.92612BDLBDL2.57.72.94.01.50.8-0.28-0.99

3.656.53.33.23.31059.325144.62.20.305.51.84.91.52.2-0.75-2.6

4.559.75.7BDL7.56.28.89.5BDL1516BDL0.67.94.83.85.51.1-0.39-1.1

4.956.75.1BDL6.56.57.582810BDLBDL4.06.35.75.00.62.0-0.25-1.1

5.357.24.3BDL5.56.26.26.9261111BDLBDL4.08.72.50.31.5-0.37-1.4

5.756.64.9BDL5.46.113.85.6238.39.3BDL3.05.64.23.70.41.9-0.740.38

7.356.74.7BDL5.66.76.88.2231110BDL1.16.62.36.51.01.5-0.56-1.8

8.456.74.76.44.87.56.56.9219.27.73.92.36.32.23.11.22.2-0.18-0.05

9.459.84.7BDL4.86.76.18.423119.4BDL1.16.52.15.71.21.4-0.84-2.5

13.4574.7BDL5.07.477.922117.9BDL3.36.73.95.41.41.0-0.45-1.2

14.456.94.5BDLBDL6.46.98.320128.14.02.67.24.67.02.01.1-0.42-0.32

15.456.66.1BDL6.77.68.56.6BDL1118BDL4.28.17.17.62.12.00.191.3

17.956.95.1BDL5.26.86.96.1219.48.14.54.06.43.04.91.71.50.160.33

18.954.15.1BDL6.45.47.44247.19.25.61.36.18.25.30.52.00.852.2

20.0564.7BDL6.75.36.98.1228.812.1BDL1.76.44.76.50.40.9-0.17-0.64

29.597.65.35.24.74.95.77.7136.68.62.99.46.48.12.41.90.60.441.8

48.597.55.14.44.44.45.57.6126.46.62.99.77.67.74.33.70.60.672.0

69.185.44.35.24.54.3116.4176.77.13.44.76.57.54.22.00.60.222.4

89.693.74.65.84.88115.5224.8123.32.84.133.21.10.5-0.021.7

119.684.75.16.75.09.6104.0196.0133.9BDL4.533.01.80.40.031.7

157.684.15.25.74.33.95.13.7296.06.34.1BDL10.36.24.51.60.50.531.8

187.305.26.36.84.85.75.34.1175.66.64.413.76.03.63.01.80.41.13.2

Fac.Coef.-0.10.070.020.16-0.10.13-0.1200.0400.180.130.040.130.140.18

Fac.Coef’-0.34-0.210.28-0.16-0.20.250.05-0.240.20.120.360.050.370.180.360.31

depth 
(mbsf)

Relative Mole Percentages Total 
umol g 
dry sed-1

DI Site 
Score

DI’ Site 
Score
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Figure 4.3 Site and loading scores from a principal component analysis based on amino acid data from both the Adelie (circles) and 
Margin (squares) Sites.  Samples clustered by sample location.  Shallow sediments (<9 mbsf) collected from the Adelie site are highlighted 
in blue.   Shallow sediments (<9mbsf) of the Margin site generally fall are highlighted in orange while deeper samples are highlighted in 
green. 
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values in the top 18 m of sediment (average -26.9 ± 0.8‰).  Isotopic values of nitrogen increased with 

depth ranging from +3.6‰ in surface sediments to +7.8‰ at 16.35 mbsf.  

Bulk elemental analysis from sediments of the Margin Site showed no trends with depth.  On 

average, POC concentrations averaged 0.24 ± 0.09 wt% with δ13C values averaging -26.3 ± 0.8‰.  

Nitrogen concentrations averaged 0.03 ± 0.01 wt% and δ15N value of 4.6 ± 1.5‰ and C:N ratios remained 

constant near 7.6 

4.3.3 Interstitial Waters  

Whole round cores for interstitial water analyses were sampled from the top 20 meters of 

sediment.  Shipboard analyses included pH, salinity, alkalinity, DIC concentrations, and major anions and 

cations.  Of those analyses, only those pertaining to OM diagenesis and metabolic cycling of carbon are 

discussed here.  The complete porewater geochemistry description of sites U1357c (Adelie Site) and 

U1359b (Margin Site) are reported elsewhere (EXPEDITION 318 SCIENTISTS, 2011a; EXPEDITION 318 

SCIENTISTS, 2011b).   

A total of 43 interstitial water samples were sampled from the Adelie Site.  Salinity remained 

relatively constant averaging 35.8 on the dimensionless Practical Salinity Scale (PSS), while pH changed 

little, ranging from 7.9 at 0.3 mbsf to 7.0 at 14.3 mbsf.  Sulfate concentrations were below detected except 

within the near-surface sediments from each core (Figure 4.4).  Except for the shallowest sediments, the 

top few meters of each core were considered to be contaminated by seawater and were excluded from 

future shore based analyses.  Dissolved inorganic carbon concentrations and δ13CDIC values increased 

from 39.8 mM and -18.2‰ in surface sediments to 75.3 mM and -2.4‰ at 20.25 mbsf, respectively, 

respectively (Figure 4.4).  Ammonium concentrations also increased with depth, with a minimum 

concentration of 0.954 mM in surface sediments and a maximum concentration of 4.53 mM at 18.22 

mbsf.  Methane concentrations measured from an adjacent hole (U1357A) indicated a peak methane 

concentration (12.8 mM) at 21.6 mbsf.  Dissolved organic carbon (DOC) concentrations ranged from 16.3 

mM at 4.25 mbsf and 37.3 mM at 18.37 mbsf.   

Fifty-one interstitial water samples were collected from the top 20 m of the Margin Site, Hole 

U1359B. (Figure 4.5).  Salinity remained at 33.5 throughout the entire sampling interval while pH 

increased with depth from 7.0 to 7.7.  Dissolved Mn concentrations were below the detection limit in the 

top 2 mbsf and increased with depth to a maximum concentration of 107.6 µM at 7.18 mbsf.  Sulfate 

concentrations declined just below the depth of maximum Mn concentrations, dropping from 28 mM to 

22.9 mM at 20.1 mbsf.  NOx concentrations (nitrate and nitrite) fluctuate between 1.2 and 5.2 µM  
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Figure 4.4 Interstitial water results from the Adelie Site analyses conducted during and after Expedition 318 (EXPEDITION 318 
SCIENTISTS, 2011a).  Note the change axis with the methane plot.  (EXPEDITION 318 SCIENTISTS, 2011a) 
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Figure 4.5 Interstitial water results from the Margin Site analyses conducted during and after Expedition 318 (EXPEDITION 318 
SCIENTISTS, 2011b) 
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throughout the sampled interval but show a general decrease in the top 5 mbsf.  Ammonium increased 

from 72.3 µM at 0.3 mbsf to 180 µM at 7.4 mbsf.  DIC concentrations increased from 2.5 mM at 0.1 mbsf 

to 5.0 mM at 20.1 mbsf.  Carbon isotopic values of DIC (δ13CDIC) became increasingly lighter with depth, 

shifting from -4.0‰ to -29.0‰.  Dissolved organic carbon concentrations were steady with depth with an 

average concentration of 9.7.  

4.3.4 FAME Structures and Stable Carbon Isotopes 

Bacterial membrane phospholipid-derived FAMEs were quantified as a proxy for viable bacterial 

cells.  Total FAME concentrations at the Adelie Site were highest in surface sediments (0.05 mbsf) at 4.3 

nmol FAMEs g dry wt -1 (Table 4.4).  The lowest concentration was 0.68 nmol g dry wt-1 sediment at 

16.35 mbsf.  Previous studies have used a conversion factor of 5.9x107 cells nmol FAME-1 to estimate 

viable bacterial cell numbers in marine sediments (MILLS et al., 2006; RÜTTERS et al., 2002).  Applying 

this conversion factor results in biomass estimates as great as 2.6x109 cells g-1 (dry wt), or 4.5x108 cells 

ml-1 when accounting for porosity.   Most FAMEs were categorized as saturated, monounsaturated, and 

branched fatty acids and represented 34%, 30% and 30% of the total lipid profile, respectively.  The most 

dominant FAMEs included anteiso15:0 (averaging 11 mol %), 16:1ω7 (averaging 12 mol%), and 16:0 

(averaging 16 mol%).  

FAMEs of sufficient concentrations were measured for stable carbon isotopes (δ13CFAMEs) and 

are presented in Figure 5.  A single δ13CFAME value is reported for the combined18:1ω7 and 18:1ω9 

isomers because these compounds could not be baseline resolved.  The δ13CFAME values were most 

negative in surface sediments (0.05 mbsf) averaging -35‰.  Below surface (>2 mbsf) δ13CFAME values 

ranged between -34‰ and -24‰.  At 7.65 mbsf 16:0 and 18ω7/18 ω9 had more positive δ13C values (-

28‰ and -26‰ respectively), being enriched in 13C by ~ 10‰ relative to other FAMEs.  

FAME concentrations at the Margin Site were greatest in surficial sediments (0.05 mbsf) at 0.3 

nmol g-1 sediment, and detected at concentrations of 6.2 pmol g-1 at a depth of 10 mbsf (Table 4.5).  

Below this depth, FAMEs were undetectable.   These detectable concentrations correspond to bacterial 

biomass estimates ranging from 1.7x107 cells ml-1 to 3.5x105 cells ml-1.  The most abundant FAMEs in 

these sediments were 16:0 and 18:0 averaging 43% and 21-mole %, respectively.  

 4.4 Discussion  

Below the results gathered in this study are discussed.  

!  
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4.4.1 Total Hydrolysable Amino Acid Concentrations and Compositions  

To understand how OM quality affects microbial populations, THAA were quantified and 

compared to FAME-based bacterial cell densities (Figure 4.7 and Figure 4.8).  Surface sediments of 

shallow environments (< 500 m water depths) such as estuaries or rivers have amino acid concentrations 

as great as ~600 µmol g-1 (dry wt)-1 (HENRICHS and FARRINGTON, 1987) (LOMSTEIN et al., 2009).  In 

contrast, THAA concentrations at deep-sea sites (> 1000 m water depth) typically range from ~1 to 50 

µmol g-1 (LOMSTEIN et al., 2009; VANDEWIELE et al., 2009; WHELAN, 1977).  This compares with THAA 

concentrations of 100.7 μmol g dry wt-1 and 7.5 µmol g-1 from surficial sediments at the Adelie and 

Margin Sites, respectively.  The elevated THAA concentrations at the Adelie Site are consistent with the 

high productivity observed at this site.  

When amino acid concentrations are plotted against viable bacterial cell numbers estimated from 

FAME concentrations, it appears that greater concentrations of amino acids support larger microbial 

communities (Figure 4.7, Figure 4.8).  However, THAA concentrations include proteins from both viable 

microorganisms and decaying biomass (KAISER and BENNER, 2008; LOMSTEIN et al., 2012; LOMSTEIN et 

al., 2009; PARKES et al., 1993).  To ensure that higher THAA concentrations measured from the Adelie 

Site did not result from larger bacterial populations themselves, but are in fact derived primarily from 

large inputs of labile OM, the portion of amino acids derived from viable bacterial cells was calculated 

(AAliving%).  Calculations of AAliving% were derived under the assumption that FAME-based cell 

estimates represent the majority of viable cells.  This assumption was based on an average of 98% of 

sequences measured by SSU rRNA gene sequencing being attributed to bacteria (Chapter 3).  While DNA 

was not extracted from the Margin Site, many other deep-sea studies report bacteria as the dominant 

community members (BREUKER et al., 2011; BRIGGS et al., 2012; INAGAKI et al., 2006; SCHIPPERS et al., 

2012; SCHIPPERS et al., 2005), and thus the same assumption was made here.  Assuming that a subsurface 

bacteria cell is 1.7x10-13 g in mass (BALKWILL et al., 1988; WHITMAN et al., 1998), and that amino acids 

make up 55% of the cell’s mass (MADIGAN et al., 2012),  living organisms are expected to represent less 

than 2% of the measured THAA at both sites.  These calculations verify that greater concentrations of 

THAA are not simply the result of increasing biomass, but are most likely supporting greater microbial 

numbers.  Our results agree well with those of Lomstein et al. (2012), which used acridine orange direct 

cell counts to determine that intact (living or recently dead) cells and endospores to represent 1% to 3% of 

THAA in sediments of the Peru Margin.  
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Table 4.4 Relative mole and Total abundances of FAMEs extracted from the Adelie Site. Table includes all FAMEs representing at least 2% of the lipid profile at any 
given depth.  

Depth (mbsf) 0.05 2.95 3.15 3.45 3.65 3.85 4.15 4.45 4.75 5.05 5.35 5.65 5.95 6.15 6.65 7.15 7.65 8.15 13.35 14.25 15.35 16.35 17.25 18.32 

nmol g dr wt-1 43.7 13.8 8.8 3.5 2.6 7.0 6.9 13.8 4.7 12.8 2.2 3.1 2.4 3.4 8.5 4.5 6.2 4.6 4.2 1.6 2.9 0.7 7.1 2.0 
                         
FAME  Relative Mole Abundance   
12:0 0.2 0.3 0.0 2.0 0.0 1.6 1.6 0.7 0.9 0.7 0.5 0.0 0.2 1.3 0.8 0.9 1.3 0.5 0.4 3.1 2.0 0.0 0.0 0.0 
i13:0 0.4 0.5 0.2 0.6 1.8 1.5 0.0 0.6 0.7 0.8 0.8 0.7 0.4 0.7 0.6 0.7 0.8 0.0 0.6 2.7 1.5 3.3 2.6 0.8 
ai13:0 0.9 0.9 0.5 1.0 3.7 2.6 1.7 1.1 1.3 1.0 1.9 1.5 1.1 1.5 1.2 1.4 1.8 1.4 1.2 3.3 2.8 5.1 2.1 4.5 
i14:0 2.1 2.0 3.9 3.2 6.6 2.9 2.2 1.8 1.8 1.9 2.5 2.0 2.4 2.3 2.1 2.3 3.6 2.7 2.0 3.4 3.2 6.1 8.9 2.2 
14:0 9.4 5.9 4.7 4.4 8.1 8.0 9.0 8.9 6.8 9.4 9.3 6.0 5.2 8.6 10.2 8.1 8.8 5.6 7.2 19.2 4.9 9.5 6.1 7.9 
5me14:0a 1.2 1.1 0.0 0.0 1.7 2.1 0.0 0.0 0.5 1.0 1.2 0.9 0.0 0.8 0.9 0.4 0.7 0.0 1.4 0.0 0.0 0.0 0.9 2.7 
i15:0 5.1 5.3 2.5 6.0 4.2 7.7 3.3 4.5 3.6 4.8 4.8 3.9 4.9 3.6 4.3 4.8 3.2 7.4 4.7 4.0 3.7 3.9 1.9 7.7 
ai15:0 13.9 15.7 7.5 14.3 7.5 17.4 9.6 11.6 11.7 12.5 13.6 10.5 13.7 11.0 12.1 13.2 11.5 14.6 13.0 8.9 8.3 6.8 4.1 16.4 
15:0 0.0 0.8 1.4 1.3 1.4 1.2 1.2 1.8 1.2 0.4 0.8 1.0 0.7 1.4 0.4 2.2 1.0 0.8 1.9 1.8 1.2 2.8 1.0 0.6 
4me15:0a 0.6 0.4 5.5 0.6 2.5 0.6 0.2 0.3 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.9 0.0 0.0 0.0 0.0 
12me15:0a 3.1 0.8 0.0 4.4 0.8 0.0 0.6 1.1 0.7 0.0 0.0 0.7 0.0 0.0 1.5 0.0 0.7 1.0 0.7 0.0 0.9 0.0 0.7 0.0 
16:1ω9 0.0 2.0 2.9 1.8 1.5 0.0 1.6 1.7 1.7 1.7 1.8 1.6 2.0 1.7 1.9 1.7 1.6 4.4 1.6 0.0 1.0 0.0 1.7 2.5 
16:1ω7c 14.9 15.1 10.3 13.3 7.7 13.5 15.4 18.2 16.5 15.2 17.7 10.1 14.8 18.6 18.2 12.2 15.7 7.1 12.1 10.5 6.5 5.9 3.8 7.9 
16:1 ω7t 1.3 1.6 0.7 2.9 1.4 0.0 1.4 0.0 1.5 1.5 1.9 1.2 1.7 1.5 1.6 1.1 1.4 0.0 1.0 2.2 0.7 0.0 0.0 1.0 
16:1 ω5 0.0 3.4 3.9 2.9 1.7 3.3 2.7 2.5 3.3 2.6 3.6 2.3 4.1 3.1 3.1 1.9 2.9 1.6 1.9 2.8 1.3 0.0 0.9 1.8 
16:1ω5 0.4 0.6 0.0 2.6 1.0 0.0 0.0 1.4 0.0 1.3 0.0 0.0 0.0 1.2 1.6 0.9 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:0 12.5 10.8 24.8 11.5 17.4 9.8 17.5 16.6 14.5 15.3 15.2 23.4 13.6 16.6 16.2 15.5 13.0 20.8 15.5 13.0 25.7 21.0 28.7 19.1 
17:1ω8 0.5 0.8 0.0 0.0 4.1 0.0 0.5 0.6 0.8 0.5 0.0 0.0 0.0 0.0 1.0 9.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
10me16:0b 1.9 1.8 2.3 4.1 1.7 1.7 1.3 1.4 1.9 1.6 1.6 1.5 2.7 1.9 2.3 2.3 1.8 2.8 2.5 0.0 2.6 0.0 0.0 0.0 
i17:0 0.6 0.6 2.7 2.3 1.1 1.0 0.4 0.5 0.9 0.5 0.6 0.9 1.1 0.6 0.6 0.8 0.5 2.1 1.0 1.2 1.4 0.0 0.6 2.3 
ai17:0 1.4 1.8 0.9 1.0 1.7 2.1 1.5 1.8 2.3 1.8 2.1 2.2 2.2 1.9 2.3 1.9 1.7 2.2 2.0 2.3 2.6 0.0 1.5 3.2 
18:1ω9 2.7 2.8 2.0 3.3 1.5 2.6 2.6 2.1 3.0 2.7 3.4 2.6 3.3 3.0 3.0 0.0 2.9 2.5 2.6 2.2 1.9 0.0 1.4 2.3 
18:1ω7 8.3 9.4 5.2 11.0 4.3 8.6 7.8 7.0 8.5 8.1 11.4 7.0 10.9 9.0 9.1 0.0 9.2 6.6 7.7 6.8 7.2 6.8 3.5 9.3 
18:0 0.8 1.1 10.6 5.5 5.3 -0.5 5.2 0.6 1.0 1.9 2.0 7.8 2.4 0.8 -1.5 2.8 1.0 9.9 3.1 0.9 10.2 7.6 14.3 1.7 
20:5 2.6 0.5 0.6 0.0 0.0 0.3 1.0 2.8 0.5 0.5 0.0 0.0 0.0 1.9 0.5 0.0 1.8 0.7 0.0 0.0 0.0 0.0 0.5 0.0 
20:0 0.0 0.4 0.0 0.0 0.0 0.8 1.1 0.8 1.2 0.0 0.0 1.3 0.0 1.1 0.0 1.3 0.0 0.0 1.4 0.0 2.1 0.0 0.0 0.0 
22:1 2.0 0.6 2.5 0.0 1.7 0.9 1.1 0.6 3.8 0.6 1.7 1.7 4.1 2.1 0.8 1.6 1.6 2.1 2.1 0.0 2.7 12.2 1.9 5.3 
22:0 0.2 0.0 1.0 0.0 1.2 0.0 0.7 0.0 1.1 0.0 0.3 1.0 0.0 0.4 0.0 0.9 0.0 0.0 1.1 0.0 0.9 2.2 3.1 0.0 
24:0 0.5 0.0 2.1 0.0 2.5 0.0 0.0 0.0 2.2 0.0 0.0 1.7 1.2 0.5 0.0 1.6 1.5 1.2 1.9 0.6 1.1 3.7 2.6 0.0 
abranch point based on mass spectrum, bbranch point based on mass spectrum and retention time of a standard 
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Table 4.5 Relative mole and Total abundances of FAMEs extracted from the Margin Site. Table includes all FAMEs representing at least 2% of the lipid profile at any 
given depth. (a) branch point based on mass spectrum (b) branch point based on mass spectrum and retention time of a standard (c) unidentified branch point 

Depth (m) 0.1 0.5 0.7 0.9 1.1 1.3 1.8 2.2 2.4 2.6 2.8 3.5 3.7 3.9 5.9 6.1 9.5 10.1 
nmol g dr wt-1 297 240 210 177 284 303 280 20.9 20.8 47.8 28.3 159 37.9 17.8 25.3 21.7 25.2 6.2 
                   
FAME  Relative Mole Abundance 
i14:0   0.9 1.2  1.2   2.2 1.1 2.4 0.6 1.0 1.6   0.9  
15:1             2.7      
5me14:0a         1.7 1.7 1.6 0.9  2.6   2.9  
i15:0 5.3 2.3 2.2 2.3 1.5 2.7 0.5 3.2 2.5 2.7 3.1 0.9 3.7 4.6 3.5 1.7 2.6 4.2 
ai15:0 8.7 3.9 3.5 3.9 2.5  1.0     2.4   4.0 3.0  7.0 
15:0 0.3  0.7 0.8 0.5 1.1 1.0 2.4 1.1  1.3 1.4    0.9   
4me15:0a        2.5 1.7 1.6  0.5 7.3 3.0     
16:1        1.1    0.4 4.9 3.8   2.7  
me15:0c 2.7 1.1 1.1 1.1  1.1  1.9 1.3 1.4 1.6 0.5 1.5 1.3   0.8  
16:1ω9 4.1 1.3 1.1   0.8  2.1  1.4 1.4  2.4    0.4  
16:1ω7c 21.1 6.3 3.9 3.5 2.2 2.9 3.5 5.6 4.6 5.0 7.6 0.9 3.7      
16:1 ω7t 7.9 2.0 1.8     2.1  2.3  0.7       
16:0 10.6 41.3 34.2 43.1 40.7 45.9 51.2 29.8 33.5 40.0 37.3 28.9 28.3 33.2 52.8 53.3 45.7 49.0 
10me16:0b 8.6 3.6 4.4 3.7 4.3 5.2  9.9    1.9 8.9 7.8     
i17:0 1.0 0.7 1.2  1.7 1.1  1.4 1.7  1.7 0.5 3.2 2.0   2.3  
ai17:0 3.1 1.6 2.2 2.9 2.7 2.1  2.9 3.1 3.5 3.2 1.0 4.7 2.8   3.6  
cy17:0 2.3  1.9  2.2   1.8  2.3         
17:0  0.9    0.8   2.1 2.1 2.2 0.8 3.1 2.1   2.8  
18:2   4.3                
18:2          1.6  3.0  2.5     
18:1ω9 3.4 1.7 1.5 1.4 1.4 1.5 2.6   2.0  8.7  1.9     
18:1ω7 13.3 5.1 3.6 2.7 2.6 2.9 1.8 5.0 3.7 4.7 4.1 22.8 3.5 1.5   1.9  
18:0 2.3 19.9 14.7 27.7 30.2 24.3 35.0 7.6 12.0 17.1 15.3 16.6 12.1 11.1 33.9 34.2 24.7 31.6 
cy 19:0  1.0 1.6  2.2   2.0 2.1 2.8 2.5 0.3       
cy 19:0        1.7           
cy 19:0  0.5 5.4  2.1    19.3  6.2        
20:0   3.0     6.2 4.1 2.7 4.5 0.8       

abranch point based on mass spectrum (b) branch point based on mass spectrum and retention time of a standard (c) unidentified branch point 
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Figure 4.6 Stable carbon isotope measurements of dominant Bacterial membrane phospholipids-derived FAMEs found in the top 20 mbsf 
of the Adelie Basin.  

δ13C of FAMEs 
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Figure 4.7 Total hydrolysable amino acid concentrations and cell biomass estimates with increasing 
depth from the Adelie Site 
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Figure 4.8 Total hydrolysable amino acid concentrations and cell biomass estimates 
with increasing depth from the Margin Site 
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4.4.2 Amino acid carbon and nitrogen yield  

Total hydrolysable amino acids represent 26%-40% of POC and 40-66% of total nitrogen in the top 20 m 

of the Adelie Site sediment (Figure 4.8a,b).  In surface sediments CAA% and NAA% are 40% and 66%, and 

are greater than values measured at other deep-sea sites, which generally range between 5% an 25%, 

respectively (KEIL, 2000; LOMSTEIN et al., 2006; LOMSTEIN et al., 2012; SUTHHOF et al., 2000; 

VANDEWIELE et al., 2009).  Values of CAA% and NAA% both decrease with depth indicating selective 

degradation of amino acids.  Despite signs of degradation at the Adelie Site, the CAA% and NAA% remain 

greater than 25% at 20 mbsf, indicating that the OM is still relatively labile compared to other deep-sea 

sediments.  

The CAA% and NAA% values of 6% and 2%, respectively, at 0.05 mbsf of the Margin Site are 

similar to other deep-sea locations (Figure 4.9c,d) (KEIL, 2000; SUTHHOF et al., 2000; VANDEWIELE et 

al., 2009).  Low CAA% values in surface sediments indicate that the OM reaching the seafloor at the 

Margin Site is more refractory than that at the Adelie Basin.  This difference in OM quality is likely the 

result of large differences in primary productivity in the surface waters between these sites.  Furthermore, 

at the Margin Site, there is longer exposure time and consequently, degradation of phytodetritus, in the 

water column (HARTNETT et al., 1998; HEDGES et al., 1999).  A drop in NAA% values from 26% to 16% 

in sediments collected at 0.05 and 0.45 mbsf, respectively indicates that amino acids are an important 

source of nitrogen in surficial sediments.  

4.4.3 Non-protein amino acids 

Non-protein amino acids such as β-ala and γ-aba are often used as degradation indicators because 

they are selectively preserved from further microbial decomposition (COWIE et al., 1992a).  Relative 

concentrations of β-alaand γ-aba at the Adelie Site ranged between non-detectable values to 12.6 mol%, 

with an average of 5 mol% (Figure 4.10a).  These values are slightly lower than those measured from 

surface sediments of other deep-sea locations (COWIE et al., 1992a; KEIL, 2000; LOMSTEIN et al., 2009; 

VANDEWIELE et al., 2009).  In contrast, relative concentrations of β-ala and γ -aba at the Margin Site 

comprised 10 to 40% (average 26%) of the THAA measured (Figure 9b), which is similar to other deep-

sea environments (KEIL, 2000).  At both sites, concentrations of β-ala and γ -aba do not dramatically 

increase with increasing sediment depth, as observed in other marine sediments (ALKHATIB et al., 2012; 

MECKLER et al., 2004).  Low concentrations of non-protein amino acids further suggest that OM 

deposited in the Adelie Basin is relatively labile, in contrast to the highly degraded OM deposited at the 

Margin Site (KEIL, 2000). 
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Figure 4.9 Relative percentages of amino acid derived carbon and nitrogen from the Adelie Site (green squares) and the Margin Site 
(brown circles)   
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Figure 4.10 Concentrations of non-protein amino acids, β-ala and γ-aba, with depth at (A) the Adelie Site, and (B) the Margin Site 
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4.4.4 Amino acid Degradation Index 

The DI is a measurement of OM quality determined by amino acid composition.  In this study, DI 

values were calculated using factor coefficients calculated by Dauwe et al (1999) (DI scores) and site-

specific factor coefficients (DI’ scores) generated by principal component analysis (PCA) (Table 4.2). 

Dauwe et al. (1999) calculated factor coefficients based on PCA of amino acid compositions from a 

variety of natural organic materials, including several photosynthetic organisms, terrestrial organic 

material, and various marine sediments.  Amino acid compositions of fresh OM sources and patterns of 

amino acid degradation are generally similar (COWIE and HEDGES, 1994; WAKEHAM et al., 1997), 

therefore investigators attribute the first principal component (PC1) of PCA to degradation processes 

(DAUWE and MIDDELBURG, 1998; DAUWE et al., 1999).  The generated PC1 values are then used as the 

factor coefficients for calculating DI site scores (equation 4.1).  Positive or negative coefficients indicate 

that a particular amino acid is either enriched or depleted, respectively, relative to known labile OM 

compositions.  For example Gly, which is relatively depleted in fresh OM sources compared to degraded 

material, has a factor coefficient of -0.099 (DAUWE et al., 1999).   

Several studies have used the factor coefficients developed by Dauwe et al. (1999) to relate 

specific locations to each other on a global level (KEIL, 2000; LOMSTEIN et al., 2009; PANTOJA and LEE, 

2003).  The DI values defined by Dauwe et al. (1999) describe labile OM as positive values and refractory 

OM as negative values.  For example, fresh OM sources such as phytoplankton and bacterial cells have 

DI values ranging from +1.0 to +1.5 (DAUWE et al., 1999).  Mildly degraded material found in water 

columns and shallow marine environments range from -0.3 to +1.0.  Refractory OM falls below -0.3.  

DI values calculated for all sampled depths of the Adelie Site average 1.76 and are as great as 

4.03 (Figure 4.11a).  Sediments collected at 0.05 mbsf have a DI site score of 0.78, which is reasonable 

when the CAA% and non-protein amino acid concentrations are taken into account. Values greater than 

one in sediments below 0.05 mbsf were unexpectedly high considering that values greater than one reflect 

fresh living biomass (DAUWE and MIDDELBURG, 1998; DAUWE et al., 1999).  

To better understand changes occurring within these sediments on a local scale, DI’ values were 

calculated using PCA of Adelie Site data to determine site-specific factor components.  The resulting DI’ 

site scores are similar to DI values and indicate a decrease of OM quality with increasing depth between 0 

and 25 mbsf (Figure 4.11b).  To determine which amino acids have the greatest effect on the DI site 

score, relative concentrations of individual amino acids were plotted against DI and DI’ values.  These 

plots show that concentrations of tyrosine (Tyr) and phenylalanine (Phe) correlate positively with DI/DI’ 

values (Figure 4.11c,d).  Phe and Tyr are neutral aromatic amino acids that are common within the 
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cellular plasma of living and decaying cells (COWIE et al., 1992a; MAITA et al., 1982; MECKLER et al., 

2004).  These aromatic amino acids are often observed to decrease with decreasing DI values and are 

considered to be labile carbon sources.  Tyrosine concentrations are particularly high in Adelie samples 

with large DI scores, accounting for as much as 16% of the THAA.  This is much greater than the average 

mol% of Tyr found in fresh OM, which is reported to be 2.1% (DAUWE et al., 1999).  Higher 

concentrations of Tyr may be a consequence of the anoxic nature of this environment.  While relative 

concentrations of Tyr and Phe often decrease with diagenesis, these aromatic amino acids have been 

observed to increase under suboxic conditions (COWIE et al., 1995; HAUGEN and LICHTENTALER, 1991; 

NISSENBAUM et al., 1972; SUTHHOF et al., 2000; VAN MOOY et al., 2002).  Sediments collected across 

the Pakistan margin of the Arabian Sea displayed a distinct trend between Tyr concentrations and 

dissolved oxygen concentrations (SUTHHOF et al., 2000).  Specifically, sediments with higher 

sedimentation rates and lower oxygen concentrations (<1 mg L-1) had twice as much Tyr than oxic 

sediments (SUTHHOF et al., 2000).  Similar observations were reported for sediments of Brazil’s 

continental slope, where Tyr concentrations initially decreased in oxic surface sediments, and then 

increased in deeper, anoxic layers (JENNERJAHN and ITTEKKOT, 1999).  This accumulation of Tyr in 

anoxic sediments can be explained by the fact that the dominant catabolic pathways for aromatic amino 

acids require oxygen (GARRETT and GRISHAM, 2005; JENNERJAHN and ITTEKKOT, 1999; SUTHHOF et al., 

2000).  While the redox conditions of the bottom waters of the Adelie Basin were not determined, it is 

reasonable to surmise that anoxic conditions in the water column prevail and are favorable for 

accumulating Tyr.  Figure 10e shows that Tyr concentrations decrease with sediment depth and could be 

indicative of anaerobic bacteria capable of degrading aromatic amino acids, which may not have been 

present in the water column.  Species belonging to the class of Clostridia are capable of such metabolisms 

(BROT et al., 1965; ELSDEN et al., 1976).  DNA sequencing of these sediments does indicate that 

Clostridia represent 3% of the sequenced SSU rRNA genes (Chapter 3).  

Below 25 mbsf DI and DI’ values are relatively scattered, but appear to shift towards more 

positive values (Figure 4.11a,b).  The most positive DI/DI’ values have distinctly lower relative 

concentrations of Gly than surrounding sediments.  Glycine, and to a lesser extent serine (Ser) and 

Threonine (Thr), are common amino acids in cell walls of siliceous diatoms and are often associated with 

refractory OM (HECKY et al., 1973).  The refractory nature of diatom cell walls is believed to be 

responsible for the preservation of these amino acids (INGALLS et al., 2003).  When summed, relative 

abundances of Gly, Ser, and Thr are negatively correlated with DI and DI’ values (Figure 4.11g,h).  

However, a relationship between depth and the amount of diatom material does not exist, as would be 

expected if these amino acids were being selectively preserved (Figure 4.11f).  Instead, the varved nature 
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of these sediments complicates this simple interpretation.  While preservation of diatom-derived amino 

acids is likely, variable concentrations of diatom indicators may also reflect pulses in summer primary 

production as well as random sampling of summer and winter varves.  Positive DI and DI’ values in the 

deeper sediments therefore do not necessarily reflect lower amounts of degradation but could also indicate 

seasons when less labile material was transported to the seafloor and/or sample bias.  Similar 

complications have been observed in the Southern Ocean (53°02′S, 174°44′W) where DI values of 

diatoms (0.0 to -0.5) were lower than other types of phytoplankton (DAUWE et al., 1999; INGALLS et al., 

2003).  Consequently, large volumes of diatom rich OM in the Southern Ocean lowered DI site scores, 

and made it impossible to distinguish variability due to changes in source material versus that caused by 

diagenesis.   

At the Margin Site, DI and DI’ depth profiles are similar (Figure 11a,b).  Surface sediments 

collected at 0.05 mbsf have a DI value of -1.07.  Similar to other deep-sea locations, the negative DI score 

indicates that OM arriving to surface sediments is refractory.  However, the shift toward more positive DI 

values at deeper depths is surprising considering the high percentages of non-protein amino acids 

measured throughout the sampled sediments.  Plots comparing specific amino acid percentages to DI 

values indicate that increasing concentrations of aromatic Phe and Tyr are responsible for positive DI/DI’ 

values at greater depths (Figure 11c,d).  At the Margin Site porewater geochemistry suggests a zone of 

Mn reduction in the top 9 mbsf  and a zone of sulfate reduction in deeper sediments.   These aromatic 

amino acids are supplied to the sediments by decaying endogenous biomass, and most likely remain 

preserved due to the lack of strong electron acceptors (KAISER and BENNER, 2008; LOMSTEIN et al., 

2012).  SSU rRNA sequencing was not possible at this site, making it difficult to determine if degraders 

of aromatic amino acids are present as suggested in the sediments of the Adelie Basin.  However the 

accumulation of such aromatic amino acids in deeper sediments suggest the absence of aromatic-

degrading organisms (Figure 4.12e).   

4.4.5 Amino Acid degradation visualized by principal component analysis  

Principal component analysis of amino acid variables was preformed on all samples depths from 

both locations.  Both PCA site scores and loading scores were plotted to understand the primary 

influences on sample variance (Figure 4.3).  Individual samples generally clustered by sample location, 

with the exception of sediments collected from the seafloor surface of the Margin Site, which plots 

between the two groups.  The majority of the Margin Site samples have PC1 scores lower than 0.1, 

positive PC2 scores, and appear to be strongly influenced by concentrations of non-protein amino acids.  

The opposite is true for Adelie samples, which are influenced by concentrations of Gly.  Tyr   
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Figure 4.11 DI values for the Adelie Site (A)  as calculated according to Dauwe et al. (1999). (B) DI’ 
scores derived from site specific PCA. (C,D) Tyr and Phe relative abundances vs DI and DI’ values. 
(E) Relative abundance profile of Tyr and Phe with depth. (F) Relative abundance profile of Gly, 
Ser, and Thr with depth. (G) Gly, Ser and Thr relative abundances vs DI and (H) DI’ site scores.   
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concentrations appear to have the largest effect on PC3, but as demonstrated in section 4.4.4 are more of a 

reflection of redox conditions than OM quality. Thus the direction of degradation if defined as positive to 

negative along PC1, negative to positive along PC2, with not clear direction along PC3.  Similar to 

THAA concentrations, placement of the shallow sediments of the Margin Site along PC1 indicates that 

OM quality changes severely within the top 20 cmbsf.  Direct comparisons of these shallow sediments 

with those collected from the Adelie Site further demonstrate that even the shallow sediments of the 

Margin Site reflect further degradation than the deepest sediments of the Adelie Site. 

4.4.6 Structural analyses of FAMEs 

In addition to providing biomass estimates, bacterial membrane phospholipids-derived FAMEs were 

identified and quantified as a means of characterizing the microbial community.  At the Adelie Site the 

most abundant FAME was 16:0, a lipid common to many types of bacteria and eucaryotic organisms and 

therefore not diagnostic.  16:1ω7, the second most abundant FAME, has previously 

!

Figure 4.12 DI values for the Margin Site (A) as calculated according to Dauwe et al. (1999). (B) DI’ 
values derived from site specific PCA. (C,D) Tyr and Phe relative abundances vs DI and DI’ site 
scores. (E) Relative abundance profile of Tyr and Phe with depth.  

DI Site Scores 

D
ep

th
 (m

bs
f)

  

D
ep

th
 (m

bs
f)

  

Ty
r 

+ 
P

he
  (

M
ol

 %
) 

Ty
r 

+ 
P

he
  (

M
ol

 %
) 

D
ep

th
 (m

bs
f)

  

DI Site Scores DI’ Site Scores 

DI’ Site Scores 

Tyr + Phe  (Mol %) 

A B 

C D E 



!
!

! 115!

been identified as an indicator for heterotrophic gram-negative bacteria (PELZ et al., 2001; POMBO et al., 

2002; WHITE et al., 1996) and could be derived from heterotrophic Proteobacteria in these sediments.  

Anteiso15:0 was a dominant FAME representing on average 11% of the FAME profile throughout the 

sampled interval.  Anteiso15:0 is commonly found in sulfate reducing bacteria (SRB) (DOWLING et al., 

1986; ELVERT et al., 2003; KOHRING et al., 1994; VAINSHTEIN et al., 1992) and bacteria adapted for cold 

environments such as Antarctic sea ice (ANNOUS et al., 1997; ANTONY et al., 2012), both of which are 

reasonable sources of anteiso15:0 to the Adelie sediments.  The depletion of sulfate in surface sediments 

is suggestive of SRB, which represent ~ 4% of SSU rRNA sequences according to 454 pyrosequencing 

(Chapter 3).  SRB are commonly found in marine sediments at abundances between <1% - 30% of the 

microbial population (BLAZEJAK and SCHIPPERS, 2011; INAGAKI et al., 2006; JULIES et al., 2010; 

KNITTEL et al., 2003; LELOUP et al., 2009; PARKES et al., 2005; RAVENSCHLAG et al., 2000; SCHIPPERS 

et al., 2010; SCHIPPERS and NERETIN, 2006), and several studies have illustrated that even small SRB 

populations (<10% relative abundance) can be highly active and influential of the environmental 

geochemistry (INAGAKI et al., 2006; LELOUP et al., 2007; NUNOURA et al., 2009; PARKES et al., 2005; 

WEBSTER et al., 2006a).  The SRB within these sediments are likely one of the sources of anteiso15:0.  

However, given their relatively low abundance, they are not likely the sole source.  Based on SSU rRNA 

gene sequencing, the most abundant organisms within the Adelie sediments belong to the Candidate 

Division OP9 (Chapter 3).  While OP9 has yet to be grown under laboratory conditions, closely related 

Candidate Phylum JS1 has been grown (not isolated) and studied in incubation experiments (WEBSTER et 

al., 2006b).  Using 13C labeled acetate and stable isotope probing techniques to measure isolated PLFAs 

and SSU rRNA genes, the carbon flow pathways of sulfate reducing bacteria were determined (WEBSTER 

et al., 2006b).  JSI was identified as the dominant acetate-utilizing group in these experiments with 

significant 13C incorporation into the odd branched PLFAs, specifically iso15:0 and anteiso15:0.  

Although not conclusive, the data suggest that iso15:0 and anteiso15:0 were derived from JS1.  Similarly, 

the anteiso15:0 and iso15:0 identified in Adelie sediments might be derived from closely related OP9 

organisms.  

The FAMEs i15:0, ai15:0 and 10Me16:0 represent 3%, 5% and 6%, respectively, of the extracted 

FAMEs at the Margin Site.  All three of these have previously been indicated as biomarkers for sulfate 

reducing bacteria (DOWLING et al., 1986; GUEZENNEC and FIALA-MEDIONI, 1996; KOHRING et al., 1994; 

TAYLOR and PARKES, 1985).  Sulfate reducers such as Desulfobacter are known to produce large amounts 

of cyclic 17:0 and 18:1ω7, as well as and small amounts of cyclic 19:0 (KOHRING et al., 1994; RÜTTERS 

et al., 2002) which are also present in these sediments.  Decreasing concentrations of sulfate in 
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porewaters are clearly indicative of sulfate reduction below 8 m, and may be occurring throughout the 

entire sampled interval. 

4.4.7 Tracking carbon metabolic pathways 

Concentrations of dissolved organic carbon (DOC), DIC and POC along with δ13C values of DIC 

and POC were measured to elucidate microbial carbon pathways. The δ13CFAMEs were also measured from 

the Adelie Site, but could not be measured at the Margin Site due to low lipid yields.  At the Adelie Site, 

DIC and DOC concentrations increase with depth indicating continual remineralization of particulate 

OM, including amino acids within the top 20 mbsf.  Interestingly, δ13CDIC values also increase with depth, 

contrary to expectations from simple remineralization of POC.  Carbonates represent only 3 wt% within 

these sediments (EXPEDITION 318 SCIENTISTS, 2011a), suggesting that the increase in δ13CDIC values 

likely results from the selective removal of 12CO2 by autotrophic microorganisms, and not from carbonate 

dissolution.   

Depending on the metabolic pathway utilized, δ13CFAMEs may reflect an organism’s carbon source 

(HAYES, 2001).  For example, δ13CFAMEs values of autotrophic bacteria would be expected to reflect the 

δ13CDIC values.  The ∆13CFAME-DIC values calculated below 0.05 mbsf range between -20‰ and -35‰ 

(Figure 4.13a) When accounting for additional fractionation associated with lipid synthesis that further 

depletes the 13C in lipids relative to bulk cellular biomass (MONSON and HAYES, 1982), these ∆13CFAME-DIC 

values are consistent with some autotrophic pathways of CO2 assimilation, but not all.  For example, the 

autotrophic tricarboxylic acid and 3-hydroxypropionianate cycles generally show 13Cbiomass-DIC enrichments 

of less than -8‰ (HOLO and SIREVÅG, 1986; HOUSE et al., 2003 ; QUANDT et al., 1977; VAN DER MEER 

et al., 2001a; VAN DER MEER et al., 2001b).  The Calvin-Bensen Cycle is capable of 13C fractionation 

ranging from -11 to -24 ‰ (DES MARAIS and CANFIELD, 1994; MADIGAN et al., 1989; QUANDT et al., 

1977; SIREVÅG et al., 1977), but this pathway typically requires a strong electron acceptor (either O2 or 

NO3) and is therefore not likely in these deeper, anoxic sediments (CANFIELD et al., 2005).  The acetyl-

coA pathway is capable of 13Cbiomass-DIC enrichments of -3 to -36‰ (HOUSE et al., 2003 ; PREU� et al., 

1989) and thus might explain the observed ∆13CFAME-DIC values.  However, if autotrophs were dominant in 

the deeper sediments, one would expect δ13Clipids values to track the changes in δ13CDIC values.  However, 

observed ∆13CFAME-DIC values show little variation with depth (<5‰) despite changing δ13CDIC values, 

suggesting that heterotrophy as the dominant metabolism.  This is also consistent with SSU rRNA gene 

evidence that showed a dominance of heterotrophs as presented in Chapter 3. 

Unlike autotrophs, heterotrophs demonstrate minimal 13C fractionation when assimilating carbon 

sources.  Typical isotopic fractionation observed between OC sources and heterotrophic biomass is +3 to 
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-7‰ (COFFIN et al., 1990; TEECE et al., 1999; ZHANG et al., 2003).  Subsequent fractionation is often 

observed during lipid biosynthesis and can be as great as -12‰ for some anaerobic heterotrophs (TEECE 

et al., 1999).  This theoretical range of fractionation adequately explains the measured Δ13CFAME-POC values 

measured in all samples below 0.05 mbsf (Figure 4.13b).  

Figure 4.13a, b illustrate that Δ13CFAME-DIC and Δ13CFAME-POC values calculated at 0.05 mbsf differ 

from those below.  Although some surface samples were contaminated with bottom (oxic) seawater as 

previously noted, the presence of benthic foraminifera suggests that sediments at the water-sediment 

interface were naturally oxic (EXPEDITION 318 SCIENTISTS, 2011a).  Thus, sediments collected from 0.05 

mbsf likely harbor native, aerobic, near-surface communities. At this depth, the Δ13CFAME-POC  values range 

from -6 to -11‰, which is larger than that expected for aerobic heterotrophs.  Thus, it is possible that 

these surface sediments are colonized by autotrophs that utilize reduced energy sources that diffuse 

upward from below.  

Methanogens may be responsible for the enrichment of δ13CDIC values.  Archaea, including 

autotrophic methanogens, are common inhabitants of marine sediments (LIPP et al., 2008) with 

phosphoether lipid (PEL) membranes.  Although PEL values were not measured, and concentrations of 

sequenced methanogens are < 1% throughout the core (Chapter 3), concentrations of methane were as 

great as 12.8 mM at 21.6 mbsf at the Adelie Site (Hole U1357A).  Chapter 3 previously attributes low 

concentrations of methanogen DNA to primer biases, poor DNA extraction efficiencies, and unidentified 

!

Figure 4.13 Calculated Δ13C enrichments between FAMEs and available carbon sources (A) DIC 
and (B) POC at the Adelie site. 
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methanogen species and/or methanogen pathways or a combination of these factors.  If methanogens are 

active in these sediments, they could be producing methane by CO2 reduction and/or disproportionation 

of acetate or other reduced carbon species.  Carbon dioxide reduction is regarded as the dominant 

methanogenic pathway in marine sediments (WHITICAR, 1999; WHITICAR et al., 1986), although acetate 

fermentation has also been measured in some sulfate-deficient marine sediments (CRILL and MARTENS, 

1986; DEVOL et al., 1984; KUIVILA et al., 1990).  During acetoclastic methanogenesis, the methyl and 

carboxyl carbons of the acetate molecule are reduced and oxidized to methane and CO2, respectively 

(BOONE, 1993).  Carbon isotopic exchange between the carboxyl group of acetate and the DIC pool has 

been well documented (EIKMANNS and THAUER, 1984; FELIPE et al., 2005; SCHAUDER et al., 1986). 

Therefore, the CO2 produced during acetoclastic methanogenesis reflects the isotopic values of both the 

acetate and the DIC pool (HEUER et al., 2009).  In contrast, autotrophic pathways selectively reduce 
12CO2 to methane, leading to an enrichment of 13C in the residual DIC pool (WHITICAR, 1999; WHITICAR 

et al., 1986), as has been observed in several marine environments (BOEHME et al., 1996; PAULL et al., 

2000; WHITICAR et al., 1986).  Fractionation factors (αCO2-CH4) for autotrophic methanogenesis are 

generally larger than those for acetoclastic methanogenesis, ranging from 1.021-1.071 and 1.007-1.027, 

respectively (CONRAD, 2005 and references within; KRZYCKI et al., 1987).  Therefore, CO2 reducing 

methanogens may be responsible for 13CDIC enrichment in the Adelie Basin as well.   It is possible that 

heterotrophic bacteria operate synergistically with CO2-reducing methanogens, remineralizing OM to CO2 

(and perhaps H2 via fermentative reactions) which in turn supports autotrophic growth of methanogens. It 

is feasible that the large αCO2-CH4 values expressed by methanogens overprints the porewater δ13CDIC 

values.  Such a scenario likely requires a tight coupling of these two microbial processes where neither is 

dominant. 

Similar to the Adelie Site, porewater geochemistry at the Margin Site demonstrates increased 

concentrations of DIC with increasing depth.  However, unlike the Adelie Site, δ13CDIC values decrease 

with depth, as expected for a system driven by mineralization of POC by heterotrophs.  The POC is 

relatively depleted in 12C, with δ13CPOC values averaging -26.3‰.  Therefore, both δ13CDIC and δ13CPOC 

values at the Margin Site also suggest a dominance of heterotrophic metabolism in these sediments.  

4.5 Conclusion  

As the earth’s climate changes towards a warmer environment, questions relating to microbial 

responses in marine settings continue to be investigated.  In this study the highly productive Adelie Basin 

served as an environmental prospective prototype for future Antarctic coastal sediments and was 

compared to a deep-sea continental margin site in order to understand how microbial communities might 
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respond to increased OM fluxes.  Assays of hydrolysable amino acids, along with δ13C measurements of 

POC, DIC, and FAMEs were utilized to characterize the quality and cycling of OM at two contrasting 

Antarctica sites.  As seen in other deep-sea environments, sediments collected from the continental 

margin were suggestive of refractory OM, as indicated by low THAA abundances, low CAA% values, and 

relatively large abundances of non-protein amino acids, (KEIL, 2000).  In contrast, sediments collected 

from the near-shore Adelie Basin have relatively labile OM, characterized by high CAA% and low 

concentrations of β-ala and γ-aba.  It is therefore reasonable that the Adelie sediments harbored higher 

bacterial cell numbers (~109
 cells g-1) than sediments from the Margin Site (106-107 cells g-1).  Despite the 

differences of incoming OM quantity and quality, both sites appear to support heterotrophic communities 

as evident by interstitial and sedimentary geochemistry, and δ13CFAME values.  Additionally, the Adelie 

Site shows evidence for autotrophic activity in deeper sediments, as evident by increasing δ13CDIC values 

and methane concentrations with depth.  It is hypothesized that autotrophic and methanogenic organisms 

are utilizing CO2 derived from heterotrophic co-inhabitants to produce methane.  

Large contributions of aromatic amino acids, Phe and Tyr, at both locations inflate DI sites 

scores, making sediments appear more labile than described by other degradation indicators.  Anoxia is 

likely the biggest limitation on OM degradation, especially of aromatic amino acids, as observed at other 

anoxic environments, suggesting that the DI index, as originally proposed by Dauwe et al. (1999), is not 

an appropriate measure of OM diagenesis in anoxic settings.  Anoxic conditions may also be responsible 

for the onset of autotrophic metabolisms such as methanogenesis, as suggested by large methane 

concentrations and increasing δ13CDIC values.  Ultimately these observations imply that when increased 

primary production and phytodetritus fluxes create anoxic environments, labile OM preservation can 

result.  Thus, anoxic sediments have the potential to be a valuable carbon sink for locations of high 

primary production  
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CHAPTER FIVE :  

CONCLUSIONS 
 

Collectively, these studies successfully characterized the microbial communities, organic matter 

(OM), and metabolic pathways of Antarctic sediments.  This work was driven by the need to understand 

the active cycling of, and potential sinks of the global carbon cycle.  The selection of Antarctic sediments 

was deliberate, as the Polar Regions are the most sensitive to climate changes (HANSEN et al., 1999; 

TURNER et al., 2007).  While there are inherent difficulties related to Antarctic sampling, it is important to 

gather baseline information that better characterizes microbial abundances and metabolic capabilities in 

such polar areas in order to observe subsequent changes as a result of global warming.  These studies 

investigated three contrasting environments: (1) the oxic sediments beneath the Ross Sea (2) the deep-sea 

sediments of the Wilkes Land Margin (3) the anoxic sediments of the Adelie Basin.  The selection of 

these environments was also strategic as our goal was to understand the effects of various sedimentation 

rates on microbial abundances and diversity.  In this chapter, I present the overall conclusions, successes 

and shortcomings of this research as well as suggestions for future work.  

5.1 Bacterial abundance and phylogenetic diversity in marine sediments  

Biodensities from the Ross Sea derived by direct cell counts compare well with indirect 

measurements determined by phospholipid fatty acid (PLFA) analyses.  However, PLFA measurements 

were generally lower than direct cell counts by 44% (chapter 2).  This discrepancy is reasonable 

considering that PLFA methods only represent viable biomass while nucleic acid stains cannot distinguish 

between living and dead cells.  Based on the success of PLFA measurements in the Ross Sea sediments, 

PLFAs were used for biomass quantification at the other two sites.  At all locations a decrease of biomass 

abundance with sediment depth was observed.  Additionally, as expected microbial populations are larger 

at locations with higher sedimentation rates. This trend is consistent with a review of numerous microbial 

studies conducted along continental shelves and in deep-sea settings (figure 2.7, table A.1 and references 

within).  

Phylogenetic diversity, as described by specie richness and evenness, was greatest in surface 

sediments of the Ross Sea and the Adelie Basin.  However, results from the Adelie Basin warn that 

conclusions based on SSU rRNA sequencing must be cautiously interpreted.  Large DNA contributions 
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from chloroplasts and known aerobic surface water organisms suggest slow DNA degradation in anoxic 

environments (chapter 3).  Because DNA can be preserved for as long as 1125 years (chapter 3), 

distinguishing living versus dead microorganisms from SSU rRNA techniques is difficult and can 

therefore bias measurements of microbial diversity.  

5.2 Characterization of labile organic carbon  

Concentrations of particulate organic carbon (POC) within sediments of the Ross Sea remain 

relatively constant throughout the sampled core and do not correlate with decreases in microbial biomass 

or diversity (chapter 2).  Results indicated that bulk POC analyses, which include both labile OC as well 

as refractory OM, were not appropriate measurements of available OM.  Consequently, labile OM was 

described by total hydrolysable amino acid (THAA) compositions in subsequent studies of the Adelie 

Basin and the continental margin.  

Expectedly, faster sedimentation rates allow an accumulation of labile OM, as described by 

amino acid indices, and ultimately larger microbial populations.  Originally, it was hypothesized that 

concentrations of protein amino acids would rapidly decrease in the surface sediments indicating early 

stages of OC degradation.  This was true for sediments of the continental margin, where THAA 

concentrations decreased by 45% in the top 0.50 meters below sea floor (mbsf) (chapter 4).  In contrast, 

changes in THAA concentrations at the Adelie Basin were subtler, decreasing by only 40% in the top 20 

meters (chapter 4).  Rapid fluxes of sedimenting OM are quickly oxidized creating anoxic conditions, 

which appear to slow amino acid degradation.  This preservation of amino acids is similar to that 

observed for the DNA in the same sediments (chapter 3).  

A shift from heterotrophic to autotrophic metabolisms was predicted to occur in deeper sediments 

where concentrations of non-protein amino acids would indicate high OC degradation.  As anticipated, 

greater concentrations of non-protein amino acids signify a higher rate of degradation of OC at the 

continental margin than the Adelie Basin.  Interestingly, despite the differences of OM quality and 

quantity, heterotrophic bacteria dominated both sites.  Heterotrophy was evident by sequenced 

Bacteroidetes, Chloroflexi, Actinobacteria, and γ-Proteobacteria as well as 13C analyses of PLFAs and 

available carbon sources (chapter 4 and section 5.3 below).  Indications of autotrophic pathways, such as 

increasing porewater δ13CDIC values and methane concentrations with depth, were only observed at the 

Adelie Basin (chapter 4).  Concentrations of labile OM remain relatively abundant at the Adelie site, even 

below 20 mbsf. Therefore, the onset of autotrophic pathways appears to be more dependent on the 

availability of terminal electron acceptors than quality and quantity of reactive OC.  
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5.3 The successes of an integrated approach  

This research presents great examples of how integrating interdisciplinary techniques can be useful for 

ecological studies.  To assess possible metabolic pathways occurring in sediments of the Ross Sea, 

individual δ13CPLFAs were analyzed and compared to available carbon sources.  On average, Δ13C PLFAs-DIC 

values ranged between -37.4‰ to -19.3‰, which is indicative of the Calvin-Bensen cycle or the Acetyl-

CoA pathways.  At these same locations, however, Δ13C PLFAs-POC values range from -17.7‰ to +0.4‰ 

suggesting heterotrophic metabolisms.  In order to distinguish the dominant metabolisms of these 

sediments, additional insight from of SSU rRNA gene sequencing was required.  The SSU rRNA 

sequencing identified primarily heterotrophic organisms including Bacteroidetes, Chloroflexi, 

Actinobacteria, Firmicutes, δ- and γ-Proteobacteria.  Some chemoautotrophic organisms such as 

Thiobacillus were also sequenced. However, the overall community was heterotrophically dominated. 

Similar finding were observed at the Adelie Basin.  Within the top 20 meters of sediments, Δ13C 

PLFAs-POC ranged from -10.86 ‰ to +2.40‰.  This is consistent with heterotrophic metabolism and further 

supported by increasing DIC concentrations and heterotrophic SSU rRNA sequences.  

5.4 Advantage of diverse techniques in recognizing inconsistencies 

Using multiple techniques to evaluate the same problem provides confidence when the data is 

complimentary, but perhaps more importantly, allows one to recognize and question inconsistencies.  The 

greatest challenge with this study was the identification and quantification of archaea.  As mentioned 

previously, both δ13CDIC values and methane concentrations suggest autotrophic archaea in the Adelie 

Basin.  However, SSU rRNA 454 pyrosequencing and Sanger sequencing could not match the expected 

quantities of archaea based on methane concentrations (Chapter 3).  A likely reason for this 

underestimation is primer biases.  A conscience effort was made to use universal primers specially 

modified for archaeal organisms in addition to archaeal primers 349f and 806r throughout these studies.  

Still both primer sets identified lower archaeal concentrations than expected and more specifically, 

archaeal primer set 349f/806r exhibited strong selective biases for bacterial species belonging to phyla 

Verrucombirobia and Candidate Phylum OD1.  Unfortunately, primers can only be designed for 

previously sequenced organisms, and therefore, even our best efforts will always be plagued by what is 

unknown. 

Aside from primer biases, extraction methods of genomic DNA have also been recognized for 

poor archaeal recovery, suggesting that the chemical strategies of commonly used extraction kits and 

phenol/chloroform methods are not aggressive enough to break down archaeal cells (LIPP et al., 2008).  
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However, more aggressive physical methods are feared to destroy bacterial DNA (BRIGGS et al., 2012).  

An improved DNA extraction method would be a two-phase extraction procedure.  The first extraction 

should be designed to isolate bacteria DNA by chemical means, after which, the same sediments would be 

treated with a second phase of physical treatments (i.e. cryogenic grinding).  Supernatants from both 

extractions would be combined to, hopefully, provide better DNA yields.  (LENGGER et al., 2012) 

An alternative method for estimating archaeal abundances is phosphoether lipid quantification.  

Although several attempts were made to derivitize archaeal lipids for GC analyses, consistent recoveries 

of a phosphoether lipid standard were never achieved.  Recently Lengger et al. (2012) reported similar 

problems, attributing solid phase extraction columns and drying agents for the loss of phospholipids.  

Consequently, total lipid extracts have been sent to Rodger Summons’ Laboratory at Massachusetts 

Institute of Technology for high performance liquid chromatography – mass spectrometry analyses.  The 

goal of these analyses is to confirm or deny the presence of archaea in the Adelie Basin.  I predict that 

sediments near the methane production zone (~20 mbsf) will contain larger relative abundances of 

archaeal membrane lipids compared to bacterial lipids.  If correct, molecular techniques for extracting and 

amplifying archaeal genes will need to be thoroughly reviewed. 

5.5 Future work  

The work completed here does introduce ideas for future projects, one example being the 

suggested improvements to phosphoether lipid extractions and HPLC analyses of intact polar lipids 

discussed previously.  Another unfortunate gap in my dataset is the lack of SSU rRNA gene sequencing 

for the Margin Sites.  Sediments of the Margin Site were extremely clay rich.  It is thought that the 

positive cations in clay bind strongly with negatively charged DNA, making DNA extraction and 

amplification impossible (DEMANÈCHE et al., 2001).  New methods of DNA extraction from clay-rich 

sediments would be advantageous, especially for environments where 13CPLFA measurements cannot be 

made due to low biomass.  Fortunately, PLFAs were detected in the Margin sediments where DNA 

analysis were not currently possible, further illustrating the advantages of integrating diverse techniques 

for sample analysis. 

While Candidate Phylum OP9 is commonly found in marine sediments, relative abundances over 

50%, as seen in the Adelie Basin, are unique.  Species belonging to OP9 have also been sequenced from a 

variety of euxinic environments including anoxic hydrothermal sediments of Yellowstone National Park 

and water treatment plants (CHEN et al., 2004; HUGENHOLTZ et al., 1998).  Unfortunately, this organism 

has yet to be cultured, and consequently its role in these environments remains unclear.  Shot-gun 

metagenomics is an immerging technique for the investigation of uncultured organisms in environmental 
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systems and has successfully been used to piece together large fragments of genomic DNA from 

uncultured organisms(BIDDLE et al., 2011).  Sediments from the Adelie Basin would be a good candidate 

for shot-gun metagenomics and gene assembly due to the high relative abundances of OP9.  Finding 

genes related to methane metabolisms would be particularly interesting, as OP9 is often associated with 

methane.  Presently, no bacterial organisms have demonstrated anaerobic methane metabolisms and 

therefore the discovery of such a pathway would be monumental for microbial ecology.  

Organic matter burial in marine sediments has been suggested as a long-term solution for CO2 

storage (JIAO et al., 2010).  Of the three sites investigated, the Adelie Basin has the highest sedimentation 

rates, most reducing conditions, and the greatest amount of labile carbon burial.  While anoxic conditions 

have been attributed to enhanced OM in the past ((CANFIELD, 1994; HARTNETT et al., 1998; HEDGES et 

al., 1995), new theories are always being developed.  For example, resent studies suggest that iron 

chelation and co-precipitation with OM is the key factor for carbon preservation (LALONDE et al., 2012).  

This study finds that these OM-Fe compounds are most stable at organic carbon:Fe ratios of 6 to 10, 

which are typical for most anoxic porewaters (LALONDE et al., 2012).  Ultimately, OM preservation 

likely results from both abiotic and biotic reactions (WAKEHAM and CANUEL, 2006a), but more diverse 

settings need to be studied before a complete understanding can be realized.  Many geomicrobiology 

investigations have used 13C labeled OM sources to trace carbon flow pathways in incubations studies 

using retrieved sediment cores (MAYOR et al., 2012; ROBADOR et al., 2010a; WEBSTER et al., 2006b). 

However, mimicking the natural geological and biological conditions of most environments, particularly 

anoxic ones, with incubation experiments is virtually impossible.  A more appropriate approach is to 

combine 13C substrate-labeled studies with in situ microbiology observations such as those deployed at 

Circulation Observations Retrofit Kits (CORKs) (BECKER and DAVIS, 2005; DAVIS and BECKER, 1992).  

These microbiology observatories can be inserted into and retrieved from deep-sea boreholes and are 

currently the best solution for observing deep-sea microorganism in their natural environments.  Upon 

retrieval of the CORK, unaltered labeled source material should be quantified to determine the 

proportions of OM being decomposed and preserved.  Stable isotope probing techniques to analyze 

extracted lipids and DNA to determine which organisms are responsible for OM degradation would also 

be beneficial.   

5.6 Final Thoughts 

The Antarctic continent is a delicate ecosystem and extremely sensitive to climate change.  The 

sites characterized here were chosen in an effort to investigate current geomicrobiology, as well as 

possible changes related to global warming.  For example, Chapter 3 illustrated that in terms of biomass, 
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sediments of the Ross Sea are presently more like those of a deep-sea margin than other continental 

shelves.  However, if global temperatures continue to rise, Ross Sea sediments may start to resemble an 

environment similar to the Adelie Basin, in terms of primary production, sedimentation rates, 

concentrations of labile carbon and biomass.  Chapters 3 and 4 show that many of the heterotrophs 

present in the Adelie Basin also live in the Ross Sea, so heterotrophic diversity, especially at the surface, 

will likely remain the same.  Instead higher sedimentation rates may result in a shallowing of the oxic 

zone and a shift towards a more anoxic community in the deeper sediments.  Perhaps anoxic organisms, 

such as those belonging to Candidate Division OP9, which were found at low concentrations in the Ross 

Sea (avg. 1.2%), will become more dominate, as measured in the Adelie Basin.  Additionally, the 

depletion of electron acceptors may also affect metabolisms, promoting autotrophic pathways such as 

methanogenesis.   

Unfortunately, the effects of global warming on the subsurface biosphere remain unclear.  

However, these studies successfully demonstrate that biomass abundances and metabolic capabilities are 

sensitive to sedimentation rates and therefore surface primary production.  Sedimentation rates in the 

Ross Sea and other Antarctic coastlines may never be as extreme as those measured in the Adelie Basin; 

however, future shifts towards higher biomass concentrations and autotrophic metabolisms in the deeper 

sediments may still occur.  These changes may then consequently lead to the preservation of labile carbon 

as observed in chapters 4 and 5.  Thus, it would be extremely interesting to revisit the Ross Sea in 20 

to100 years from now to monitor the long term effects of global changes on carbon cycling within 

Antarctic sediments. 

  

!  
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1. APPENDIX A 
 

Table A-1. Reported relative abundances of bacteria and archaea from various marine studies  

Site!Location! B/A*! DNA!Extraction!Method! Quantification!
Method!

Primers! Reference!

! ! ! ! ! !

Black!Sea,!
Namibia!
upwelling!

B! Modified!FastDNA!kit!for!soil!
(WEBSTER!et!al.,!2003)!

CARDQFISH,!
qPCR!!

A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!331f,!797r!(NADKARNI!et!al.,!2002)!
A:!ARCh915!
B:!EUB338!IQIII!

(SCHIPPERS!et!al.,!
2012)!

northeast!Pacific!
ridgeQflank!

~!E! UltraClean!Soil!DNA!Kit!
Mega!Prep!

qpcr!! A:!(VETRIANI!et!al.,!1999)!
B:!515f!(LANE,!1991),!!
907r!(MUYZER!et!al.,!1995)!

(ENGELEN!et!al.,!2008)!

Black!Sea,!Nankai!
trough,!Peru!
margin,!Cascadia!
margin,!Juan!de!
Fuca,!demerara!
rise,!Equatorial!
Pacific!!

A! Bead!Beating!&!frozen!mill!
crushing!(LIPP!et!al.,!2008)!

Lipids!!
apcr!!

slotblot!
hydridization!!

B:!Bac27F/EuB338RQ1!
B:!EUB338QI,!II,!III!
A:!ARC806F/ARC958R!!
A:ARCH915!!

(LIPP!et!al.,!2008)!
(LIPP!and!HINRICHS,!

2009)!!

Peru!margin,!
Hydrate!Ridge,!
Juan!de!Fuca,!
Equatorial!Pacific!!

A! N/A! Lipids!!

!

! (LIPP!and!HINRICHS,!
2009)!

Basin!off!Sumarta!! ~E! Modified!FastDNA!kit!for!soil!
(WEBSTER!et!al.,!2003)!

qPCR! A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!(NADKARNI!et!al.,!2002)!

(SCHIPPERS!et!al.,!
2010)!
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Table A-1. Reported relative abundances of bacteria and archaea from various marine studies  (cont’d) 

Peru!Continental!
margin!

B! Modified!FastDNA!kit!for!soil!
(WEBSTER!et!al.,!2003)!

qPCR! A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!331f,!797r!(NADKARNI!et!al.,!2002)!

(SCHIPPERS!and!
NERETIN,!2006)!

Sea!of!Okhotsk!!! B! DNA!Mega!Prep!kit!(Mo!Bio)!! qPCR! A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!(TAKAI!and!HORIKOSHI,!2000)!

(INAGAKI!et!al.,!2003)!

Peru!Continental!
Margin!

B! Modified!FastDNA!kit!for!soil!
(WEBSTER!et!al.,!2003)!

CARDQFISH,!
qPCR!!

A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!331f,!797r!(NADKARNI!et!al.,!2002)!
A:!ARCh915!
B:!EUB338!!

!

(SCHIPPERS!et!al.,!
2005)!

Cascadia!Margins!!

Peru!Continental!
Margin!

B! DNA!Mega!Prep!kit!(Mo!Bio)!! qPCR! A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B:!(TAKAI!and!HORIKOSHI,!2000)!

(INAGAKI!et!al.,!2006)!

Peru!Continental!
Margin!

A! NA! FISH,!
phospholipids!!

A:!ARCH915QCY3!
B:!EUB338QFITC!

(BIDDLE!et!al.,!2006)!

Seafloor!Basalk!

Norwegian/Gree
nland!Sea!

B! Soil!DNA!extraction!Kit!(Bio!
101)!&!freeze!Thaw!!

qPCR!

!

A:!931f,!m1100r!
B:!338f,!518r!

(EINEN!et!al.,!2008)!

Chesapeake!Bay! B! Modified!FastDNA!kit!for!soil!
(WEBSTER!et!al.,!2003)!

CARD_FISH!

qPCR!

A;!ARCH915!
A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
B;!EUB338!IQIII!
B:!(TAKAI!and!HORIKOSHI,!2000)!

!

(BREUKER!et!al.,!2011)!
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Table A-1. Reported relative abundances of bacteria and archaea from various marine studies (cont’d) 

Andaman!Sea! B! Powersoil!DNA!extraction!
Kit!(MoBio)!

qPCR! A:!806f,!958r!(LIPP!et!al.,!2008)!
A!21F,!1429r!(DELONG,!1992),!(HAZEN!et!
al.,!2010)!
B:!27f,!228r!(LIPP!et!al.,!2008)!

(BRIGGS!et!al.,!2012)!

TakuyoQDaigo!
sediments!!

A! Fast!DNA!Kit!for!soil!
(Qbiogene)!

qPCR! A:!349f,!806r!
B!1369r,!1492r!

(NITAHARA!et!al.,!
2011)!

Black!Sea! B! Fastprep!RP12!beadbeating!
system,!Fast!DNA!spin!Kit!

(Bio101)!

AODC,!qPRC! B:!331f,!797r!(NADKARNI!et!al.,!2002)! (LELOUP!et!al.,!2007)!

Gulf!of!Mexico! B! Power!Maz!Soil!DNA!
isolation!Kit!(Mo!bio)!

qPCR! A:!349f,!806f!(TAKAI!and!HORIKOSHI,!2000)!
U:!U340f,!U806r!(TAKAI!and!HORIKOSHI,!
2000)!

(NUNOURA!et!al.,!
2009)!

midQNorwegian!
continental!slope!!

B!0Q
7cmbsf!!

A!7Q
20cmbsf!

fastDNA!Spin!Kit!for!Soli!(PM!
Biomedicals)!

qPCR! B:!B338f!!(AMANN!et!al.,!1995),!B185!
(MUYZER!et!al.,!1993)!

A!U519f!(OVREAS!et!al.,!1997),!
A907(MUYZER!et!al.,!1995)!

(ROALKVAM!et!al.,!
2011)!

Cascadia!Margin! B!<7cmbsf!
A>7cmbsf!!

Phenol/chloroform(ZHOU!et!
al.,!1996)!!

FISH! A:!ARCH915!
B:!EUB338IQIII!

(KNITTEL!et!al.,!2003)!

Arctic!Sediments!! B! N/A! FISH! A:!ARCH915!
B:!EUB338IQIII!

(RAVENSCHLAG!et!al.,!
2001)!

!

!

! ! ! ! ! !
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Table&A(1.&Reported&relative&abundances&of&bacteria&and&archaea&from&various&marine&studies&(cont’d)!

Northwest!
Atlantic!Ocean!

B! Phenol/chloroform!!
and!bead!beating!

SlotQblot!!
hybridization!!

A:!SQDQArchQ0915QaQAQ20!(ZHENG!et!al.,!
1996)!
B:!SQDQBactQ0338QaQAQ18!(AMANN!et!al.,!
1990b)!
U:!SQ*QUnivQ1390QaQAQ18(AMANN!et!al.,!
1990b)!

(VETRIANI!et!al.,!1999)!

Peru!Continental!
Margin!

B! N/A! FISH! A:!Arch915!
B:EUB338!

(MAUCLAIRE!et!al.,!
2004)!

Peru!Continental!
Margin!

A! Ultra!Clean!Microbial!DNA!
kit!(Mo!Bio)!

qPCR! A;!77f,!957r!(LANE,!1991;!MUYZER!et!al.,!
1995)!
B:!519f,!907r!(OCHSENREITER!et!al.,!2003)!

!

Namibian!
Upwelling!

B! N/A! CARDQFISH! A:!ARCH915!(STAHL!and!AMANN,!1991)!
B:!EUB!338!(AMANN!et!al.,!1990a)!

(JULIES!et!al.,!2010;!
JULIES!et!al.,!2012)!!

Wadden!Sea! B! N/A! SlotQblot!
hybridization!!

A:!ARCH!915(RASKIN!et!al.,!1994)!
B:EUB!338!I,!II,!III!(AMANN!et!al.,!1990a;!
DAIMS!et!al.,!1999)!

(MUSAT!et!al.,!2006)!

Cascade!Margin! B! Ultra!Clean!Soil!DNA!
Isolation!Hit!Mega!Prep!(Mo!

BIO)!!

qPCR! A:!Arch349fQArch806r!
B:!Uni340F,!Uni806R!

(NUNOURA!et!al.,!
2008)!

Column!B/A!reports!whether!the!majority!of!the!microbial!population!at!a!given!site!was!bacterial!(B),!archaeal(A)!equally!divided!(E)!
!
!
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2. APPENDIX B 
 

Table B-1. A summary of reported cell densities from various marine studies. The shallowest estimates (< 10 mbsf) were used to derive 
Figure 2.7. 

Program  EXP  Site #  Lat  Long  
Water 

Depth (m) 
Depth* 
(mbsf) 

Cell 
number Cell Unit 

Sed Rate       
m Ma-1 

POC 
wt% Environment  Reference  

ODP  112 681 10°58.60'S  77°57.46'W  151 1.5 1.05E+09 cells cm-3 80 5.20 Peru margin  Cragg et al., 1990 

ODP  112 681 10°58.60'S  77°57.46'W  151 80.2 3.12E+08 cells cm-3 80 4.00 Peru Margin Cragg et al., 1990 

ODP  128 798B 37°3.83'N  134°79.98'E 900 0.025 1.37E+09 cells cm-3 121 ~3.2 deeps sea (Japan Sea)  

Cragg et al. 1992; 

Burckel et al., 1992 

ODP  128 798B 37°3.83'N 134°79.98'E 900 0.075 1.90E+08 cells cm-3 121 ~2.75 deeps sea (Japan Sea)  

Cragg et al. 1992;  

Burckel et al., 1992 

ODP  128 798B 37°3.83'N 134°79.98'E 900 517.9 1.11E+07 cells cm-3 121 ~4 deeps sea (Japan Sea)  

Cragg et al. 1992;  

Burckel et al., 1992 

ODP  135 834 18°34.06'S  177°51.74'W  2692 NS 6.12E+08 cells cm-3 20000 0.20 Lau Basin  Cragg,1994 

ODP  135 834 18°34.06'S  177°51.74'W  2692 21.6 1.65E+07 cells cm-3 20000 0.20 Lau Basin  Cragg,1994 

ODP  135 834 18°34.06'S  177°51.74'W  2692 104.4 3.31E+06 cells cm-3 20000 0.20 Lau Basin  Cragg,1994 

ODP  138 851 2°46.22'N  110°34.31'W  3780 NS 2.08E+08 cells cm-3 16.6 0.06 equatorical pacific  
Cragg and Kemp 
1995 

ODP  138 851 2°46.22'N  110°34.31'W  3780 12 4.88E+05 cells cm-3 16.6 ~0.08 equatorical pacific  
Cragg and Kemp 
1995 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d) 

ODP  138 851 2°46.22'N  110°34.31'W  3780 21.5 2.98E+06 cells cm-3 16.6 ~0.08 equatorical pacific  
Cragg and Kemp 
1995 

ODP  138 851 2°46.22'N  110°34.31'W  3780 80 9.33E+06 cells cm-3 16.6 ~1.8 equatorical pacific  
Cragg and Kemp 
1995 

ODP 139 857 48°26.50'N  128°42.81'W  2418 1.51 1.73E+07 cells cm-3 288 0.56 
Juan de Fuca Ridge 
(rift valley) 

Cragg and Parkes, 
1994;  

Zierenberg and 
Miller, 2000 

ODP 139 857 48°26.50'N  128°42.81'W  2418 107.51 1.07E+06 cells cm-3 288 0.56 
Juan de Fuca Ridge 
(rift valley) 

Cragg and Parkes, 
1994;  

Zierenberg and 
Miller, 2000 

ODP 139 858 48°27.41'N  128°42.71'W  2409 1.51 9.35E+06 cells cm-3 170 0.48 
Juan de Fuca Ridge 
(rift valley) 

Cragg and Parkes, 
1994;  

Zierenberg and 
Miller, 2000 

ODP  146 888 48°10.01'N  126°39.79'W 2516 0.075 5.32E+08 cells cm-3 1000 0.56 Cascadia margin Cragg et al., 1995 

ODP  146 888 48°10.01'N  126°39.79'W 2516 335 1.20E+06 cells cm-3 1000 0.40 Cascadia margin Cragg et al., 1995 

ODP  146 890/889 48°39.75'N, 
48°41.96'N 

126°52.89'E, 
126°52.10'E, 

~1320 NS 2.63E+08 cells cm-3  0.64 Cascadia margin, gas 
hydrate sediments  Cragg et al., 1995 

ODP  146 891 44°38.65'N  125°19.55'W 2665 NS 1.52E+09 cells cm-3 1000 0.56 
Cascadia margin, 
active fluid venting Cragg et al., 1995 

ODP  146 891 44°38.65'N  125°19.55'W 2665 8.81 4.47E+06 cells cm-3 1000 0.56 
Cascadia margin, 
active fluid venting Cragg et al., 1995 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

ODP  146 892 44°40.44'N  125°7.14'E 674 0.1 2.70E+07 cells cm-3 

 

1.18 

Cascadia margin, 
gass hydrates 
sediments  Cragg et al., 1995 

ODP 146 893 34°17.0'N 120°02.2'W 538 12 4.77E+06 cells cm-3 4000 0.20 Santa Barbara Basin Cragg et al., 1995 

ODP 146 893 34°17.0'N 120°02.2'W 538 68.28 2.51E+06 cells cm-3 4000 1.5-2 Santa Barbara Basin Cragg et al., 1995 

ODP 146 893 34°17.0'N 120°02.2'W 538 0.005 1.27E+09 cells cm-3 4000 3.60 Santa Barbara Basin Cragg et al. 1995 

ODP  155 934 5°29.05′N  47°40.86′W 3432 NS 6.05E+08 cells cm-3 
1000-
20000 ~0.2 Amazon fan  Cragg et al., 1997 

ODP  155 934 5°29.05′N  47°40.86′W 3432 108 3.46E+06 cells cm-3 
1000-
20001 ~0.8 Amazon fan  Cragg et al., 1997 

ODP  155 934 5°29.05′N  47°40.86′W 3432 99 2.10E+06 cells cm-3 
1000-
20002 ~0.2 Amazon fan  Cragg et al., 1997 

ODP  155 940 5°8.57′N 47°31.73′W 3195 NS 5.62E+08 cells cm-3 
1000-
20003 ~0.81 Amazon fan  Cragg et al., 1997 

ODP  155 940 5°8.57′N 47°31.73′W 3195 81.8 2.69E+06 cells cm-3 
1000-
20004 ~0.81 Amazon fan  Cragg et al., 1997 

ODP  155 940 5°8.57′N 47°31.73′W 3195 243.5 2.72E+07 cells cm-3 
1000-
20005 ~0.81 Amazon fan  Cragg et al., 1997 

ODP  160 969 33°50.47′N  24°52.98′E 2202 0.025 9.79E+08 cells cm-3 230 2.86 Mediterranean sea 

Cragg et al., 1998;  

Meyers et al., 1999 

ODP  160 969 33°50.47′N  24°52.98′E 2202 11.89 1.10E+06 cells cm-3 230 ~6.5 mediterranean sea  Cragg et al., 1998 

ODP 161 977 36°01.91'N 1°57.32'W  1984 644 3.50E+06 cells cm-3 75 0.55 Alboran Sea  Cragg et al., 1999 

ODP 161 978 36°13.87'N 2°3.42'W  1929 976 1.60E+06 cells cm-3 126 0.55 Alboran Sea  Cragg et al., 1999 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

ODP 161 976 36°12.32'N  4°18.80'W  1108 27 2.80E+07 cells cm-3 158 0.50 Alboran Sea  Cragg et al., 1999 

ODP 161 976 36°12.32'N  4°18.80'W  1108 646.6 1.60E+06 cells cm-3 158 0.50 Alboran Sea  Cragg et al., 1999 

ODP 161 977/978 48°26.50'N  128°42.80'W  ~1984 0.005 1.01E+09 cells cm-3 126 0.55 Alboran Sea  Cragg et al., 1999 

ODP 161 977/979 48°26.50'N  128°42.80'W  ~1985 13.6 7.90E+06 cells cm-3 127 0.55 Alboran Sea  Cragg et al., 1999 

ODP 161 977/980 48°26.50'N  128°42.80'W  ~1986 84.5 2.80E+07 cells cm-3 128 >1 Alboran Sea  Cragg et al., 1999 

ODP 164 994 31°47.14'N 75°32.75'W  2798 NS 2.50E+09 cells/mL 40 0.70 Methane Hydrate  
Wellsbury et al., 
2000 

ODP 164 994 31°47.14'N 75°32.75'W  2798 688.4 2.60E+06 cell/mL  40 1.40 Methane Hydrate 
Wellsbury et al., 
2000 

ODP 164 995 31°48.21'N  75°31.34'W  2779 NS 3.39E+09 cell/mL  40 0.72 Methane Hydrate  
Wellsbury et al., 
2000 

ODP 164 997 31°50.59'N 75°28.12'W  2770 0.025 2.42E+09 cell/mL  40 0.82 Methane Hydrate 
Wellsbury et al., 
2000 

ODP 164 997 31°50.59'N 75°28.12'W  2771 748 1.80E+06 cell/mL  40 0.82 Methane Hydrate  
Wellsbury et al., 
2000 

ODP  168 1026 47°45.76'N  127°45.55'W  2658 NS 1.47E+08 cells cm-3 304.8 ~0.85 Juan de Fuca Ridge  
Mather and Parkes, 
2000 

ODP  168 1026 47°45.76'N  127°45.55'W  2658 8 9.93E+06 cells cm-3 304.8 ~0.5 Juan de Fuca Ridge  
Mather and Parkes, 
2000 

ODP  168 1026 47°45.76'N  127°45.55'W  2658 ~70  1.07E+07 cells cm-3 304.8 ~0.26 Juan de Fuca Ridge  
Mather and Parkes, 
2000 

ODP  168 1027 47°45.4'N 127°43.8'W  2657 NS 1.67E+08 cells cm-3 456.6 ~1.4 Juan de Fuca Ridge  
Mather and Parkes, 
2000 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

ODP  168 1027 47°45.4'N 127°43.8'W  2657 565.1 2.16E+06 cells cm-3 456.6 0.50 Juan de Fuca Ridge  
Mather and Parkes, 

2000 

ODP 169 1035 48°26.02′N  128°40.92′W  2423 NS 1.22E+08 cells cm-3 1.7 

 

Juan de Fuca Ridge 
(rift valley) 

Cragg et al., 2000;  

Zierenberg et al, 
2000 

!
ODP 169 1035 48°26.02′N 128°40.92′W 2423 81.7 9.00E+04 cells cm-3 1.7 ~0.3 Juan de Fuca Ridge 

(rift valley) 
Cragg et al., 2000; 

Zierenberg et al, 
2000 

ODP 169 1036B 48°27.38′N 128°42.61′W 2426 NS ~1.4E7 cells cm-3 330  Juan de Fuca Ridge 
(rift valley) 

Cragg et al., 2000; 

Zierenberg et al, 
2000 

ODP 169 1036A 48°27.37′N 128°42.58′W 2407 NS 2.80E+05 cells cm-3   Juan de Fuca Ridge 
(rift valley) 

Cragg et al., 2000; 

Zierenberg et al, 
2000 

ODP 180 1109 9º30.39'S 151º34.38'E 1150 0.005 3.30E+08 cells/ml 48 0.42 deep water basin 
(Woodlark Basin) 

Wellsbury et al., 
2002 

ODP 180 1109 9º30.39'S 151º34.38'E 1150 746 1.20E+06 cells/ml 48 0.42 deep water basin 
(Woodlark Basin) 

Wellsbury et al., 
2002 

ODP 180 1115 9º11.39'S 151º34.45'E 2211 0.01 2.80E+08 cells/ml 48 0.34 
deep water basin 
(Woodlark Basin)  

Wellsbury et al., 
2002 

ODP 180 1115 9º11.39'S 151º34.45'E 2211 801 3.50E+05 cells/ml 48 0.34 
deep water basin 
(Woodlark Basin)  

Wellsbury et al., 
2002 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

ODP  185 1149 31°20.52'N 143°21.08'E 5818 1.4 7.20E+06 cells cm-3 7-13 

 

deep-sea trench  Cragg et al., 2003 

ODP  185 1149 31°20.52'N 143°21.08'E 5818 172 7.20E+05 cells cm-3 7-13 

 

deep-sea trench Cragg et al., 2003 

ODP 200 1223 27°53.37'N 141°58.75'W 4966 0.025 2.30E+10 cells/g wet  

  

off shore 
Shipboard Scientific 
Party, 2003 

ODP 200 1224 22°58.414'N 155°39.25'W 4235 0.025 2.80E+10 cells/g wet  

  

ocean sediments 
Shipboard Scientific 
Party, 2003 

ODP  201 1225 2°46.25´N 
110°34.29´

W 3761 0.0825 7.50E+06 cells cm-3 18 0-0.9 deep ocean  D'hondt et al., 2003 

ODP  201 1225 2°46.25´N 
110°34.29´

W 3761 320.45 1.80E+05 cells cm-3 18 0-0.9 deep ocean D'hondt et al., 2003 

ODP  201 1226 3°5.67´N 90°49.08´W 3297 0.0005 4.63E+08 cells cm-3 40 1-2 deep ocean D'hondt et al., 2003 

ODP  201 1227 8°59.46´S  79°57.35´W 428 0.0155 1.42E+07 cells cm-3 880 1.69 Contential slope D'hondt et al., 2003 

ODP  201 1227 8°59.46´S  79°57.35´W 428 143.50 1.77E+06 cells cm-3 880 1.69 contential slope D'hondt et al., 2003 

ODP  201 1229 10°58.57´S 77°57.46´W 152 0.00 1.00E+09 cells cm-3 323 0.8-4 contential shelf D'hondt et al., 2003 

ODP  201 1229 10°58.57´S 77°57.46´W 152 90.45 9.50E+09 cells cm-3 323 

 

contential shelf D'hondt et al., 2003 

ODP  201 1229 10°58.57´S 77°57.46´W 152 186.45 2.70E+06 cells cm-3 323 

 

contential shelf D'hondt et al., 2003 

ODP  201 1230 9°6.75´S 80°35.01´W 5086 0.00 4.21E+08 cells cm-3 20 
1.8-
4.5 contential slope D'hondt et al., 2003 

ODP  201 1230 9°6.75´S 80°35.01´W 5086 257.65 1.28E+06 cells cm-3 20 

 

contential slope D'hondt et al., 2003 

ODP  201 1231 12°1.26´S 81°54.24´W 4813 0.01 1.72E+08 cells cm-3 15 0-0.6 ocean  D'hondt et al., 2003 

ODP  201 1231 12°1.26´S 81°54.24´W 4813 81.64 1.38E+05 cells cm-3 15 

 

ocean D'hondt et al., 2003 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

  

MD01-
2412 44°31'65"N 145°00'25"E 1225 ~1 ~1.14E7 cells cm-3 460 

 

coastal sediments 

Inagaki et al., 2003;  

Okazaki et al., 2005  

  

MITI 34°12'56"N 137°45'02"E 946 NS ~10E7  cells/g  130 

 

gas hydrates  

Reed et al., 2002;  

Hiroki et al, 2004 

ODP 204 1251 44°34.22'N 125°4.45'W 

  

2.90E+08 cells/g 330 

 

hydrate Ridge Briggs et al., 2011 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 1.3 2.50E+08 cells cm-3 

 

3.20 Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 9.1 6.80E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 31.1 3.50E+08 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 52.1 2.70E+08 cells cm-3 

 

0.20 Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 74.6 1.60E+08 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 99.4 1.90E+08 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.80'W 2656 111.9 4.00E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301D 47°45.28' N 127°45.78'W 2656 121.9 7.90E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301D 47°45.28' N 127°45.78'W 2656 132.4 4.10E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301D 47°45.28' N 127°45.78'W 2656 140.9 3.10E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301D 47°45.28' N 127°45.78'W 2656 150.1 3.90E+07 cells cm-3 

 

~.4 Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301D 47°45.28' N 127°45.78'W 2656 162.6 1.00E+08 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.78'W 2656 169 6.80E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.78'W 2656 185 2.60E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

IODP 301 U1301C 47°45.28' N 127°45.78'W 2656 239.5 1.70E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.78'W 2656 251.9 8.00E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 301 U1301C 47°45.28' N 127°45.78'W 2656 260.4 2.90E+07 cells cm-3 

  

Juan de Fuca Ridge  Engelen et al., 2008 

IODP 307 U1318 51°26.16'N 11°33.0'W 423 4.85 2.70E+07 cells cm-3 71 ~0.24 carbonate mound  

Webster et al. 2009,  

Tischack et al. 2009 

IODP 307 U1316 51°22.56'N 11°43.81'W 965 0 3.10E+07 cells cm-3 77 ~.51 carbonate mound  

Webster et al. 2009,  

Tischack et al. 2011 

IODP 308 U1319A 27°15.98N 94°24.19′W 1430 4.27 1.20E+06 cells cm-3 200 0.75 turbidite deposition  Nanoura 2009 

IODP 308 1320A 27°18.08′N  94°23.25′W 1470 7.5 1.20E+06 cells cm-3 500 0.53 turbidite deposition  Nanoura 2009 

IODP 308 1324B 28°4.78′N  89°8.34′W 1057 2.9 2.00E+05 cells cm-3 5500 0.75 turbidite deposition  Nanoura 2009 

IODP  317 U1351 44°53.03′S 171°50.40′E 122 1.45 1.08E+08 cells cm-3 260 0.81 
outershelf, canterbury 
basin  

Expedition 317 
Scientist, 2010 

IODP  318 U1357C 66°24.80′S 140°25.46′E 1028 0.05 4.58E+08 cells cm-3 20000 1.49 Shelf Basin 
Unpublished 
Results  

IODP 318 U1359B 64°54.24′S 143°57.66′E 3019 0.05 1.75E+07 cells cm-3 20 0.44 Ocean Margin 
Unpublished 
Results  

IODP 329 1365 23°51.05′S 165°38.66′W 5696 0.4 3.16E+05 cells cm-3 3.10 0.17 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1365 23°51.05′S 165°38.66′W 5696 1.4 2.51E+05 cells cm-3 3.10 ~0.11 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

IODP 329 1366 26°3.09′S 156°53.66′W 5135 0.4 2.00E+03 cells cm-3 1.70 0.09 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1366 26°3.09′S 156°53.66′W 5135 1.9 5.01E+02 cells cm-3 1.70 0.06 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1367 26°28.90′S 137°56.37′W 4291 0.1 1.00E+05 cells cm-3 0.69 0.14 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1367 26°28.90′S 137°56.37′W 4291 2.1 2.00E+03 cells cm-3 0.69 0.06 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1368 27°55.00′S 123°9.66′W 3740 0.1 7.08E+04 cells cm-3 0.17 0.06 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1368 27°55.00′S 123°9.66′W 3740 1.35 3.16E+03 cells cm-3 0.17 0.01 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1369 39°18.62′S 139°48.04′W 5279 0.02 3.76E+04 cells cm-3 0.37 ~0.2 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

IODP 329 1369 39°18.62′S 139°48.04′W 5279 1.00 5.01E+03 cells cm-3 0.37 0.01 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1370 41°51.12′S 153°6.40′W 5086 0.35 3.16E+04 cells cm-3 0.89 ~.2 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1370 41°51.12′S 153°6.40′W 5086 0.83 3.16E+04 cells cm-3 0.89 0.14 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1370 45°57.85′S 163°11.05′W 5316 0.30 3.98E+05 cells cm-3 1.78 0.15 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP 329 1370 45°57.85′S 163°11.05′W 5316 0.80 7.94E+05 cells cm-3 1.78 ~0.12 South Pacific Gyre 

Expedition 329 
Scientist (2011);  

D'hondt et al, 2009 

IODP  331 C0013 27°47.42′N 126°53.85′E 1035 3.095 4.36E+06 cells/mL 

 

<.3 
hydrothermal field 
/Okinawa Trough  

Expedition 331 
Scientists, 2010 

IODP  331 C0014 27°47.43′N 126°54.05′E 1060 0.326 1.78E+07 cells/mL 500 0.68 
hydrothermal field 
/Okinawa Trough  

Expedition 331 
Scientists, 2010 

IODP  331 C0014 27°47.43′N 126°54.05′E 1060 1.138 1.02E+07 cells/mL 500 0.7 
hydrothermal field 
/Okinawa Trough  

Expedition 331 
Scientists, 2010 
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Table&B(1.&A&summary&of&reported&cell&densities&from&various&marine&studies&(cont’d). 

IODP  331 C0015 27°47.67′N 126°53.50′E 885 0.3 1.20E+07 cells/mL 

 

0.237 
hydrothermal field 
/Okinawa Trough  

Expedition 331 
Scientists, 2010 

IODP  331 C0015 27°47.67′N 126°53.50′E 885 3.44 1.06E+06 cells/mL 

 

0.33 
hydrothermal field 
/Okinawa Trough  

Expedition 331 
Scientists, 2010 

AGSO  217 MGP  66°S 143°E ~800 0.01 1.43E+09 cells/g 60-210 1 

continental shelf, 
Mertz Glacier 
Polynya  

Bowman, et al. 
2003 

X Italian 
Antarctic 

Expedition 
R/V 

ITALICA  Site B  74°42.41' S,  175°07.28' E 

 

0.025 8.70E+08 cells/g 

  

Antarctic Sediments  Fabino, 1998 

Polymetallic 
Modules-

Environmental 
Impact 

Assessment 
Programme  

  
TVBC 

26 10°S 75.5°E  NS 7.20E+08 cells/g 8.34 0.3 

Central Indian Basin 

 

Das 2011 

 

 
!
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APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILES 

The table below includes all raw data in spreadsheet form for the all three Antarctic sites.  

 

File Name 
Site 

Description Data Description  
NOx_Data.xls Andrill Site Measurements of porewater 

nitrate and nitrite  
Qiime_Diversity.xlsx Andrill Site Chao1 and Shannon Index 

values calculated from OTUs 
sequenced from the Andrill Site 

PLFA_structures.xlsx Andrill Site Fatty acid methyl esters 
derivatized from phospholipids 
extracted from sediments of the 
Andrill Site were run on a 
GCMS. The integrations of 
individual lipid peak areas are 
reported here.  

FAMEIsotopes.xlsl Andrill Site Fatty acid methyl esters 
derivatized from phospholipids 
extracted from sediments of the 
Andrill Site were run on a GC-
IRMS. 13C values of those lipids 
are reported here.  

ANDRILLshortcoreporewaters.xlsx Andrill Site Measurements of major cations 
and anions from Andrill 
porewater 

ANDRILLDICANAL13C8-30-
07.xls 

Andrill Site Concentration and isotopic 
measurements of dissolved 
inorganic carbon from Andrill 
porewater 

AndrillCN-1final.xls Andrill Site Bulk elemental and isotopic 
analyses for carbon and 
nitrogen from the Andrill 
Squeeze cakes 

1357cTOCResults.xls Adelie Site Total organic carbon 
concentration measurements 
from pore water of the Adelie 
Site. 
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AminoAcids_U1357.xlsx Adelie Site Total and molar abundances of 
individual amino acids extracted 
from the Adelie Site  

AminoAcids_U1359.xlsx Margin Site Total and molar abundances of 
individual amino acids extracted 
from the Margin 

CNfinal.xls Adelie/Margin Bulk elemental and isotopic 
analyses for carbon and 
nitrogen from the Adelie and 
Margin Sites 

DiverstyMeasurements.xlsx Adelie Site Chao1 and Shannon Index 
values calculated from OTUs 
sequenced from the Adelie Site 

Methane1357.xls Adelie Site Methane concentrations 
measured from the Adelie Site 

OTUClassification.xlsx Adelie Site OTU table created from Adelie 
pyrosquencing results 

PLFAIsotopes Adelie Site Fatty acid methyl esters 
derivatized from phospholipids 
extracted from sediments of the 
Adelie Site were run on a GC-
IRMS. 13C values of those lipids 
are reported here. 

Q-PCR_U1357.xls Adelie Site Quantitative PCR results using 
universal and archaeal specific 
primers  

SangerU1357.xls Adelie Site Sanger sequencing results of 
QPCR amplicons 

TDIC_final.xls Adelie/Margin Concentration and isotopic 
measurements of dissolved 
inorganic carbon from 
porewaters of the Adelie and 
Margin Sites 

U1357_Geochemistry.xls Adelie Site Measurements of major cations 
and anions from porewaters of 
the Adelie SIte 

U1357_PLFAs.xlsx Adelie Site Fatty acid methyl esters 
derivatized from phospholipids 
extracted from sediments of the 
Adelie Site were run on a 
GCMS. The integrations of 
individual lipid peak areas are 
reported here. 
 
 

U1359_Geochemistry.xls Margin Site Measurements of major cations 
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and anions from porewaters of 
the Margin Site 

U1359_PLFAs.xls Margin Site Fatty acid methyl esters 
derivatized from phospholipids 
extracted from sediments of the 
Margin Site were run on a 
GCMS. The integrations of 
individual lipid peak areas are 
reported here. 

 


