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ABSTRACT OF THE DISSERTATION 
 
 

Microbial Diversity Studies in Sediments of Perennially Ice-Covered Lakes,  
McMurdo Dry Valleys, Antarctica 

by 

Chao Tang 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, December 2009 

Dr. Brian Lanoil, Chairperson 
 

The primary refuge for life in the McMurdo Dry Valleys (MCM), Antarctica, is 

a suite of perennially ice-covered lakes, which have entirely microbial 

ecosystems. Compared with microbial studies of the ice cover, water column and 

mats, the microbial communities in sediments, which are important for nutrient 

cycling and prokaryotic diversity in lacustrine systems, have received 

considerably less study in these lakes.  

This is the first study characterizing detailed overall prokaryotic diversity in 

sediments of MCM lakes. The two selected lakes are Lake Fryxell and the west 

lobe of Lake Bonney (WLB) from Taylor Valley. These two lakes have very 

distinct benthic geochemistry. Non-culture molecular techniques including clone 

libraries and denaturing gradient gel electrophoresis utilizing 16S rRNA gene 

marker were used. High bacterial but low archaea diversity was detected in 

sediments of both lakes; however, the communities are significantly different. 

Sequences of major bacterial operational taxonomic units in WLB exhibited 
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exclusive relatedness to cold environmental sequences, suggesting adaptation 

and endemicity to the cold. The sedimentary microbial community in Fryxell 

seemed to be influenced by the neighboring marine system and is involved in 

methane cycling.  

Interspersed layers of microbial mats and terrigenous particles that 

penetrated through the ice cover largely represent the sediment’s stratigraphy in 

MCM lakes. Sedimentation is very slow. Samples from distant sections of the 

long sediment core of WLB were used to investigate microbial community 

changes over a long geologic period. Different origins of sediments (biogenic or 

terrigenous) and the community’s evolution were proposed as explanations for 

the observed differences in the community structure from different sections. A 

fine-scale depth profile of surface sediments from Fryxell was studied. There was 

a clear microbial population change with depth, likely due to geochemistry 

transitions.  

Sulfate reduction was found to coexist with methanogenesis in Fryxell 

sediments containing very low sulfate. Sulfate reducing bacteria (SRB) diversity 

was studied by characterizing the dsrAB gene, which encodes for dissimilatory 

sulfite reductase, the conserved enzyme in all SRBs. Two novel dsrAB lineages 

were discovered. Adaptation of the two dominant clusters to low sulfate 

conditions was suggested; other clusters seemed to be related to marine SRBs.  
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Chapter 1 

Introduction 

 
1.1 McMurdo Dry Valleys (MCM) on the Antarctica Continent 

 
1.1.1 General information on landscape and meteorology 

 
Antarctica is the coldest continent on earth with 98% of the area covered by 

ice (Simmons et al., 1993), which averages about 2450 m thick (Matsumoto, 

1993). Due to its historic inaccessibility and limited direct human impact, 

Antarctica remains one of the most pristine environments left on Earth. The 

McMurdo Dry Valleys (MCM) in southern Victoria Land, located on the western 

coast of McMurdo Sound (77°00'S 162°52'E), covers around 4800 square 

kilometers and is the largest, relatively ice-free area in Antarctica. The valleys are 

not ice covered primarily because the Transantarctic Mountains block ice from 

the polar plateau from flowing through the valleys (Doran et al., 1994). The 

environment is among the coldest and driest regions on this planet and is thus 

considered as polar desert. In between the mountain ranges and hills lie the 

valleys. The three main valleys are Victoria, Wright and Taylor Valleys situated 

between the St Johns Range, Olympus Range, Asgard Range and Kukuri Hills 

from north to south. There are also 12 other valleys further north or south of the 

three main valleys. The landscape is composed of large expanses of exposed 
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arid soils and bedrocks, a mosaic of glaciers, ephemeral streams and 

permanently ice-covered lakes. MCM receives about four months each of 

sunlight, twilight and darkness. The annual average temperature is -20°C, with 

mean daily temperatures ranging from as low as -45°C in winter to a high of 7°C 

in summer (Conovitz et al., 1998). Annual precipitation is less than 10 cm per 

year, mostly in snow form; much of it is lost to sublimation (Conovitz et al., 1998). 

High winds appear in MCM. Taylor Valley is characterized with dry strong 

katabatic winds blowing from polar plateau into the valley and the coastal 

breezes, which come from the ice-covered McMurdo Sound on the East (Clow et 

al., 1988; Fountain et al., 1999). In austral winter, the local climate is largely 

controlled by the wind regime; the katabatic winds can quickly increase the local 

temperature and drop the humidity (Clow et al., 1988). During non-winter 

seasons, the climate is controlled by relatively moderate winds and solar flux 

variation (Clow et al., 1988; Doran et al., 1994).  

 
1.1.2 MCM ecosystem: life existence and extreme sensitivity to climate change  

 
In this polar desert, the presence of liquid water is the primary limiting factor 

for life in the system (Moorhead and Priscu, 1998; Fountain et al., 1999). Energy 

is another key factor (Moorhead and Priscu, 1998). In the summer, the glacier ice 

melts and streams are formed, which bring water and nutrients to the soils and 

lakes. It is the only time when there is water in streams and soils (Moorhead and 

Priscu, 1998). The lake water budget depends on input from the glaciers, 
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streams and loss from evaporation and sublimation (Fountain et al., 1999). With 

water present, solar radiant energy drives photosynthesis that provides 

heterotrophic organisms with carbon and energy sources (Moorhead and Priscu, 

1998). The so-called “spatio-temporal” linkages between glaciers, streams, soils, 

rocks and lakes are the mechanisms for supplying this ecosystem with water, 

nutrients and organic carbon (Moorhead and Priscu, 1998). Spatial links between 

ecosystem components include the transport of water, solutes, nutrients and 

sediments by streams and wind (Squyres et al., 1991; Moorhead and Priscu, 

1998). Temporal links to the past ecosystem are exemplified by the soil organic 

matter in certain regions coming from ancient glacial tills and lacustrine systems 

as suggested by the isotopic signatures analysis of the organic matter in the soil 

and the relic sites (Moorhead and Priscu, 1998; Burkins et al., 2000). Life has 

been found in soils, streams, glaciers, rocks, streams, lakes, subglacial outflow 

and rocks by extensive studies with only selected references listed here 

(Freckman and Virginia, 1998; Priscu et al., 1998; de la Torre et al., 2003; 

Porazinska et al., 2004; Glatz et al., 2006; Smith et al., 2006; Mikucki and Priscu, 

2007; Wood et al., 2008). After all, the limited amount of liquid water, extreme 

coldness and uncoupled light-dark cycle makes the MCM Valleys a region where 

life approaches its environmental limits. The MCM ecosystem is relatively simple 

with dominance of prokaryotes and presence of eukaryotes only in less stressful 

sites (Moorhead and Priscu, 1998). There are no metazoans; the higher trophic 

organisms include bryophytes, rotifers, tardigrades and nematodes (Moorhead 
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and Priscu, 1998).  

As a polar desert, the McMurdo Dry Valleys are extremely responsive to 

climate change (Fountain et al., 1999). The impact of global and local climate 

changes on the Dry Valleys is at various levels. There are landscape changes 

over long geological years such as the advances and retreats of glaciers and ice 

sheets (Prentice et al., 1998; Fountain et al., 1999). The lakes went through 

repeated drying and filling events through their long history (Doran et al., 1994). 

Because of the cold and dry setting and delicate water linkages among 

ecosystem components, subtle climate changes can lead to magnified variations 

in the hydrologic regime (Dana et al., 1998; Fountain et al., 1998). Small 

variations in temperature, humidity and precipitation can potentially bring great 

effects on the ecosystem than they would in more temperate regions (Fountain et 

al., 1999) and this is termed polar amplification. Ecological function and biological 

diversity in the McMurdo Dry Valleys are profoundly influenced by both physical 

environment and climatic conditions variations (Fountain et al., 1999). Most of the 

climate change and ecosystem response studies in MCM have been focusing on 

the streams and lakes with most of the efforts coming from the Long Term 

Ecological Research program, which will be introduced below (Welch et al., 

2003).  

 
1.1.3 MCM: a LTER (Long Term Ecological Research) site  
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The McMurdo Dry Valleys are one of the 26 LTER (Long Term Ecological 

Research) sites, which all together represent diverse ecological environments on 

the planet. The LTER program is funded by US National Science Foundation 

(NSF) to gain knowledge on ecosystems through long-term and interdisciplinary 

research, to archive samples for the future, to train new generation of scientists 

and to educate the general public on the advances in understanding on the 

environment and the challenges we all are facing (URL: http://www.lternet.edu/). 

Since 1993, the start of the MCM LTER, data on geological, hydrological, 

geochemical, and biological factors for soils, streams, lakes and glaciers plus 

meteorology data have been collected in an ongoing basis (URL: 

http://www.mcmlter.org/). The original goals were to understand how physical 

and biological factors differentially constrain the structure and function of the 

McMurdo Dry Valleys and how the material transport contribute in modifying the 

ecosystem. With more questions having been addressed, now the focus is more 

about detailed biodiversity, functionality and the impact of climatic legacies.  

 
1.1.4 MCM has tremendous values for astrobiology 

 
The cold and dry McMurdo Dry Valleys of Antarctica are seen as the best 

terrestrial analog to Martian conditions (Andersen et al., 1990; McKay, 1993). 

Current astrobiology interests on Mars are on the possibilities of both past life, in 

particular the origin of life in advance of the Earth, and existing life (McKay, 1993; 

Wynn-Williams and Edwards, 2000). For many of the studies on MCM 
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ecosystems, fossils are used to make implications of potential past and current 

Martian life or provide insights to possible Mars life habitats. For example, the 

soils/paleosols from MCM show resemblance to soils/paleosols from various 

present and past Martian environments (Mahaney et al., 2001; Wentworth et al., 

2005). Existing life in Antarctic paleosols suggest that life may exist on Mars 

(Mahaney et al., 2001). The cryptoendolithic microbial community, which lives in 

pore spaces of exposed rocks in MCM, is suggested to be a potential niche for 

life on Mars (McKay et al., 1992; McKay, 1993). There has also been strong 

evidence of ancient lakes on Mars. MCM lakes whose features are illustrated in 

the following section are believed to resemble the purported paleolakes in Mars 

history; and the knowledge of MCM lakes are considered highly valuable for 

tracing fossils in future missions to Mars (McKay et al., 1992; Doran et al., 1998).  

Certain technology and instrument tests are also performed in MCM for their 

potential use in future outer space missions. For example, RF-Raman 

spectroscopy for detecting photosynthesis pigments and their fossils was used in 

studying cyanobacterial and endolithic communities in MCM and showed the 

potential for probing biomolecules on Mars (Wynn-Williams and Edwards, 2000). 

The Environmentally Non-Disturbing Under-ice Robotic Antarctic Explorer 

(ENDURANCE) robot probe was tested in West Lake Bonney to measure 

temperature, pH, chlorophyll-a, organic matter, ambient light, etc, in the summer 

of 2008 with the goal of helping NASA explore the underwater environment of 
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Europa, one of Jupiter's moons that is thought to harbor oceans under the thick 

surface ice (Priscu pers. comm.)(URL: http://www.evl.uic.edu/endurance/). 

 

1.2 Perennially Ice-Covered Lakes in MCM 

 
1.2.1 Life refuge in MCM and example lakes 

 
The McMurdo Dry Valleys contain over twenty permanent lakes and ponds; 

except for the hypersaline Don Juan Pond, all have a perennial ice-cover (Doran 

et al., 1994). These lakes are important components in the McMurdo Dry Valleys 

ecosystem in that they are the only habitats that contain permanent liquid water 

and support year-long activity, thus serving as life refuge in this harsh 

environment (Fountain et al., 1999)  

The three lakes in Taylor Valley are, from west to east, Lake Bonney, Lake 

Hoare and Lake Fryxell. The Taylor Valley lakes together with Lake Vanda in 

Wright Valley have been extensively studied, and, thus, will be used as examples 

to illustrate the physical, chemical and biological features of MCM lakes.  

Lake Bonney has two lobes, west lobe (WLB) and east lobe (ELB), each 37-

40 m deep; there is a narrow passage connecting both lobes with a sill at depth 

of 12-13 m. Above the sill, there is exchange and circulation through the passage 

and the two lobes share similar properties. But the two lobes have very different 

characteristics beneath the sill; therefore, the two lobes are usually considered 

as separate lake systems. 
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1.2.2 Physical properties  

 
The permanent ice cover is a very unique physical feature of the MCM 

lakes; it largely controls many other physical, chemical and biological features of 

the lakes while its own properties are regulated by the seasons and local climate 

conditions (Wharton et al., 1993). Ice thickness averages 3-6 m; transparency 

and roughness of the ice cover differs from lake to lake. The ice cover’s 

thickness and transparency affects the light penetration, thus controlling solar 

energy input and photosynthesis efficiency (Wharton et al., 1993; Neale and 

Priscu, 1998). The ice cover prevents wind driven mixing within the lake – the 

water column is stable and stratified. The ice cover limits the gas exchange of the 

water column and air. O2 and N2 are brought into the lake by inflow of aerated 

streams, which are excluded from the water by the water freezing at the bottom 

of the ice and then get trapped by the ice cover; thus the lakes usually exhibit O2 

and N2 supersaturation in the upper water column only. Photosynthesis also 

contributes to the oxygen supersaturation, but to a lesser extent (Simmons et al., 

1993). Sediment deposition is also limited by the ice cover (Wharton et al., 1993).  

The lakes in MCM are of different surface area and depth (Spigel and 

Priscu, 1998). The lakes have distinct temperature profiles. Both lobes of Lake 

Bonney have warmer surface waters above 0˚C but colder, below 0˚C bottom 

water. Lake Fryxell has colder surface water slightly above 0˚C, but then 

increases to around 2˚C and remains the same down to the bottom. Lake 
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Vanda’s temperature increases with depth and reaches as high as 25˚C at the 

bottom; this is mostly due to the greater transparency of water and ice cover so 

that irradiance comes in and heat captured at the bottom by the hypersaline 

water (Spigel and Priscu, 1998). 

 
1.2.3 Chemical properties 

 
Chemical stratification is a common feature of most MCM lakes. Salinity 

increases with depth in all lakes, and accordingly, the lakes show permanent 

density stratification (Spigel and Priscu, 1998). Oxygen distribution in all these 

lakes is featured by a distinct oxycline, with surface waters supersaturated with 

O2 and suboxic to anoxic bottom water (Lee et al., 2004). 

In general, the chemical features of MCM lakes are more different than not 

in many aspects. Lake Hoare has freshwater throughout the water column; most 

other lakes only have freshwater in the surface. Lake Fryxell has a brackish 

bottom layer (about 25% seawater salinity); both lobes of Lake Bonney and Lake 

Vanda have hypersaline bottom water (Matsumoto, 1993). The ionic ratios are 

quite different even in fresh surface waters (Lyons et al., 1998). In WLB, ELB and 

Lake Vanda, there is a strong halocline. There is no distinct halocline in Fryxell; 

instead, salinity increases almost in a linear relationship with depth (Lee et al., 

2004). Lake Vanda’s major solute is calcium chloride rather than sodium chloride 

as in most other lakes. The nutrient characteristics are different too. Priscu 

(Priscu, 1995) investigated phytoplankton inorganic nitrogen and phosphorus 
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nutrient deficiency and showed that Lake Hoare and Lake Fryxell were nitrogen 

deficient whereas Lake Bonney and Lake Vanda were phosphorus deficient but 

to a much less extent for Vanda.  

The MCM lakes also exhibit very unique carbon, nitrogen and sulfur species 

compared to each other. Lake Fryxell’s bottom water has a distinctly high 

concentrations of methane and sulfide, which do not usually appear in MCM 

lakes (Smith et al., 1993). Dimethylsulfide (DMS) and dimethylsulfoxide (DMSO), 

which are potential global climate influencing compounds, appear in WLB and 

ELB, but show different depth profile in their water columns. DMS and DMSO 

both increase with depth in WLB, where in ELB DMS first increases then 

decreases and DMSO starts to increase significantly around or slightly below the 

chemocline (Lee et al., 2004). ELB has extremely supersaturated nitrous oxide 

(N2O) concentrations; this high concentration is not found in any other lake 

system (Voytek et al., 1998). Current and past microbial activities may be 

involved in the distributions of some of the chemical species. For example: by 

detection of sulfate reduction functional gene sequences in Fryxell, sulfate 

reducers are most likely responsible for sulfide production (Karr et al., 2005). 

Methane’s biological origin in Fryxell was shown by measuring methanogenesis 

activity in the sediments (Smith et al., 1993) and by the detection of 

methanogens’ 16S rRNA gene sequences (Karr et al., 2006). Priscu suggested 

the N2O in ELB could be a ‘fossil record’ of microbial production (Priscu et al., 

1996).  



 11 

 
1.2.4 Biological properties 

 
The food web is without the presence of crustacean zooplankton but 

dominated by protozoans. Rotifers are the highest trophic level (James et al., 

1998). The very minimal predation suggests a bottom-up control in the MCM 

lakes ecosystem (James et al., 1998; Moorhead and Priscu, 1998). In this 

section, the properties of prokaryotes are the primary focus. While 

microorganisms are a broader concept including protozoa, in this dissertation, 

unless otherwise mentioned, microorganism, microbial community and 

microbiology are used specifically for prokaryotes.  

The microbial community exists in the ice cover (Olson et al., 1998; Priscu 

et al., 1998) and water column as phytoplankton and bacterioplankton (Takacs 

and Priscu, 1998; Glatz et al., 2006). There are also benthic microbial mats and 

sedimentary microbial communities. Aeolian-derived sediments in the ice cover 

absorb solar heat, which develop liquid inclusions and provide nutrients for the 

establishment of an enriched physiologically- and ecologically-diverse microbial 

consortium that is capable of photosynthesis, nitrogen fixation and decomposition 

(Priscu et al., 1998). Previous study showed at least 95% phototrophy was 

located within the aggregates rather than the ice matrix melt community in the 

Lake Bonney ice cover (Paerl and Priscu, 1998), suggesting that the ice 

sediment aggregates could be the dominant survival way for the microbial 

community as an “oasis” in the lake ice cover (Priscu et al., 1998).  
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With about 78%-99% of incident irradiance reduced by the ice cover and 

mostly blue-green irradiance selectively transmitted into the lake (Howard-

Williams et al., 1998), the phytoplankton in the MCM lakes show some low-light 

acclimation characteristics and adopt a photosynthetic apparatus most efficient 

for blue-green light absorption (Neale and Priscu, 1998).  

Bacterioplankton is important component in the lake ecosystems; some of 

the lakes’ distinct physiochemical features are largely due to the interaction 

between the water column geochemistry and bacterioplankton as described in 

Lakes’ chemical properties. There are also viruses in these lakes, which are 

suggested to be involved with the bacterial biomass dynamics in the system and 

contribute to carbon recycling (Takacs and Priscu, 1998; Laybourn-Parry, 2009).  

 
1.2.5 Brief review of microbiology studies in MCM lakes  

 
The McMurdo Dry Valleys LTER limnology team has been characterizing 

the lakes’ nutrient, cell abundance, primary production, bacterial production, 

physical and chemical features in the water column. Bacterioplankton and 

phytoplankton diversity and dynamics have been investigated in a few studies 

(Spaulding et al., 1994; Lizotte and Priscu, 1998; Takacs and Priscu, 1998; Glatz 

et al., 2006). Microbial food web structure has also been studied (James et al., 

1998; Roberts et al., 2000; Laybourn-Parry, 2009). The stable stratification in the 

MCM lakes provides ideal conditions for investigating redox-sensitive 

biogeochemical processes (Downes and Priscu, 1995). Lee et al. examined the 
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thermodynamic features in the lakes to test if some of the chemical compound 

distributions in the lakes were from thermodynamic constraints on microbially-

mediated processes (Lee et al., 2004). Microbial diversity or specific functional 

groups were also studied to look into the microorganisms’ involvement and 

interaction with the lakes’ biogeochemistry (Canfield and Green, 1985; Bratina et 

al., 1998; Karr et al., 2005; Glatz et al., 2006; Karr et al., 2006). A collaborated 

International Polar Year (2007-2009) project nicknamed “Polar Night”, deployed 

between January and April 2008, also aimed to study overall microbial 

ecosystem responses to the summer-to-winter season transition when the 

available sunlight decreases progressively (Mikucki, 2009). 

 
1.2.6 MCM lakes long history and climate change studies in the lakes  

 
The MCM lakes have a long and complex history and they provide important 

records of catchment and environmental changes. The current lakes are mostly 

the remnants of larger proglacial lakes that existed in the valleys for up to 4.6 Ma 

years (Doran et al., 1994). For example, a single, huge proglacial lake, Lake 

Washburn was suggested to occupy the Taylor Valley during the entire late 

Wisconsin time and Lake Fryxell is supposed to be a remnant of Lake Washburn 

(Doran et al., 1994; Wagner et al., 2006). Because ice cover thickness is highly 

dependent on ambient air temperature and that MCM lakes are strongly 

influenced by the connecting components such as glaciers and ice-sheets, these 

lakes are very sensitive to global climate change (Lyons et al., 2000). Drying and 
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refilling in the lakes were suspected to have occurred in response to climate 

change and left characteristic salt profiles and ionic compositions in some of the 

lakes (Doran et al., 1994; Lyons et al., 2006). Some observations of the 

environmental changes’ influence on the lakes in more recent history were made 

in Lake Fryxell, which has the highest number of streams, thus, suspected to 

receive more impact by climatic variations. In the 2001/2002 summer, the 

warmest one in Taylor Valley since 1985, Fryxell received increased melt water 

while surface water Cl- was significantly reduced. The increase in inflow also 

seemed to enhance primary production possibly by bringing in more nutrients. 

There was a rapid drop of sulfate concentration in the Fryxell water column from 

1962 to 1982. It was speculated that the freshwater input increased during that 

time, and there was higher phytoplankton organic matter production, which 

helped fuel sulfate reduction (Lyons et al., 2006).  

 

1.3 Features and Scientific Significance of Sediments in MCM Lakes  

 
1.3.1 Sedimentation mechanisms in MCM lakes 

 
Sedimentation in the MCM lakes is very different from temperate lakes due 

to direct blocking by the ice cover. There is no ground water runoff, rain flushed 

dust or dead plants. The detailed sedimentation mechanisms were studied using 

Lake Hoare as an example. In the summer, when there is a moat area around 

the edges of the lakes, a certain amount of fine sediment is carried in by streams 
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and settles from suspension (Squyres et al., 1991). Terrigenous materials were 

also brought to the ice cover by the wind, e.g. aeolian dust, soil particles, and 

weathered rocks. The terrigenous materials on the ice cover absorb solar 

radiation, contributes to local melting of the ice-cover and the rough ice 

topography (Andersen et al., 1993). Sedimentary aggregates can be observed in 

the ice cover. Later on they are transported through fractures or porous conduits 

of the ice cover, which mostly form in the summer, and are deposited on the 

bottom of the lake. While the ice cover thickness is one influencing factor on the 

sediment’s penetration through the ice cover, the trapped sediments, in turn, can 

affect the thermal budget of the ice cover, thus thickness of the ice cover – this is 

termed ice-sediment interaction (Andersen et al., 1993). The growing microbial 

mats will then rapidly stabilize and colonize the fresh deposit. In addition, the 

mats may trap or precipitate minerals such as carbonate (Doran et al., 1994). 

The repeated cycle of terrigenous material’s deposition and microbial mat burial 

is the main sedimentation mechanism in MCM lakes. Dead phytoplankton 

deposition also contributes to sedimentation. There are small sand mounds 

formed from the sedimentation process. The sediments are interspersed layers 

of clastic sediments with biogenic sediment and evaporites. (Andersen et al., 

1993).  

Accumulation of terrigenous materials on the ice cover, the size and 

textures of the particles can all be quite variable within and among the lakes. The 

ice cover thickness and ice topography also influence sedimentation. Sediment 



 16 

trap experiments at the bottom of lake Hoare showed localized sedimentation 

and substantial variability in the lake (Squyres et al., 1991). The presence and 

compositions of phytoplankton and microbial mat detritus are also variable; 

therefore, sediments can be heterogeneous within and among lakes (Andersen 

et al., 1993).  

 
1.3.2 Sediments in MCM lakes as modern-day stromatolites  

 
The structure of the MCM sediments is considered to be like modern-day 

stromatolites (Squyres et al., 1991). The microbial mats are precursors of 

stromatolites; they trap and bind the sediments and they can precipitate minerals. 

The organo-sedimentary structures formed as a result of their interactions with 

microorganisms are generally defined as stromatolites (Awramik et al., 1976). 

Because there is minimal perturbation of the sediment or microbial mats, a 

consistent record of alternating organic- and inorganic-rich layers is preserved in 

the benthic sediment (Squyres et al., 1991). And the stromatolite structure can be 

well preserved in MCM lakes at least on time scales of 103 years given the cold 

temperature and sometimes high salinity (Doran et al., 1994). 

 
1.3.3 Sediments for paleolimnology and climate change studies  

 
As introduced earlier, the MCM lakes are very sensitive to climate change; 

MCM lake sediments are particularly useful for paleolimnology studies and 

providing insight to past climate changes. Lake sediments accumulate in an 
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ordered manner through time. Lake sediments preserve physical, chemical and 

biological records of surrounding environment at the time of the sediment’s 

deposition (Binfold, 1990). That is even so for the MCM lakes, which rarely have 

vertical currents. The past events of the lakes’ drying and filling due to climate 

changes were marked in the sediments by the distribution of certain chemical 

constituents, particularly salts, carbonate speciation and oxygen isotopic 

signatures. Cyanobacterial filament, diatom frustules, photosynthetic pigments, 

and protozoan cysts can be useful paleo-indicators for making inferences 

concerning the paleoenvironment (Doran et al., 1994). Due to the slow 

sedimentation rate, the historic sediments can be represented in relative short 

sequences of sediments cores. In Lake Hoare, the 3 years of sediments 

collected by the trap were calculated to show between 0.02 to 0.09 cm-1 of an 

increase in thickness (Andersen et al., 1993). Radiocarbon dating on a long 

sediment core from Fryxell showed that the surface-to-8.4 m deep sediment 

represented almost 20,000 years of deposition (Wagner et al., 2006).  

 
1.3.4 Sediments as references for past Martian life 

 
The MCM lake sediments’ modern stromatolite structures provide Earthly 

references for the preservation of fossils on Mars (McKay et al., 1992). It is 

believed that ice-covered lakes existed on Mars and resembled current MCM 

lakes (McKay et al., 1992; Doran et al., 1998). Investigations of δ13C of carbonate 

and organic matter in the MCM lake sediments was used by Doran et al. to help 



 18 

assess different types of paleolake deposits with respect to their utility as Martian 

analogs and targets for potential paleobiological matter discovery sites in future 

Mars missions (Doran et al., 1998). Their conclusion was that the lacustrine sand 

mounds (lake bottom deposits), which contain abundant authigenic carbonate 

and freeze-dried organic matter, are excellent records of paleolimnological 

conditions rather than lake edge deposits such as strand lines or deltas. But 

visually bigger deltas are mostly useful for guiding attention to deposit sites of 

smaller lacustrine sand mounds.  

 
1.3.5 Sediments as model systems for biogeochemistry studies 

 
Due to the stable chemical environment and lack of grazers, the sediments 

of the MCM lakes also serve as great model systems for studying the interaction 

between microbial community and lake geochemistry (Downes and Priscu, 1995; 

James et al., 1998). Methanogenesis activity was measured in Fryxell sediments 

but not in the water column; the sediments were also the major sources of 

dissolved organic carbon (DOC) and ammonia in the lake (Smith et al., 1993). 

There have not been many other biogeochemical processes studied on 

sediments in MCM lakes. In general, sediments in lacustrine and marine systems 

are metabolically versatile (Nealson, 1997). Deciphering the interrelationship 

between the distinct geochemistry in the MCM lakes with the microbial 

community of the sediments may help understand various microbially-mediated 

geochemical conversions and nutrient cycling in other environments.  
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1.4 Two Study Sites: West Lake Bonney and Lake Fryxell from Taylor Valley 

 
West Lake Bonney and Lake Fryxell are at the west and east end of 

Taylor Valley, they differ significantly in physical, chemical features. Here the 

detailed features of the two lakes are summarized and the significant 

microbiology studies on the two lakes are reviewed.  

 
1.4.1 West Lake Bonney 

 
West Lake Bonney (77˚43’S, 162˚17’E) is the most inland lake in Taylor 

Valley, which is at the foot of the Taylor glacier and is linked to the Blood Falls a 

red colored, iron-rich subglacial outflow from the Taylor glacier. It is about 40 m 

deep with a 0.99 km2 surface area. The ice cover thickness varies between 2.8-

4.5 m, the maximum temperature in the lake is about 3˚C at 9-10 m and the 

minimum temperature in the lake is about -5˚C at the bottom (Spigel and Priscu, 

1998). The pH varies between 6 (lower depth) to 8 (surface depth) (Lee et al., 

2004).  

West Lake Bonney exhibits the classic chemical distribution of a stratified 

lake, with the chemocline lying at 15-17 m where oxygen dramatically decreases 

and conductivity increases significantly. The bottom of the lake is suboxic to 

anoxic and it is hypersaline. Nitrogen is depleted in surface water. Nitrate and 

nitrous oxide both show peaks around the chemocline and decreases to non-

detectable concentrations at the bottom. This distribution suggests aerobic 
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nitrifying bacteria activity and anaerobic denitrifying bacteria above and below the 

chemocline, respectively (Voytek et al., 1998). Dimethylsulfide (DMS) and 

dimethylsulfoxide (DMSO), which may impact global climate, appear in very high 

concentrations in WLB (Lee et al., 2004) but it is still unclear how these two 

compounds were formed and accumulated or whether and how microbial activity 

is involved.  

Lake Bonney has been quite extensively studied with regard to the ice cover 

and planktonic microbial communities. Paerl and Priscu showed that at least 95% 

of phototrophy was confined to ice sediment aggregates in the Lake Bonney ice 

cover. Phototrophy, heterotrophy and diazotrophy co-exist in the aggregate 

community, most likely through close spatial and temporal coupling of nutrients 

and energy in the consortia for sustaining life in such an extreme environment 

(Paerl and Priscu, 1998). Bacterial and cyanobacterial cells were observed 

directly attached to the sediment by confocal microscopy. The genus Phormidium 

appeared to be the most abundant cyanobacteria. The genus Chamaesiphon, 

nitrogen-fixing genus Nostoc and some unidentified coccoidal cyanobacteria 

were more rare. Diatoms were also detected in the ice sediment aggregate 

(Priscu et al., 1998).  As nitrogen availability is a key nutrient factor for microbial 

production in the MCM ecosystem, the particular N2-fixation consortium was also 

investigated in the Lake Bonney ice cover microbial aggregate. A diverse 

diazotrophic community consisting of both autotrophic cyanobacteria, such as 
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Nostoc and Nostoc-like sp., and heterotrophic bacteria, mostly associated with 

Gammaproteobacteria, were found (Olson et al., 1998).  

In the West Lake Bonney water column, there were only a limited number of 

known bacteria phyla found by 16S rRNA gene clone libraries. Bacterioidetes 

was the most dominant phylum, followed by Actinobacteria, Gamma-, Alpha-, 

Beta-proteobacteria and Planctomyetes. No other bacteria phylum was found. 

Many of the sequences were most closely related to environmental clones or 

isolates from cold or salty environments. One of the sequences is in the 

denitrifying Marinobacter sp. cluster, which corresponds to the suggested 

denitrification activity in the lake (Glatz et al., 2006). Only one archaeal OTU was 

found which belongs to the uncultured marine ‘group 2’ archaea; the archaea cell 

abundance was suggested to be low too (Glatz et al., 2006).  

 
1.4.2 Lake Fryxell 

 
Lake Fryxell is about 7-8 km from the ocean in the eastern part of Taylor 

Valley, which had been in direct contact with the ocean up until the early 

Pliocene (Lyons et al., 2000). On its western side, Fryxell connects with the 

Canada glacier and receives glacier melt water from it during the summer. It is 

the shallowest lake in Taylor Valley with a maximum depth of 20 m. It has a large 

surface area of 7.08 km2 with an ice cover thickness of between 3.3-4.5 m. The 

minimum temperature is about 0˚C immediately underneath the ice cover, then it 
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increases to 2˚C in upper middle depth and remains around 2˚C to the bottom. 

The pH is about 7.5 throughout the water column (Lee et al., 2004).  

Lake Fryxell is mostly an internally-driven ecosystem with low nutrient and 

DOC input from stream water (Smith et al., 1993). There’s no outflow or loss of 

organic compounds or dissolved salts (Matsumoto et al., 1989). Like many other 

lakes of the McMurdo Dry Valleys, Lake Fryxell exhibits a stable and stratified 

water column geochemistry; it has a fully oxygenated upper zone going down to 

an anoxic bottom with increasing salinity. Lake Fryxell’s bottom water is brackish 

with about 1% salinity (Karr et al., 2005). Sulfate concentration is high above the 

middle-lower depths where it reaches its maximum concentration of about 1.7 

mM then it decreases in a linear fashion to at most 0.1 mM at the water-sediment 

surface (Karr et al., 2005). (There are some variations on the concentration of the 

chemicals in Fryxell as reported in different studies.) Sulfate concentration 

remains very low in the sediments (Madigan, pers. comm.). Bottom water and 

surface sediments are very reduced environments with high sulfide and NH4
+ 

concentrations. H2S is 1.4 mM (Karr et al., 2005) and NH4
+ is 0.4 mM (Lee et al., 

2004) at the water-sediment inerface. Fryxell water chemistry is also distinct in its 

high concentration of methane, which appears around 10-12 m and increases to 

the bottom water in a concave shaped curve with a water-sediment surface 

concentration of about 0.9 mM (Karr et al., 2006). The concave shape in the 

water column is indicative of a methane sink through anaerobic oxidation of 

methane (AOM) (Smith et al., 1993; Lee et al., 2004; Karr et al., 2005; Karr et al., 
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2006; Sattley and Madigan, 2006). AOM has also been found to be significant in 

sediments (Madigan, pers. comm.). Measurements of dissolved inorganic carbon 

(DIC), including dissolved CO2, and DOC also show an essentially linear 

increase through the water column (Lawrence, 1985; Smith et al., 1993). The 

sediment is considered the major source of CH4, NH4
+ and DOC in the water 

column (Smith et al., 1993).  

Lake Fryxell is the most productive lake in MCM on a volumetric basis 

(James et al., 1998). Bramilla et al. studied prokaryotic diversity on a moat zone 

microbial mat by both culture and 16S rRNA clone library methods (Brambilla et 

al., 2001): high bacteria diversity was found but only two archaea OTUs were 

detected by archaea clone library. Cultured bacterial strains included the 

anaerobic bacterium Clostridium estertheticum and the aerobic Flavobacterium 

hibernum, Janthinobacterium lividum and Arthrobacter flavus. The non-culture 

cloning method showed that the dominant phyla were Proteobacteria, 

Actinobacteria, the Clostridium / Bacillus group and the Cytophaga-

Flavobacterium-Bacteriodes group. The cultured and uncultured methods 

showed different species coverage and abundance. The dominant archaea OTU 

had the closest relative to methanogen Methanosphaerula palustris; the other 

OTU was closely related to the ammonia-oxidizing autotrophic Candidatus 

Nitrosopumilus maritimus (Brambilla et al., 2001). Several strains of obligatory 

chemolithoautotrophic cold-active sulfur-oxidizing bacteria were isolated from 

around the oxycline in Fryxell and were found to be related to a Thiobacillus 
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species. Archaea and sulfate reducing bacteria diversity had been studied on 

both water column and surface sediments (Karr et al., 2005; Karr et al., 2006). 

Archaea diversity was studied by denaturing gradient gel electrophoresis 

(DGGE) on the 16s rRNA gene. Methanogens related to Methanosarcina sp. and 

Methanoculleus sp. were found in sediments. A cluster of Euryarcheota 

sequences found in the lower water column was suspected to perform anaerobic 

methanotrophy. One sequence belonging to the Crenarchaeota Marine Benthic 

Group C was also found in the water column. Sulfate reducing bacteria were 

suspected to be responsible for high sulfide concentrations at the bottom of the 

lake. DGGE based on the dissimilatory sulfite reductase gene (dsr), revealed a 

diverse group of sulfate reducing bacteria in Fryxell. Two clusters were distantly 

related to the Desulfovibiro genus; one cluster was a deep branch of the 

Desulforhopalus genus; the other six clusters were novel lineages.   

 

1.5 Microbial Diversity Studies in Extreme Environments 

 
Exploring microbial diversity in extreme environments has been of great 

interests to microbiologists. The potential discovery of new species and novel 

metabolisms can be important from both a basic science and a practical 

application perspective. For example, a microbial diversity study in a hot spring, 

the Obsidian Pool in Yellowstone National Park, discovered bacteria of many 

Candidate Divisions, namely OP1-OP12 (Hugenholtz et al., 1998). Many of these 

bacteria in extreme environments are considered promising sources for new 
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pharmaceutical drugs and an engineering use of novel chemicals, enzymes or 

strains. The origins of life may be inferred from microorganisms living in 

hydrothermal vents or cold seeps. There’s speculation about the long isolation of 

subglacial lakes and the resemblance of subglacial environment to other ice-

covered worlds in solar system such as Europa, a moon of Jupiter. There are lots 

of subglacial lakes in both the Arctic and Antarctic, the largest one found so far is 

Lake Vostok in East Antarctica. Lake Vostok is covered with about 4 km of ice 

and has been isolated for at least 420,000 years (Petit et al., 1999). About 150 m 

of ice right above the lake is called accretion ice, which form by lake water 

freezing under the top glacial ice. Because of contamination concerns, the ice 

has not been drilled all the way through to the lake, but microbiologists have had 

chances to study trapped accretion ice microorganisms for the implication of 

microbial life in the lake. Microbial cells were found in accretion ice cores at the 

magnitude of 102 to 104 cells per milliliter (Karl et al., 1999; Priscu et al., 1999). 

However, different studies seemed to reveal the presence of different 

microorganisms. Christner et al. recovered bacterial isolates belonging to 

Brachybacteria, Methylobacterium, Paenibacillus and Sphingomonas lineages 

(Christner et al., 2001). Priscu et al. detected 16S rRNA gene sequences closely 

related to Alpha- and Beta-proteobacteria (Priscu et al., 1999) and 

Actinomycetes. Bulat et al. only recognized one 16S rRNA gene phylotype 

representing the themophilic and chemolithoautotrophic Hydrogenophilus genus 

of Betaproteobacteria and considered all other recovered phylotypes to be 
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contaminants (Bulat et al., 2004). It was suggested by Bulat et al. that 

thermophilic chemolithoautotrophic microbial communities were sustained in 

Lake Vostok (Bulat et al., 2004). It’s still unknown what kind of microorganisms 

are actually living in Lake Vostok, if any. Hopefully, in the future, it will be 

revealed.  

 

1.6 Sulfate Reduction and Methanogenesis  

 
1.6.1 Two terminal anaerobic carbon metabolism pathways 

 
Sulfate reduction and methanogenesis are two terminal anaerobic 

remineralization pathways that convert (usually) low molecular weight organic 

carbon to CO2 and methane (Teske et al., 2003). During earlier stages of 

anaerobic decomposition process, complex organics are degraded by other 

organisms to simpler compounds, which then serve as substrates for the final 

step of conversion by sulfate reducers and methanogens (Ward and Winfrey, 

1985). Both are believed to be ancient pathways that existed before the 

accumulation of oxygen on earth (Teske et al., 2003).  

 
1.6.2 Sulfate reducing prokaryotes and their substrates 

 
Quite a few groups of bacteria and archaea, collectively called sulfate 

reducing prokaryotes (SRP), perform sulfate reduction by using sulfate, 

alternatively, thiosulfate or sulfite, as terminal electron acceptors for oxidation of 
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organic compounds or H2. This process produces energy for cell synthesis and 

growth with the release of sulfide and is termed dissimilatory sulfate reduction, in 

contrast to assimilatory sulfate reduction, which produces reduced sulfur for 

biosynthesis (Hansen, 1994; Rabus et al., 2006). Known SRPs, so far, are 

metabolically, physiologically, morphologically and phylogenetically diverse. They 

belong to 5 major groups. Four of the groups are bacterial lineages: the delta-

subclass of Proteobacteria; the Desulfotomaculum/ Desulfosporosinus/ 

Desulfitobacterium group of Firmicutes; the thermophilic 

Thermodesulfobacterium and Thermodesulfovibrio genera. The other group is 

the archaeal thermophilic genus Archaeoglobus (Castro et al., 2000; Rabus et 

al., 2006). So far, there are only two Archaeoglobus species isolated, A. fulgidus 

and A. profundus. The growth of Archaeoglobus species require high 

temperature (optimum 82˚C - 85˚C) and salts (1.5% - 1.8% NaCl), so they are 

only found in limited environments such as hydrothermal vents or submarine 

volcanoes and their eruption plumes (Thauer and Kunow, 1995). By convention, 

sulfate reducing bacteria (SRB) is a more commonly used term than SRP.   

A variety of organic compounds can serve as substrates for heterotrophic 

growth. Examples include typical fermentation and intermediate break-down 

products such as acetate, fatty acids, amino acids, glycerol and petroleum-based 

products such as alkanes, toluene, bezene and polyaromatic hydrocarbons 

(PAHs) (Hansen, 1994; Dhillon et al., 2003). Other SRPs derive energy from H2 

oxidation with either CO2 or organic compounds as carbon sources for 
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chemoautotrophic or chemoorganotrophic growth (Hansen, 1994; Rabus et al., 

2006). Some strains oxidize organic compounds completely to CO2, some others 

can only perform incomplete oxidation to an intermediate, usually acetate 

(Hansen, 1994).  

 
1.6.3 Methanogens and their substrates 

 
All known methanogens belong to the Euryarcheota phylum of Archaea 

kingdom and produce methane. The phylogenetically diverse methanogens are 

classified into 5 orders: Methanobacteriales, Methanococcales, 

Methanomicrobiales, Methanosarcinales and Methanopyrales, which only has 

one isolate Methanopyrus kandleri (Boone et al., 1993).  

Despite a large phylogenetic diversity, methanogens utilize a very limited 

number of simple compounds including H2/CO2, acetate, formate, propanol, 

ethanol, compounds with methyl group such as methanol, methylated amines 

(methylamine, dimethylamine and trimethylamine), methanethiol and 

dimethylsulfide (Zinder, 1993; Whitman et al., 2006). Depending on different 

substrates, there are three main methanogenic pathways: the CO2 reducing 

pathway with H2 or formate as electron donors; the methyltrophic pathway that 

catabolizes methyl-group compounds, and the aceticlastic pathway which splits 

acetate through oxidation of carboxyl group to CO2 and the reduction of methyl 

group to methane (Boone et al., 1993). In certain cases, methane can be 

produced from acetate via a two-step process in which acetate is first oxidized to 
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H2 and CO2, and then CO2 is reduced by H2 to form acetate (Zinder and Koch, 

1984). The acetate oxidation step is usually performed by syntrophic acetate-

oxidizing bacteria (often Chlostridium spp.), which associate with 

hydrogenotrophic methanogens (Karakashev et al., 2006).  

 
1.6.4 Old paradigm of SRBs and methanogens’ competition with new insights 

 
SRBs and methanogens occupy similar niches at the terminal stage of 

anaerobic degradation of organic matter (Ward and Winfrey, 1985). In natural 

environments with abundant sulfate such as marine sediments, SRBs dominate 

over methanogens whereas in low-sulfate environments, such as fresh water 

sediments, methanogens are the major scavengers (Raskin et al., 1996). This 

paradigm is believed to be due to their competition for common substrates, 

hydrogen and acetate, which are the ultimate end-products of many fermentative 

pathways, and that SRBs can outcompete methanogens due to their kinetic and 

thermodynamic advantages (Raskin et al., 1996). Recent studies have found 

large SRB populations or high SRB diversity or significant sulfate-reducing 

capacities in low sulfate / sulfate depleted environment (Raskin et al., 1996; Loy 

et al., 2004; Leloup et al., 2006; Schmalenberger et al., 2007). Possible 

explanations include (1) some fresh-water SRBs may adapt to low sulfate 

condition and have greater affinity to sulfate then marine SRBs (Leloup et al., 

2006), and (2) some SRBs can grow syntrophically with hydrogen- or formate- 



 30 

consuming methanogens on certain substrates and they don’t need to reduce 

sulfate (Raskin et al., 1996).  

 

1.7 Significance and Objectives of this Study 

 
1.7.1 Justification of this study in broader contexts  

 
In general, studies of microbial survival in the McMurdo Dry Valleys may 

help expand the current knowledge of microbial diversity on earth; reveal the 

microbial community’s adaptation to extreme cold environments; and as the 

terrestrial analog of Mars, provide insights into life on other planets. In the MCM 

lakes, the refuge for life in the MCM, the microbial community is not isolated, but 

connected to microbial life outside of the lakes through glaciers, streams and 

strong winds. In a way, the microbial community in the MCM lakes could be a 

collection of microorganisms from different locations of Dry Valleys that adapt to 

the lake environments and the microbial community has been evolving with local 

and global environmental changes through geological years till present time.  

The microbial diversity of the sediments in MCM lakes is largely unknown. It 

is a good starting point to decipher the sediments’ microbial community structure 

and function. Learning the sedimental microbial community is essential to the 

understanding of the lake systems’ microbial community as a whole. With 

previous studies on the characterization of the ice covers’ and water columns’ 

microbial community, a more synthesized overview of the lake’s ecosystem may 
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be obtained. This overview can be useful in elucidating the life linkages in the 

entire McMurdo Dry Valleys.  

The MCM sediments represent a stable chemical environment with 

minimum disturbance and lack of grazers; the model system may be utilized in 

answering questions such as what are the influencing environmental factors on 

the microbial community and how the microbial communities interact with the 

geochemistry in the lake. Particularly, more direct evidence of microbial activities 

and metabolic pathways in energy utilization and the conversion of substrates, 

thus chemistry change, may be obtained.  

The layered stromatolite structure of the MCM lake sediments prompts 

interests on whether the microbial communities in the sediments show an 

interlayed pattern corresponding to the sediment formation and if there is a 

consistent difference in the microbial community structure between the organic-

rich layers and the inorganic-rich layers. Also, the possible microbial community 

changes in response to any significant historic changes in the lake may help 

provide insights or corroborate current evidence of certain past local or global 

climate change events. 

 
1.7.2 Objectives and layout of this dissertation 

 
The first objective of this dissertation was to characterize the overall 

microbial biodiversity in sediments of West Lake Bonney (WLB) and Lake Fryxell. 

As introduced above, West Lake Bonney and Lake Fryxell, which are at the west 
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end and east end of Taylor Valley, respectively, are very distinct in their physical 

and geochemical conditions. The environmental parameters of the lake bottoms 

are assumed to also dictate surface sediments. Briefly speaking, the WLB bottom 

water is hypersaline and suboxic to anoxic. Temperature is as low as -5˚C and 

the pH is slightly below 6. Dimethylsulfide and dimethylsulfoxide reach their 

highest concentrations of around 350 nM and 200 nM, respectively, at the bottom 

(Lee et al., 2004). Fryxell bottom water is brackish and anoxic. Temperature is 

about 2˚C with the pH around 7.5 (Lee et al., 2004). At the bottom water, sulfide 

and methane have their highest concentration while sulfate has its lowest 

concentration. A large amount of NH4
+ is accumulated at the bottom of both 

lakes, indicating a remineralization process in anoxic conditions.  

The second objective was to look at the microbial community depth profile 

of the sediments. Considering the very slow sedimentation rates in MCM lakes, 

the about 4m long West Lake Bonney sediment core sample was good for 

investigating whether the microbial DNA signatures were well preserved and 

what the historic microbial community structure was like. On the other hand, the 

short, surface 14 cm Fryxell sediment core was good for studying relatively fine 

scale sedimental microbial community changes during relatively recent 

geological years.  

The third objective was to specifically look at the Lake Fryxell sediments’ 

potential sulfate reducing capabilities by studying the dissimilatory sulfite 

reductase dsrAB gene. As introduced before, a previous study used DGGE to 
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characterize dsrAB diversity and they revealed a few major clusters. This study 

extended the previous work by using a higher resolution clone library method and 

also covered a depth profile of dsrAB diversity in the surface anoxic Fryxell 

sediments.  

Chapter 2 addresses the first two objectives for West Lake Bonney while the 

chapter 3 addresses the first two objectives for Lake Fryxell. Chapter 4 

addresses the third objective. In these three research chapters, based on the 

collective information of diversity, phylogeny, environmental parameters and 

sediment features, etc, a connected view or general inferences were proposed 

on the sediments’ microbial community structures and functions. An attempt was 

also made to look at environmental parameters that could have influenced the 

sediments’ microbial community, certain phylotypes’ functionality in the 

environment and the microbial community’s interaction and contribution to lake 

geochemistry. 

In conclusion, this dissertation presents the first overall prokaryotic diversity 

characterization in lake sediments of the McMurdo Dry Valleys and the depth 

profile of the microbial community structure in these sediments. Furthermore, the 

dissimilatory sulfite reductase dsrAB gene, which is essential in sulfate reduction, 

was investigated in anoxic Lake Fryxell sediments as a way to probe into this 

particular terminal carbon metabolism pathway in the lake.  
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Chapter 2 

Prokaryotic community structure in sediments of  
West Lake Bonney, Taylor Valley, Antarctica 

 

2.1 Abstract 

 
Bacteria and archaea diversity based on 16S rRNA gene marker was 

characterized in 5 subsections of a nearly 4m long sediment core retrieved from 

the west lobe of Lake Boney (WLB) in this study. Denaturing gradient gel 

electrophoresis (DGGE), together with band sequencing, was performed for 

assessing both bacterial and archaeal diversity. Clone libraries were also 

constructed and coupled with restriction fragment length polymorphism (RFLP) 

and sequencing for higher resolution analysis of bacterial diversity and 

community structure. Statistical analyses (i.e., cluster analyses, Treeclimber and 

∫-LIBSHUFF) were performed to compare microbial population composition 

among different depths of the sediments. Very low archaea diversity and 

moderately high bacterial diversity were observed. Archaeal DGGE bands 

revealed a few Crenarcheota sequences whereas only one sequence type 

belonging to Euryarcheota was obtained in the water column from a previous 

study (Karr et al., 2005; Karr et al., 2006). However, the same previous study and 

this current dissertation study identified Bacteroidetes and Proteobacteria to be 

the most abundant bacteria phyla in the sediments and the water column. More 
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bacteria phyla were detected in the sediments than in the water column along 

with a higher level of diversity at the OTU (Operational Taxonomic Unit) level. 

While the overall bacterial diversity has a decreasing trend with depth, recovered 

DNA from the sediments and the microbial community structures seem to be 

correlated with the sample textures, which ultimately has implications regarding 

the sources of sedimentary materials. Samples with more fine and silty texture 

(4I, 5I and 5II), most likely having more biogenic materials, have more extracted 

genomic DNA and more similar community structures even though they are at 

least 1 m apart from one another. The two coarse samples (4II and 5III), with 

indications of more contents derived from terrigenous particles, seem to have 

more different compositions with the deepest section 5III being the most 

disparate community. The historic events in the lake, past geochemical 

surroundings, the reshaping and evolution of the microbial community may all 

impact the current community structure as shown by DNA studies. Phylogenetic 

analyses revealed the close relationship between sequences in the sediments 

with sequences from other cold environments, indicating the microorganisms’ 

adaptation to the coldness.  

 

2.2 Introduction 

 
The McMurdo Dry Valleys (MCM), the largest ice-free region in Antarctica, 

are among the driest and coldest places on Earth. A group of perennially ice-

covered lakes exists in MCM supporting year-long microbial activity in the lake; 



 45 

they are considered the primary life refuge in this polar desert. The lakes all have 

a truncated food web with rotifers at the highest trophic level (James et al., 

1998). Dominance of microorganisms and lack of grazers suggest a bottom-up 

control in the MCM lakes ecosystem (James et al., 1998; Moorhead and Priscu, 

1998). Diverse and abundant microorganisms exist in the ice cover (Olson et al., 

1998; Priscu et al., 1998), water column (Ward and Priscu, 1997; Takacs and 

Priscu, 1998; Glatz et al., 2006), benthic microbial mats (Brambilla et al., 2001) 

and sediments (Karr et al., 2005; Karr et al., 2006). The microbial communities 

perform a variety of metabolic activities such as photosynthesis, nitrogen fixation, 

denitrification, sulfate reduction and methanogenesis etc (Ward and Priscu, 

1997; Lizotte and Priscu, 1998; Olson et al., 1998; Karr et al., 2005; Karr et al., 

2006).  

The current lakes are mostly remnants of larger proglacial lakes that existed 

in the valleys for as long as 4.6 Ma years (Doran et al., 1994). The lakes in MCM 

are known to be very responsive to climate changes (Fountain et al., 1999; Lyons 

et al., 2000). In their long and complex histories, they went through significant 

changes such as drying and refilling in response to local and global environment 

changes, which left characteristic salt profiles and ionic compositions in some of 

the lakes (Doran et al., 1994; Lyons et al., 2006). Besides influencing the lakes’ 

geochemistry, their past histories have had huge impacts on the ecology of the 

modern lakes (Lyons et al., 2000).  
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The main sedimentation mechanism in the perennially-ice covered MCM 

lakes is a repeating cycle of terrigenous material deposition through the ice cover 

and burying of the microbial mats; the sediments exhibit interspersed layers of 

biogenic sediments and clastic sediments, which are also characterized as 

organic- and inorganic-rich layers, respectively (Squyres et al., 1991; Andersen 

et al., 1993). Sedimentation is very slow in MCM lakes; for example, in Lake 

Hoare, the sediment collection by the trap for 3 years calculated between 0.02 

cm yr-1 to 0.09 cm-1 thickness increase (Andersen et al., 1993). Sediments offer a 

good record of surrounding environments at the time the sediments deposited 

(Binfold, 1990). Historic lake events in the MCM lakes were marked in the 

sediments by the distribution of certain chemical constituents and by biological 

indicators (Doran et al., 1994).  

In most lacustrine systems, sedimentary microbial communities are largely 

involved in metabolic processes that influence the nutrient cycling in the systems 

(Nealson, 1997; Spring et al., 2000). Sediments may play a similarly important 

role in the biogeochemistry of the MCM lakes as well. For example, sulfate 

reduction and methanogenesis activities in Fryxell sediments have been 

measured or suggested by functional gene and 16S rRNA gene studies (Smith et 

al., 1993; Karr et al., 2005; Karr et al., 2006). However, compared with 

microbiology studies in the ice cover, water column and microbial mats, 

sediments have received much less study.  
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 Lake Bonney has been the subject of intensive study regarding 

microbiology (Takacs and Priscu, 1998; Lee et al., 2004; Glatz et al., 2006) and 

the lake’s interaction with highly unusual biogeochemical signatures in the water 

column (Priscu et al., 1996; Priscu, 1997) and its ice cover (Priscu et al., 1998).  

In 2003, Doran and colleagues collected a nearly 4m long core from the 

sediments of the West Lobe of Lake Bonney (WLB) to examine climate change 

proxies in the sediments. The bacterial and archaeal communities in 5 sub-cores 

from various depths throughout the sediment were characterized in this 

dissertation study.  

 

2.3 Materials and methods 

 
2.3.1 Sample description 
 

 
A nearly 4m long sediment core was collected by Dr. Peter Doran’s group 

from West Lake Bonney in 2003. From this long core, five 5 cm sub-sections 

(named 4I, 4II, 5I, 5II, 5III) of different depth were used in this study (Table 2.1).  

 
2.3.2 Genomic DNA extraction 

 
A FastDNA SPIN kit (for Soil) (Qbiogene, Carlsbad, CA) was used for 

genomic DNA extraction from the sediments as per the manufacturer’s 

recommendations. For each depth, five separate extractions were performed, 
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and DNA was combined together to minimize non-systematic extraction and 

sampling biases.  

 
2.3.3 Denaturing Gradient Gel Electrophoresis (DGGE), band sequencing and 

cluster analysis 

 
Bacterial DGGE PCR was performed by amplifying partial 16S rRNA genes 

using primer 341F with a 5’-end 40bp GC clamp (341F-GC: 5’-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGG

GAGGCAGCAG-3’, the underlined region is GC clamp) and primer 518R (5’-

ATTACCGCGGCTGCTGG-3’) (Muyzer et al., 1993). Each 50 µl of PCR reaction 

contained 1-5 µl extracted genomic DNA, 10 mM Tris·HCl (pH 8.5), 50 mM KCl, 2 

mM MgCl2, 100 µM of each deoxyribonucleotide triphosphate, 4 U of Taq 

polymerase and 0.2 µM of each primer. A PTC-200 thermal cycler (MJ Research 

Inc., Watertown, MA) was used for all the PCR amplifications in this study. A 

touchdown PCR was conducted under the following thermal cycling conditions: 

an initial step of denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C 

for 30 s, annealing for 30 s (the annealing temperature started at 65 °C, then it 

decreased by 0.5°C each cycle for 20 cycles and remained at 55°C for last 10 

cycles) and extension at 72 °C for 30 s; a final extension step at 72°C for 7 min 

(Kulp et al., 2006). For each sample, five separate PCR products were combined 

to minimize amplification biases (Suzuki, 1996; Polz and Cavanaugh, 1998). No 

PCR product was obtained from sample 5III by single round PCR, so a nested 
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PCR method was employed. Sample was first amplified with primer 27F and 

primer 1492R (PCR conditions are described in the following clone library 

construction section, 2.3.4), then 1 µl of PCR product was used as template for 

the second round 341F-GC and 518R PCR.  

A nested PCR approach was also required to obtain product for archaeal 

DGGE PCR. The 16S rRNA gene primers Arch21F (5’-TTCCGGTTGATCCYG 

CCGGA-3’) and Arch958R (5’-YCCGGCGTTGAMTCCAATT-3’) (DeLong, 1992) 

were used for first round PCR amplification, then the PCR product were used as 

templates for a second round 16S archaeal DGGE PCR using Arch340F-GC (5’-

CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCCTACGG

GGYGCASCAG-3’, the underlined region is a GC clamp) and Arch519R (5’-

TTACCGCGGCKGCTG-3’) {Øvreås, 1997 #248}. Both rounds of archaea 16S 

PCR had the same PCR mixture except the first round used 1-5 µl of genomic 

DNA as template and second round used 1 µl of the PCR product from the first 

round PCR. Thermal cycling parameters for the first round archaea PCR were: 

one step of denaturation at 94°C for 2 minutes; 35 cycles of denaturation at 94°C 

for 30 s, annealing at 50°C for 30 s and extension at 72°C for 45 s; a final 

extension step at 72°C for 5 min. Archaeal DGGE PCR were run as follows: one 

step of denaturation at 95°C for 5 minutes; 30 cycles of denaturation at 95°C for 

1 min, annealing at 53.5°C for 30 s and extension at 72°C for 1 min; a final 

extension step at 72°C for 7 min.   



 50 

DGGE was performed as previously described (Kulp et al., 2006). Major 

bands from both bacterial and archaeal DGGE gels were excised; DNA was 

eluted from the gel and used as a template for re-amplification using primers 

without the GC-clamp (Kulp et al., 2006). The re-amplified PCR product was 

sequenced with primer 341F for the bacterial DGGE bands and primer Arch340F 

for the archaeal DGGE bands. If a major band showed signs of containing 

multiple sequences, the re-amplified PCR product was cloned into the pGEM-T 

vector (Promega, Wisconsin, CA) and transformed into E. coli DH5α cells. 

Tranformants were subjected to standard blue-white screening on LB-ampicillin 

plates (Sambrook et al., 1989). For each DGGE band, plasmids were purified 

from six white colonies and amplified with bacterial or archaeal DGGE primers. 

Both the size and DGGE position of these DGGE-PCR products were checked 

by electrophoresis in 1.5% agarose gels and DGGE, respectively. Clones that 

were of the correct size and DGGE position were then sequenced.  

Sequences in this study were compared to sequences in Genbank by 

BLASTn to determine their phylum level phylogenetic association.   

DGGE cluster analysis was performed using the Gel Compar II analysis 

package (version 4.0; Applied Maths, Austin, TX). DGGE bands were manually 

marked and a similarity dendrogram was generated based on band positions. 

DICE correlation coefficients were determined for pairwise comparisons and the 

unweighted pair group method with arithmetic means (UPGMA) method was 

used to construct a dendrogram. 
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2.3.4 Bacterial 16S rRNA gene clone library construction and OTU assignment 

 
Bacterial universal primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) 

(Lane, 1991) and 1492R (5'-GGYTACCTTGTTACGACTT-3') (Bintrim et al., 

1997) were used to PCR the almost full-length 16S rRNA gene from the genomic 

DNA template. With exception of using 200 µM of each deoxyribonucleotide 

triphosphate, the PCR reaction mixture was the same as for the bacterial DGGE 

PCR described above. The following conditions were used for amplification: one 

step of denaturation at 94°C for 5 minutes; 30 cycles of denaturation at 94°C for 

1 minute, annealing at 50°C for 1 minute, and extension at 72°C for 1 minute; 

final step of extension at 72°C for 7 minutes. The PCR product was purified using 

a QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and was further cloned 

into a pCR topo 2.1 vector (Invitrogen, Carlsbad, CA), then transformed into 

TOPO competent DH5α cells, all according to manufacturer’s protocols. White 

colonies were picked and checked for the presence of inserts by doing colony 

PCR with primers M13Forward 5’- GTAAAACGACGGCCAG-3’ and M13Reverse 

5’- CAGGAAACAGCTATGAC-3’. The PCR mixture used 200 µM of each 

deoxyribonucleotide triphosphate; the other reaction components were the same 

as bacterial DGGE PCR. Colony PCR was performed as following: one cycle of 

denaturation at 94°C for 3 minutes, followed by 30 cycles of denaturation for 30 s 

at 94°C, annealing for 30 s at 55°C, and then extension for 45 s at 72°C.  The 

final extension was for 5 minutes at 72°C.  
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PCR products that were of the expected size were digested with restriction 

enzymes HhaI and MspI (New England Biolabs, Ipswich, MA) separately for 

Restriction Fragment Length Polymorphism (RFLP) analysis. The HhaI digestion 

pattern and MspI digestion pattern were input into Gel ComparII to group the 

clones. Clones that were grouped together based on RFLP patterns from both 

enzymes were tentatively assigned to the same operational taxonomic unit 

(OTU). 

To confirm the RFLP results, partial sequencing of the 5’ end of the 16S 

rRNA gene was obtained using the universal primer 907R (5’-

CCGTCAATTCCTTTGAGTTT-3’) (Yu and Morrison, 2004). At least one clone 

from each tentative OTU was sequenced. All of the 907R sequences were 

aligned in ClustalW (version 1.83 for Windows XP) under the settings of a gap-

opening penalty of 10.0 and a gap-extension penalty of 0.1 for pairwise and 

multiple alignments then the alignment file was used to calculate a distance 

matrix in Phylip (version3.65). The resulting distance matrix was used as the 

input for DOTUR using the furthest neighbor cluster algorithm with 3% distance 

difference used as cutoff for grouping into OTUs (Schloss and Handelsman, 

2005). In most cases, DOTUR assigned clones to the same OTU as the RFLP; in 

case of a conflict in the assignment, sequence-based DOTUR was considered 

the definitive method.  

All sequences in this study were checked for evidence of chimerism using 

Pintail (Ashelford et al., 2005) and the Chimera_Check program in the Ribosomal 
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Database Project website (http://rdp.cme.msu.edu/). Chimeric sequences 

confirmed by both methods were discarded from analyses. 

 
2.3.5 Phylogenetic analyses 

 
For highly represented OTUs (i.e. those with at least 5 clones), one 

representative clone was fully bidirectionally sequenced using 16S primer 907R 

(5’-CCGTCAATTCCTTTGAGTTT-3’), 16S primer 773F (5’-

GGGGAGCAAACAGGATTAGA -3’) (Barney et al., 2001), vector primer T7 (5’-

TAATACGACTCACTATAGGG-3’) and vector primer PCR2.1R (5’-

GAGCTCGGATCCACTAGTAA-3’), which was designed in this study. 

Sequences were assembled using the Staden Package for Windows (version 

1.6.0. URL: http://staden.sourceforge.net/).  

The almost full-length (>1400 bp) sequences were aligned using the ARB 

software package fast aligner utility (Ludwig et al., 2004). Closely related 

sequences in GenBank as determined by BLASTn and some sequences found in 

the Lake Bonney water column from our lab (Foo et al., unpublished data) were 

also included in the alignment. Alignments were checked manually, using the 

secondary structure of the 16S rRNA gene. A mask containing only 

unambiguously aligned positions was included. Neighbor joining trees were 

constructed in Phylip (version3.65) and bootstrap values (100 replications) were 

generated by both neighbor joining and maximum parsimony methods. 

 
2.3.6 Statistic analyses of clone library OTU data and sequences  
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A cluster analysis based on each sample’s OTU distribution and abundance 

data was performed using program XLSTAT (2009 version, 

http://www.xlstat.com/en/home/). A Pearson similarity matrix was used to 

construct a dendrogram by UPGMA.  

Shannon diversity indices and Chao-1 estimators of richness were calculated 

for each sample’s clone library and their combined libraries on the basis of the 

OTU distribution. The diversity coverage of the clone library was calculated as 

the sampled OTU divided by the total OTU as predicted by the nonparametric 

Chao-1 estimator. 

Sequences obtained for each sample’s clone library were also utilized to 

make comparisons among the different samples’ bacterial community structures. 

∫-LIBSHUFF (Schloss et al., 2004) tests whether differences in library 

composition are due to artifacts of sampling or due to the fundamental 

differences in the communities from which the clone libraries are derived based 

on distance matrix of clone libraries’ sequences. TreeClimber (Schloss and 

Handelsman, 2006) tests whether differences in community structures are due to 

random variation or due to different lineages from the communities based on the 

parsimony test. Distance matrices and neighbor joining trees were generated by 

the Phylip packages using a Jukes-Cantor model from clustalW alignments and 

were used as the input files for ∫-LIBSHUFF and TreeClimber, respectively.  

 

2.4 Results 
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2.4.1 Bacterial and archaeal DGGE cluster analysis and sequencing results 

 
The 16S rRNA gene DGGE banding patterns were used for initial 

assessment of the diversity of the sediment microbial assemblages and to 

examine the similarity of those assemblages between samples. The 5III sample 

(the deepest core section) had the least amount of genomic DNA as shown on 

an agarose gel (data not shown). Single-round PCR generated enough bacterial 

DGGE PCR products for subsequent analysis from all samples except 5III, which 

required a nested PCR reaction. A nested PCR approach was found to be 

necessary for and capable of obtaining enough archaeal DGGE PCR products 

for 4I, 4II, 5I and 5II, but it failed to provide enough amplification products from 

5III. All bacterial DGGE PCR products showed complex and diverse banding 

patterns, whereas archaeal DGGE PCR products showed low band richness and 

simple banding patterns (Fig. 2.1). Based on both bacteria and archaea band 

positions, 5I, 5II and 4I shared similar assemblages while 4II and 5III (bacteria 

only) each had distinct assemblages. Samples 5I and 5II had identical bacteria 

and archaea banding patterns. 

There were 46 bacterial and 7 archaeal major DGGE bands that were 

sequenced to examine broad-level phylogenetic diversity. Four bacterial 

sequences were derived from plastids and were not analyzed further. Among the 

bacteria, band sequences were primarily affiliated with members of the 

Bacteriodetes (22 bands) and Proteobacteria (10 bands: 4 Alphaproteobacteria, 
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1 Betaproteobacteria, and 5 Gammaproteobacteria) phyla, which were the most 

abundant. Other represented phyla include the Firmicutes (5 bands), 

Actinobacteria (3 bands), and Acidobacteria (1 band). All 7 archaea sequences 

were affiliated with Crenarchaeota sequences from diverse environments. No 

Euryarchaeota were detected. 

 
2.4.2 Bacterial 16S rRNA gene clone libraries analyses: general diversity and 

distribution of OTUs 

 
To more thoroughly examine diversity in these sediments, individual 

bacterial clone libraries were made for all samples except for sample 5II, which 

was identical to 5I based on DGGE patterns. Due to the low diversity and 

difficulty with obtaining PCR product with the archaea, no archaea clone libraries 

were constructed. The four libraries had a total of 442 bacterial clones, which 

were grouped into 175 OTUs. Twenty-three other clones were derived from 

plastids, and thus, were not included for further studies. Partial 16S rRNA gene 

sequences (about 750 bp long) were obtained for 290 clones of which 4I had 

137, 4II had 68, 5I had 63 sequences and 5III had 22.  Except for 5III, the other 

samples were assumed to have enough sequences to represent the bacterial 

community structures and therefore, used for LIBSHUFF and TreeClimber 

statistical analyses.  

In general, both Shannon diversity index and the Chao-1 estimated OTU 

richness suggested moderately high bacterial diversities in all samples with the 
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diversity level of sample 5III at the lower end (Table 2.2). Total clone library and 

individual libraries, except for 5III, showed 40-48% of diversity coverage, which 

suggests the cloning effort most likely captured the most abundant phylotypes in 

samples 4I, 4II and 5I, but may have missed less abundant phylotypes. Sample 

5III had much lower cloning efficiency compared with other samples and showed 

poor coverage (28%); this could be due to the much lower genomic DNA 

concentration and possibly more degraded and shortened DNA in this deepest 

core section. Both the Chao-1 estimated OTU richness and Shannon diversity 

index were both negatively correlated with depth, indicating decreasing diversity 

along the depth of the sediment.  

The phylum level distribution (Fig. 2.2) obtained by clone library qualitatively 

matched the DGGE major band sequencing data: Bacteroidetes and 

Proteobacteria were the dominant phyla. Several phyla were observed in the 

clone libraries, which were not found in DGGE sequencing results. These phyla 

include some low abundance phyla such as Plancomycetes (5.2%), 

Verrucomicrobia (4.3%) and some phyla that only had singlets or doublet such as 

TM7, Chloroflexi, WYO and Lentisphaerae.  

Looking at the bacterial phyla distribution of each clone library (Fig. 2.3), 

sample 5III appears to be much different than the other samples.  In 5III, the 

percentages of Alphaproteobacteria and Bacteroidetes clones were much lower 

while the percentages of Deltaproteobacteria and Firmicutes were significantly 

higher compared to the other three libraries.  
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For OTUs that are specific to each sample, all the clones belonging to these 

OTUs were counted and divided by clone number of each sample as the 

percentage of exclusive clones. Sample 4I has 50% exclusive clones, 4II and 5I 

have 25% exclusive clones, 5III has 57% of exclusive clones.  

 
2.4.3 Bacterial clone library comparisons 

 
The similarity of microbial assemblages among samples was also examined 

from the clone library data. A cluster analysis based on the distribution and 

abundance of OTUs in each library (Fig. 2.4) showed results similar to the 

observations using only band position (not intensity) in the DGGE cluster 

analysis: 4I, 5I are closely related, both 4II and 5III are disparate communities 

while 5III is most distinct. The Treeclimber program was used to test the 

hypothesis that each community harbors the same lineage of phylotypes at the 

95% confidence level. One thing that needs to be stressed is that with the 

sequenced clones representing 59-73% of each clone library for 4I, 4II and 5I 

samples, the more abundant OTUs were relatively less sequenced, percentage-

wise, and this could skew p-values to be lower than a fully sequenced clone 

library. The same rules apply to ∫-LIBSHUFF results, which will be described 

later. Nevertheless, Treeclimber results (Table 2.3) still support the cluster 

analysis, indicating that samples 4I and 5I are not significantly different from each 

other (p = 0.055) while 4II is more different from each of the other two (p = 0.028 

and 0.021 for 4I and 5I, respectively).  



 59 

Further, ∫-LIBSHUFF was used to help examine the possibility that one 

sample’s population is a subset of another’s. For each pair of sample 

comparison, two tests were performed with two p-values generated for 

comparison of X sample vs Y sample and Y sample vs X sample. With a 95% 

confidence level, p values less than 0.05 for both tests indicate that the two 

libraries are not from the same population. A small p value for X vs Y together 

with a high p value for Y vs X implies that library Y’s sequences are a subsample 

of the sequences in library X (Schloss et al., 2004). ∫-LIBSHUFF results (Table 

2.3) suggest 4II and 5I’s clone libraries are likely a subset of 4I’s library coverage 

but 4II and 5I have quite different library composition.  

 
2.4.4 Phylogenetic analyses 

 
About 50% of the clones (222 clones) out of the entire clone libraries belong 

to OTUs having at least 5 clones. Phylogenetic trees of the almost full-length 16S 

rRNA gene sequences of representative clones from these major OTUs in this 

study together with their close relatives from Genbank and West Lake Bonney 

water column sequences (Foo et al., unpublished data) were constructed to 

assess their phylogenetic relatedness.  

Strikingly, all the major OTUs in the trees (Fig. 2.5 - Fig.2.7) seem to closely 

cluster with isolates or sequences from Antarctica and other cold environments. 

Bacteroidetes clone 4I.0.10C’s closest neighbor, Gillisia hiemivivida strain IC154 

(99% similarity), was a novel species isolated from a sea-ice algal assemblage 
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collected at coastal areas of the ice-free Vestfold Hills region of East Antarctica 

(Bowman and Nichols, 2005). Bacteroidetes clone 4I.2-53’s close neighbor, 

Subsaxibacter broadyi strain P7 (97% similarity), the type species of a proposed 

new genus, was isolated from cyanobacterial biofilms on the undersides of 

partially buried quartz stones in Vestfold hills. Gillisia hiemivivida and 

Subsaxibacter broadyi belong to the marine clade of the family 

Flavobacteriaceae; they both require salts for growth and can grow at -2°C. They 

are also strictly aerobic and chemoheterotrophic (Bowman and Nichols, 2005). 

Bacteroidetes clone 4I.0-6H’s nearest neighbor, Antarctic bacterium R-9033 

(99% similarity), and Beta-proteobacteria clone 4II.2-20’s nearest neighbor, 

Antarctic bacterium R-9284 (AJ441011) (99% similarity, not shown in the tree), 

were both isolated from microbial mats of Ace Lake, Vestfold Hills while 

Bacteroidetes clone 5I.1-48’s nearest neighbor, psychrophilic Flavobacterium 

micromati strain LMG 21919, was isolated as novel species from a microbial mat 

of Grace Lake in the Vestfold Hills (Van Trappen et al., 2004). Bacteroidetes 

clones 4I.0-11F, 5I.2-99 and beta-proteobacteria clone 4II.1-12B are all related to 

clones found in John Evans Glacier in Canada. Actinobacteria clone 4II.2-41 is 

mostly related with clone ANTLV7_C10 (DQ521537) (99% similiarity, not shown 

in tree) found at the 15.9 m depth of the Lake Vida ice cover in Victoria Valley of 

MCM. 

Representative sequences from quite a few major OTUs are particularly 

associated with sequences found at various depths in the water column of Lake 
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Bonney. Bacteroidetes clone 5I.2-143 is closely related with water column clone 

W18-16.0.2 (clone name starts with symbol W for West lake Bonney followed by 

metric depth – clone number, Foo et al., unpublished data). 

Gammaproteobacteria clone 4II.2-8 tightly clusters with 13 m clone W13-49.0.4 

(Foo et al., unpublished data) and also falls in the same branch with a couple of 

clones from 13 m of West Lake Bonney and 16 m of both lobes of Lake Bonney 

in a previous study by Glatz et al (Glatz et al., 2006). Clone 5III-9 of the 

Marinobacter clade is closely related to water column clones W38-126.0.4 (Foo 

et al., unpublished data) at 38 m, WLB16-007 at 16 m and an isolate from East 

Lake Bonney at 17 m. Firmicutes clone 5I.1-50 is close relative with water 

column clone W38-1.0.4 (Foo et al unpublished data) and a group of Clostridium 

psychrophiles isolated from Lake Fryxell microbial mats including Clostridium 

psychrophilum, Clostridium frigoris and Clostridium bowmanii (Spring et al., 

2003). Planctomycetes clone 5III-4 shares 99% sequence similarity to its closest 

neighbor, clone WLB16-052, from 16 m water column.  

Deltaproteobacteria clone 5III-61, which represents a 5III exclusive OTU 

with 7 clones, is closely associated with sequences from marine sediments of 

gas hydrates sites and cold seeps sites. The closest neighbor is clone 

BC_B2_4b (EU622296) (99% similarity, not shown in the tree) from the Eel River 

Basin deep-sea methane seep sediments. Clone 5III-61 and its relatives are 

related to sulfate reducer species Desulfobacterium anilini. 
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2.5 Discussion 

 
2.5.1 Overall microbial diversity  

 
The sediments of West Lake Bonney exhibited very low archaeal diversity 

and moderately high bacterial diversity. Archaeal DGGE profiles showed very 

limited number of visible bands and sequencing results revealed only 

Crenarchaeota sequences. A previous study, which characterized microbial 

populations from 3 depths of East Lake Bonney (16 m, 19 m and 25 m) and 2 

depths of West Lake Bonney (13 m and 16 m) by 16S rRNA gene clone libraries 

method only found one sequence type of archaea from WLB at 16 m that 

belonged to Euryarchaeota (Glatz et al., 2006). It’s possible that the water 

column and sediments harbor quite different archaea communities and the 

archaea diversity is generally low in the whole lake. The Shannon diversity index 

(2.8 to 4.5) and Chao-1 estimation of richness (78 to 272 OTUs), calculated from 

bacterial clone libraries OTU data, together with bacterial DGGE banding 

patterns revealed a diverse bacterial community in the sediments. Compared to 

the Lake Bonney water column Shannon diversity index (2.1 to 2.7) and Chao-1 

estimated richness (15 to 104 OTUs) results in Glatz et al. (Glatz et al., 2006), 

our results showed that the bacterial diversity seems higher in the sediments 

than in the water column. Bacterial phyla detected in the sediments by clone 

libraries included all the phyla found in the both ELB and WLB water column. But 

Verrucomicrobia and the minor phyla that had only 1-3 clones found in sediments 
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were not found in the water columns of either lobe of Lake Bonney. 

Bacteriodetes and Proteobacteria were abundant in both sediments and the WLB 

water column whereas Actinobacteria constituted a much higher percentage in 

the WLB water column (~ 32% at 13 m, ~18% at 16 m) than in the sediments 

(totally 6.3%).  

While the cold temperature (below 0°C) doesn’t limit the bacterial diversity in 

sediments of West Lake Bonney, major bacterial OTUs in the sediments mostly 

cluster with sequences found in Lake Bonney and other cold environments as 

shown by the phylogenetic trees, indicating a certain level of endemicity and the 

adaptation of these microorganisms to the low temperature. Most of the novel 

species discovered in these environments showed psychrophilic features or the 

capability to grow under low temperature. The coldness could have been a major 

selection pressure for evolution and adaptation of these microorganisms.  

 
2.5.2 Diversity and community structure comparisons among different depths in 

relation to sediment formation  

 
Sedimentation is a very low process in perennially ice-covered MCM lakes. 

Radiocarbon dating on a long sediment core from Lake Fryxell showed the 

surface-to-8.4 m deep sediment represented almost 20,000 years of deposition 

(Wagner et al., 2006). The sediment core used in this dissertation study likely 

covers a very long geologic record of sediments accumulation, too. The 5 

different sections of sediment cores have quite different textures, indicating 
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different sources of sedimentary material. Section 5I is most fine-grained sample 

followed by 4I and 5II, which have both clasts and fine materials; 4II and 5III are 

both coarse with 5III being the most roughly textured. The fine, silty layers most 

likely have more biogenic organic materials from relic microbial mats or falling 

dead planktonic microorganisms whereas the sandy and clastic layers have more 

terrigenous materials by the episodic deposition of the sediment particles that 

penetrated through the ice cover and are, therefore, much more inorganic-rich. 

Extracted genomic DNA yields from about the same amount of sediments 

correlates negatively with coarseness of each sample (data not shown) 

suggesting that inorganic-rich layers probably support less abundant 

microorganisms.  

Bacterial diversity seems to have a decreasing trend with depth in the 

sediments as implied by both the Shannon diversity index and Chao-1 estimated 

richness. Sample 5I and 4II’s sequences were also suggested to be subset of 

sequences from the most surface sample, sample 4I, by the ∫-LIBSHUFF test. 

Considering the high salinity and coldness in WLB sediments, it’s very likely that 

microorganisms (live or dead) and DNA inputs from the water column, 

terrigenous materials and microbial mats can be well preserved in the sediments 

(Doran et al., 1994). The high sequence similarity of some of the sediment clones 

with some of the water column clones or with some novel species isolated from 

microbial mats in Antarctic lakes also supports this notion. It is unsure if the 

microorganisms originally from the microbial mats or the water column are still 
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metabolically active or not. The high bacterial diversity in most surface sediment 

samples is probably due to more direct inoculations of microorganisms and 

deposition of dead microbes or DNA. On the other hand, as the sediments are 

buried deeper, there is much less direct contact with the fresh inputs of 

microorganisms or DNA. The sediments may also experience dying out of some 

microorganisms and DNA decomposition, too, thus showing lower diversity. The 

4I sample in this study seems to have both fine- and coarse-textured materials, 

indicating the presence of both biogenic layers and terrigenous sandy layers. So 

broader range of inoculums are probably the reasons the 4I sample has a higher 

diversity and covers a big portion of diversity found in lower depths.  

The microbial community structure differences among samples seems to be 

related to the sample’s texture and are possibly influenced by the legacy of past 

lake geochemical environments and the evolution of sediments in the lakes. Both 

DGGE and clone library cluster analyses show the close relationship between 

the 4I, 5I, 5II samples with fine sedimentary materials even though they are 

physically quite far apart. The differences of bacterial sequences between 4I and 

5I were tested but not found to be statistically significant by Treeclimber analysis. 

The community composition similarity between the three samples may be due to 

similar microbial populations from original organic rich layers that possibly had 

large portions of microbial mats sequences. Samples 4II and 5III, the two coarse 

samples, however exhibited much different community structures than other 

samples. Both bacterial and archaeal DGGE profiles clearly show the different 
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banding patterns of 4II and 5III. Even though it was likely that the bacterial DGGE 

pattern of 5III could be skewed further by a second round of PCR, the bacterial 

clone library made with the direct PCR product of 5III also revealed the 

significant difference in 5III’s phylum level distribution of clones and high 

percentage of 5III-exclusive clones. The inoculums related to the historic 

sedimentary deposition events could contribute to community structure 

differences at different depths such as shown for the 4II and 5III samples. The 

lakes of McMurdo Dry Valleys went through repeated drying and filling during 

their long and complex histories and these events are marked in the sediments 

(Doran et al., 1994). The differences in community structure could also possibly 

represent past differences in geochemical environments when sediments 

accumulated at that section. Furthermore, the long evolution and reorganization 

of the microbial population in the sediments corresponding to geochemistry 

change or energy source shifts plus the decay of DNA signals could all impact 

the sequence’s diversity and abundances.   
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Table 2.1. Sediment samples’ depths, water content and texture description. 

4I 5-10 cm Intermediate dryness with silt/sand—few pebbles. 
16.6% water by weight 

4II 50-55 cm Solid, large clasts, sand/soil like.  No extractable 
water. 

5I 149.7-154.7 cm Very liquidy, fine grained material.  23.2% water by 
weight 

5II 249.175 - 
254.175 cm 

Larger clasts with some finer grained material.  No 
extractable water. 

5III 349.175-354.175 
cm 

Very dry, large clasts, coarse material.  No 
extractable water. 
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Table 2.2. Bacterial clone library statistics. 

 Clone 
no. 

Observed 
OTU 

Chao-1 
estimated OTU 

Diversity 
coverage 

Shannon 
Diversity  

Composite 442 175 383 45.69% 4.7 

4I 188 111 272 40.81% 4.5 

4II 106 60 129 46.51% 3.9 

5I 106 53 110 48.18% 3.7 

5III 42 22 78 28.22% 2.8 
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 Table 2.3. p – values of Treeclimber and ∫-LIBSHUFF tests. 

 4I vs 4II 4I vs 5I 4II vs 5I 

Treeclimber 0.028 0.055 0.021 

∫-LIBSHUFF* 0.0077, 0.81 0.034, 0.98 0.010, 0.24 

  * Values are from the two ∫-LIBSHUFF tests of the former sample vs the latter 
sample, and vice versa 
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 Fig. 2.1. Cluster analyses of DGGE banding patterns. A: Bacterial DGGE B. 
Archaeal DGGE.
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Fig. 2.2. Bacterial phyla distribution of the whole combined clone libraries. Others 
are shown in Fig. 2.3 with each phylum’s distribution. 
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Fig. 2.3. Bacterial phyla distribution of each individual clone library. aThere are 2 
and 1 Acidobacteria clones in 4I and 5I clone libraries, respectively. 



 73 

 
 
 
 
 
Fig. 2.4. Dendrogram generated by XLSTAT based on each samples’ OTU 
distribution and abundance. 



 74 

 
Fig. 2.5. Neighbor joining tree of major Bacteroidetes members. Bacillus subtilis 
is used as the outgroup. Bootstrap values (100 replications) generated by 
neighbor-joining and parsimony methods are shown above and below the nodes, 
respectively. 
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Fig. 2.6. Neighbor joining tree of major Proteobacteria members. Bacillus subtilis 
is used as the outgroup. Bootstrap values (100 replications) generated by 
neighbor-joining and parsimony methods are shown above and below the nodes, 
respectively. 
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Fig.2.7. Neighbor joining tree of major members from other phyla. Escherichia 
coli is used as the outgroup. Bootstrap values (100 replications) generated by 
neighbor-joining and parsimony methods are shown above and below the nodes, 
respectively.  
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Chapter 3 

Fine scale sediment microbial diversity depth profile  
from Lake Fryxell, McMurdo Dry Valleys, Antarctica 

 
3.1 Abstract 

 
Microbial cell abundance, bacterial and archaeal diversity were surveyed in 

every 2 cm of a 14 cm sediment core retrieved from Lake Fryxell, the most 

productive perennially ice-covered lake in the McMurdo Dry Valleys, Antarctica. 

Cell counts ranged from 0.24 × 109 g-1 (dry weight) at 10-12 cm to 4.8 × 109 g-1 at 

2-4 cm. Using the 16S rRNA gene marker, bacterial clone libraries totaling 555 

clones and archaea clone libraries totaling 519 clones were constructed for each 

of the 7 depths. There were 120 bacterial operational taxonomic units (OTUs) 

identified, but only 14 archaeal OTUs were observed.  Bacterial diversity is 

moderately high as suggested by the Shannon diversity index with values of 

between 2.5 to 3.36. Both the cell count and bacterial diversity data indicate that 

the prokaryotic community is not restricted by the constant in-situ cold 

temperature of about 2˚C. Chloroflexi, Firmicutes, unclassified bacteria, 

Candidate Divisions, Proteobacteria and Actinobacteria each encompass more 

than 10% of all clones with some other minor phylogenetic groups. The archaea 

community was dominated by Methanosarcinales and Methanomicrobiales in the 

top 12 cm; this matched with the previously-detected high methane 
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concentrations in bottom water and surface sediments. Cluster analyses of both 

bacteria and archaea clone libraries identified the bottom 12-14 cm depth as a 

significantly different microbial community and the top three layers to be more 

similarly alike. Geochemistry change is suspected to be associated with depth 

change. The source and origins of the sediments may also play a significant role 

in shaping microbial community in the Fryxell sediments. It’s suggested that a 

large portion of microbial community is likely involved in methane cycling. Deeper 

depth sampling and further investigation is necessary for better understanding of 

microbial community functions and energy utilizations in the constantly cold and 

anoxic Lake Fryxell sediments.  

 

3.2 Introduction 

 
McMurdo Dry Valleys of Southern Victoria Land, Antarctica harbor multiple 

perennially ice-covered lakes. The permanent ice cover prevents wind driven 

mixing, limits gas exchange, nutrient input, sediment deposition and solar 

penetration (Wharton et al., 1993), and thus, is largely responsible for many 

unusual physical, chemical and biological features (Spigel and Priscu, 1998). 

Most lakes show a stable gradient from fresh, fully oxygenated upper zone to 

suboxic or anoxic bottom with increasing salinity (Matsumoto, 1993). The biology 

is dominated by a microbial community with rotifers at the highest trophic level 

(James et al., 1998).  

Sedimentation in MCM lakes is characterized by the major pathway of a 
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repeat cycle of the terrigenous particles’ transport through the ice cover and 

burying the benthic microbial mat layers. Fine sediments brought in by the 

streams and planktonic microorganisms’ deposition also contribute to sediment 

formation. As a result, alternating sandy and biogenic layers are formed in 

sediments (Squyres et al., 1991; Andersen et al., 1993). Sedimentation rates are 

very slow; based on a previous study, the surface 12 cm of Fryxell sediments 

represents approximately 2800 years of sedimentation (Wagner et al., 2006). 

Due to the responsiveness of these lakes to global climate change, sediments 

may offer a detailed record of environmental change and microbial response 

(Doran et al., 1994). 

Despite some common features among these perennially ice-covered lakes, 

geochemical conditions and productivity vary significantly among these lakes 

(Spigel and Priscu, 1998; Lee et al., 2004). Lake Fryxell bottom water is 

characterized as brackish and anoxic with very high methane and sulfide 

concentrations that are distinctive of Fryxell. Methane was also measured in high 

concentration in surface sediments (Smith et al., 1993). Ammonium 

concentration is also very high at bottom waters (Lawrence, 1985; Smith et al., 

1993; Lee et al., 2004). Dissolved organic carbon (DOC) concentration is highest 

at the bottom of the water column; the source was suggested to be primarily from 

production by sediments (McKnight, 1993). It is the most productive lake in the 

Dry Valleys (Lizotte and Priscu, 1998). Previous molecular microbiology studies 

on Fryxell include a diversity study of a microbial mat from shallow areas 
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(Brambilla et al., 2001), the diversity of archaea and sulfate reducers in the water 

column and in surface sediments (Karr et al., 2005; Karr et al., 2006). In this 

study, we were interested in documenting, for the first time, cell abundance data 

on the sediments of a Dry Valley lake and characterizing the overall diversity of 

the sediments in this special and extreme environment.  We were also interested 

in seeing if the microbial community in the sediments reflect the known 

geochemical features in the lake (especially in the sediments) and whether the 

microbial community changes in a fine scale throughout the surface depths.  

 

3.3 Materials and Methods 

 
3.3.1 Sediment core collection and description of samples 

 
A 14 cm long sediment core was collected in November 2006 over the 

deepest part of the lake (~18 m deep) using a gravity corer. Samples were kept 

cold during transfer to the Crary Laboratory at McMurdo Station. Using a flame-

sterilized spatula and an ethanol-cleaned core extruder, sediments were 

dissected into 2 cm intervals in a 4°C cold room. Each section was named 

accordingly as F0-2, F2-4, F4-6, F6-8, F8-10, F10-12, and F12-14.  

The retrieved sediment core showed layered color and texture (Table 3.1). 

The top three depths were black fine materials with some laminar minerals. The 

dark color could be due to the organic material and the laminar minerals could 

very well be calcite flakes based on Lawrence et al.’s description of Lake Fryxell 
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sedimentary stratigraphy (Lawrence, 1985). They had more than 75% water 

content (determined later, see below). The lower F6-8 and F8-10 layers both 

showed green color and had fine texture with F8-10 having some sands and 

slightly lower water content. F10-12 had a mixture of black and dark green color 

and had the coarsest material and the lowest water content. The deepest section 

in this core, F12-14, showed dark green color and had mostly fine sediments with 

some sand. 

Sediments for cell counting were fixed immediately (described in the 

following section) and sediments for DNA extraction were kept at -80˚C and 

shipped to the Lanoil laboratory.  

 
3.3.2 Total direct cell counts 

 
Approximately 5 g of sediments were fixed with 4% paraformaldehyde / 

phosphate-buffered saline (PBS) at 4˚C for 16 h, then washed with PBS twice 

and stored in 10 ml of a 1 part PBS:1 part 96% ethanol solution at -20˚C.  

Samples were then shipped to the Lanoil laboratory for cell counting. 

Additional PBS:ethanol solution was added to the fixed sediments to bring 

up the volume to 50 ml. The tube containing the sediments solution was inverted 

multiple times to suspend the sediments and 20 µl of the suspension was 

transferred into a 1.5 ml microcentrifuge tube. Next, 500 µl of 0.2% sodium 

pyrophosphate, 380 µl filtered de-ionized (DI) water, and 100 µl of 5 µg/ml DAPI 

(4',6-diamidino-2-phenylindole; VWR, West Chester, PA) were added. This 1 ml 
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solution was then vortexed for better cell dispersion, incubated in the dark for 15 

min, then transferred into a 15 ml glass vacuum filter device (Millipore, Billerica, 

MA), along with 4 ml of filtered DI water. Filtering was done under vacuum 

through a black polycarbonate membrane filter (diameter 25 mm, black, pore size 

0.2 µm, Millipore) with a GF/F (25 mm, Whatman, Maidstone, England) backing 

filter underneath it; later the filter was washed with 5 ml of filtered DI water. The 

filter was transferred onto a glass slide, one drop of immersion oil (Type A, 

Cargille Laboratories Inc., Cedar Grove, NJ) was added and a cover slide was 

put on, with another drop of immersion oil on top of that. Ten fields or at least 

~300 cells were counted. A Nikon Eclipse E600 (Japan) Microscope and 

Mercury-100 W (Model M-100T, Chiu Technical Corp., Kings Park, NY) lamp 

were used.  

 
3.3.3 Sediment water content calculation and genomic DNA extraction  

 
After thawing at room temperature, sediments were stirred into a slurry for 

homogenization. The total water percentage was calculated as the weight loss of 

the sediments before and after drying the slurry at 105˚C overnight divided by the 

wet slurry weight.  

The slurry was also placed into 2 ml microcentrifuge tubes and subjected to 

centrifugation at 13,200 rpm for 15 min in an Eppendorf 5414D microcentrifuge 

(Eppendorf, Westbury, NY). Pore water percentage was calculated as the weight 

of supernatant based on the volume (assuming 1 ml equals one gram) divided by 
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the slurry weight. The supernatant was discarded, and the remaining sediment 

pellets were weighed for DNA extraction using an UltraClean soil DNA isolation 

kit (Mo Bio Laboratories, Solana Beach, CA) according to the manufacturer’s 

protocol except that the cleaning step using C5 reagent was performed twice for 

improved cleaning of contaminants. Three extractions were performed in parallel 

for each sample with genomic DNA combined from the three extractions. 

Extracted DNA was quantified by the picogreen method as previously described 

(Brown et al., 2005). If considering no extraction loss of DNA, the DNA content 

per gram of the sediment pellet would be the total extracted DNA amount divided 

by the amount of the pellet used for extraction. Further, the DNA content per 

gram of dry sediment was calculated based on the pore water and total water 

percentages.  

 
3.3.4 Bacterial and archaeal clone library construction, clone screening and 

sequencing, OTU assignment 

 
Bacterial clone libraries were constructed from PCR products covering the 

almost full-length 16S rRNA gene and full ITS (Intergenic Spacer) region using 

primers 27F (5’AGAGTTTGATCCTGGCTCAG-3’) and 23Sr (5’-

GGGTTBCCCCATTCRG-3’). Each 50 µl of PCR reaction contained 2-5 µl 

extracted genomic DNA (F0-2, F2-4, F4-6, F6-8 each used 2 µl of template, F8-

10, F10-12 and F12-14 each used 5 µl template), 10 mM Tris·HCl (pH 8.5), 50 

mM KCl, 2.5 mM MgCl2, 200 µM of each deoxyribonucleotide triphosphate, 4 U 
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of Taq polymerase and 0.2 µM of each primer. A PTC-200 thermal cycler (MJ 

Research Inc., Watertown, MA) was used for all the PCR amplifications in this 

study. PCR thermal cycling parameters were as previously described (Brown et 

al., 2005). 

The PCR product was purified using a QIAquick PCR Purification Kit 

(Qiagen, Valencia, CA) and was further cloned into pSC-A vector using a Strata 

Clone PCR Cloning kit (Stratagene, La Jolla, CA), both according to 

manufacturer’s protocol. White colonies were picked, dipped into a 96 well PCR 

plate with 50 µl colony PCR mixture in each well (primers were M13Forward 5’- 

GTAAAACGACGGCCAG-3’ and M13Reverse 5’- CAGGAAACAGCTATGAC-3’, 

PCR reaction components were the same as bacterial 27F - 23Sr amplification 

with the exception of 2.0 mM MgCl2) then placed into a 96 deep well culture plate 

with 700 µl LB-Ampicilin (100 µg/L) medium. Culture plates were put in a 37˚C 

incubator and shaken for 24-48 hours, then topped with 50 µl dimethyl sulfoxide 

(DMSO) in each well and stored in -80˚C freezer as frozen stock. Colony PCR 

was performed as follows: one cycle of denaturation at 94°C for 3 minutes, 

followed by 30 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 

55°C, and then extension for 90 s at 72°C. The final extension was for 5 minutes 

at 72°C. Colony PCR products were checked on agarose gels. M13 PCR 

products were sent directly to a commercial company, Agencourt Bioscience 

Corporation (Beverly, MA), for sequencing with primer 27F. 

Sequences were aligned in ClustalW (Windows XP version 1.83); the 
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alignment file was used for calculating a distance matrix in Phylip (version 3.65).  

Then the DOTUR program was used to group sequences into OTUs, which had 

equal or less than 3% distance difference among all the sequences in each OTU 

based on the distance matrix (Schloss and Handelsman, 2005).  

Archaea 16S rRNA gene PCR amplification was performed using primers 

ARCH 344F (5’-ACGGGGYGCAGCAGGCGCGA-3’) and ARCH 915R (5’-

GTGCTCCCCCGCCAATTCCT-3’) (Casamayor et al., 2002). The PCR mixture 

was the same as the one for bacterial 27F - 23Sr amplification except that the 

concentration of each deoxyribonucleotide triphosphate was 100 µM. PCR 

thermal cycling parameters were as previously described (Karr et al., 2006). The 

cloning procedure was the same as described above. The only difference in the 

colony PCR was the 45 s extension time instead of 90 s. In order to screen all 

the clones to see whether they have same inserts, a semi-nested DGGE PCR 

was performed with ARCH 344F-GC (5’- 

CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCCACGGGGCG

CAGCAGGCGCGA-3’) and ARCH 519 R (5’-TTACCGCGGCKGCTG-3’) primers 

using the M13 PCR product as a template.  

DGGE was performed as previously described (Kulp et al., 2006). 

GelCompar II (version 4.0; Applied Maths, Austin, TX) was used for analyzing 

DGGE gel pictures with DGGE products showing the same band position 

grouped as one potential operational taxonomic unit (OTU). For each potential 

OTU, a few of the clones’ M13 PCR products were sent out for sequencing using 
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a T3 primer (5'-AATTAACCCTCACTAAAGG-3'). The sequencing results were 

used to confirm whether the same band position meant the same sequence. If 

clones showed the same DGGE position but different sequences, all these 

clones’ M13 PCR product were digested with restriction enzymes AluI and AvaI 

(New England Biolabs, Ipswich, MA) separately for restriction fragment length 

polymorphism (RFLP) analysis. Both the AluI and AvaI digestion patterns were 

input into the Gel Compar II analysis package (version 4.0; Applied Maths, 

Austin, TX) to group the clones. Further sequencing was performed to confirm 

RFLP results.  

 
3.3.5 Chimera detection and phylogenetic analyses 

 
All sequences were checked for evidence of chimerism using Pintail 

(Ashelford et al., 2005) and the Chimera Detection program on the Ribosomal 

Database Project website (http://rdp.cme.msu.edu/). Chimeric sequences 

confirmed by both methods were discarded from analyses. 

Sequences were aligned by using Webaligner on the Silva ARB/SILVA 

database website (http://www.arb-silva.de/download/) (Release 95) for the small 

16S/18S subunit ribosomal RNA by ARB software (www.arb-home.de) (Ludwig 

et al., 2004) and confirmed manually. Only unambiguous positions were included 

in the phylogenetic analyses. Bacteria phylogenetic trees were constructed in 

ARB by a maximum-likelihood method through the PHYML (DNA) 

implementation. Default parameters were used except 100 replicates of 
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bootstrapping were also performed. After exporting alignments from ARB, 

archaea phylogenetic analyses were performed with the MEGA 4 program 

(http://www.megasoftware.net/).  Bootstrap values (500 replications) were 

generated by both neighbor-joining and maximum parsimony methods for the 

archaea phylogenetic trees.  

 

3.4 Results  

 
3.4.1 Sediment cell abundances and DNA concentrations 

 
Cell counts ranged from 0.24 × 109 to 4.8 × 109 cells per g of dry sediments.  

Based on concentration of extracted DNA in water, total water percentage and 

pore water percentage, DNA content was calculated to range from 0.053 µg to 

3.9 µg per g of dry sediment weight (Table 3.1 and Fig. 3.1). Both cell counts and 

DNA content showed similar trends with peaks at upper depths, decreasing with 

depth to 10-12 cm, and increasing again in 12-14 cm. However, cell abundance 

peaked at 2-4 cm, whereas the DNA concentration peaked at 4-6 cm.  

 
3.4.2 Bacterial and archaeal diversity  

 
One bacterial clone library was made for each of the 7 depths. From these 7 

libraries, there were a total of 555 bacterial clones, which were grouped into 120 

OTUs by RFLP and sequence analysis. The OTUs were numbered according to 

their abundance, from B1 to B120 (Table 3.2). Chloroflexi was the most abundant 
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phylum, representing 21.44% of all clones (Fig. 3.2). Firmicutes was the second 

most represented phylum, representing 16.76% of all clones. Altogether, 12.61% 

of the clones were classified into Candidate Divisions, which included TM6, JS1, 

OP5, OP8, OP10, OP11, WS1, and WS6. Actinobacteria and Proteobacteria 

(including subphylum of alpha-, beta-, gamma-, delta- and epsilon-) each had 

10.81% of all clones. Chlorobi and Bacteroidetes represented 5.95% and 3.78% 

of the clones, respectively. Other phyla, including Gemmatinonadetes, 

Planctomycetes, Spirochaetes, Cyanobacteria, and Verrucomicrobia, were only 

rarely found in these samples. Bacteria that do not clearly affiliate with known 

bacterial phyla comprised a large portion (15.68%) of the clones.  

The overall bacterial diversity in each sample, as indicated by the Shannon 

diversity index and the inverse Simpson’s diversity index, was moderately high 

with lowest values in the uppermost surface sample F0-2. The uneven 

distribution of clones, skewed by large number of clones (33 clones) in one OTU 

B1, was probably the reason for lower diversity level in F0-2. There’s no 

particular trend of the diversity level in this surface 14 cm sediment core. The 

estimated OTU richness by Chao-1 and ACE estimators did not show certain 

trends either but appeared to have lower values in the samples of the middle 

three depths, F4-6, F6-8 and F8-10.  

One archaeal clone library was made for each of the 7 depths. There were 

519 clones in total grouped into only 14 OTUs (named A1 to A14 according to 

their abundance) (Table 3.3). Euryarcheota, with 4 phylogenetic groups, 
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represented 89.4% of all clones (Fig. 3.3). These four groups included two 

methanogenic orders Methanosarcinales and Methanomicrobiales; the 

Unaffiliated Group-II (UAG-II, the cluster name was used by Elshahed et al. 

(Elshahed et al., 2004), members of this cluster were first reported by Dojka et al. 

(Dojka et al., 1998)); and the Lake Dagow Sediments cluster (LDS cluster, 

proposed by Glissmann et al. (Glissman et al., 2004)). Methanosarcinales 

included two OTUs: the most abundant A1 and a singlet A11 together 

representing 55.9% of all clones. Methanomibrobiales included 5 OTUs 

representing 29.9% of all clones. UAG-II (2 OTUs with 15 clones total) and the 

LDS cluster (1 OTU with 4 clones) were two much less abundant groups, 

together representing 3.7% of all clones. There were three Crenarchaeota 

phylogenetic groups: Marine Benthic Group B being the most abundant group 

(92.7% of all Crenarchaeota clones, 9.8% of all archaea clones) and two minor 

groups, Crenarchaeota Group C1b (1 OTU with 3 clones) and Marine Group 1 

(singlet OTU).  

Overall archaeal diversity and estimated richness were very low compared 

to bacteria. F0-2 and F2-4 had only 4 OTUs each showing the least diversity of 

all depths. The other samples had between 6 to 10 OTUs.  

 
3.4.3 Bacterial and archaeal community structure comparisons between depths 

 
Cluster analyses of both bacterial and archaeal community compositions 

identified F12-14 as a highly distinct microbial assemblage relative to the other 
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depths (Fig. 3.4 and Fig. 3.5). The surface F0-2, F2-4 and F4-6 levels all had 

similar bacterial and archaeal communities. 

Many OTUs or phylogenetic groups in these samples had a highly restricted 

distribution within the sediments. Unclassified bacteria OTU B1 was significantly 

represented in the upper-depth samples, comprising 40.2% of F0-2 clones, 

13.8% of F2-4 clones, and 20.7% of F4-6 clones; however, this OTU was not 

present in any other depth except a single clone in F10-12. 

Gammaproteobacteria were poorly represented in the upper samples (0% to 

5.6% in 0-12 cm), but increased to 16.5% in F12-14. Actinobacteria showed the 

highest percentage of 23.9% in F10-12 with lower representation (3.7%-12.7%) 

in all other depths. Clones related to the methanogenic archaea (MA) orders 

Methanosarcinales and Methanomicrobiales dominated the archaeal assemblage 

in sediments from 0-12 cm depth (83% to 99%) (Fig. 3.6), and the relative 

abundance of Methanosarcinales and Methanomicrobiales clones in the clone 

libraries had a reverse linear relationship (R2=0.965) (Fig. 3.7). In the F12-14 

sample, the archaea community had an abrupt composition change; the two 

MA’s percentage in this depth’s clone library decreased to 44% whereas the 

percentage of Crenarchaeota, with Marine Benthic Group B being the dominating 

group, increased to 56% (Fig. 3.6).  

 
3.4.4 Bacteria and archaea phylogenetic analyses and ecological implications 

 
For the bacterial phylogenetic trees, only OTUs with at least 3 clones are 
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shown. Major clusters and OTUs potentially involved in the Fryxell sediments’ 

geochemical cycling or ecological adaptation are described in detail as follows:  

Chloroflexi: (Fig. 3.8) In the bacterial clone libraries, the most abundant 

phylum was Chloroflexi. The Chloroflexi OTUs in this study all fell into the 1a 

clade of the ’Anaerolineae’ class, which appears to be similar to Anaerolineae 

classis nov. (Björnsson et al., 2002). The ’Anaerolineae’ class contains a great 

number of sequences from environmental clones; this class is considered to be 

ubiquitous and likely play important roles in the environment (Hugenholtz et al., 

1998). A few cultured isolates from this class have been characterized. Two 

thermophilic strains, Anaerolinea thermophila strain UNI-1, Anaerolinea 

thermolimosa strain IMO-1T, two mesophilic strains Levilinea saccharolytica 

strain KIBI-1T and Leptolinea tardivitalis strain YMTK-2T, were all isolated from 

different methanogenic upflow anaerobic sludge blankets (UASBs) (Sekiguchi et 

al., 2001; Yamada et al., 2005). They are all gram-negative, strictly anaerobic, 

and filamentous. Photosynthetic metabolism was not observed under tested 

conditions. They exhibit fermentative metabolisms; and products include 

hydrogen and acetate for all strains (with tested substrates) (Sekiguchi et al., 

2003; Yamada et al., 2006). Another study also suggested that the detected 

Chloroflexi (Anaerolineae class according to the phylogenetic tree) in 

methanogenic anaerobic granules contributed to degradation of complex organic 

compounds based on spatial distribution and detected in-situ activities. (Satoh et 

al., 2007) In this study, we observed a decrease in abundance of Chloroflexi 
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clones in F12-14 and a decrease in abundance of methanogenic order clones in 

the same sample. If the role of the Chloroflexi is fermentative degradation of 

complex organic matter to methanogenic substrates, these shifts may be related.  

A few Chloroflexi OTUs in the phylogenetic tree, including B2, one of the 

two most abundant OTUs in this study (which had 64 clones) seemed to closely 

cluster with clones from marine sediments especially those associated with high 

methane concentration. Such environments include Gulf of Mexico sediments 

with methane gas hydrates and mud volcanoes from the Mediterranean Sea that 

release methane gas. 

Firmicutes: (Fig. 3.8) OTU B3 and B4, which have 45 and 35 members, 

respectively, fell into the cluster with sequences from quite a few soda lakes, 

which have been defined as highly alkaline and saline aquatic environments 

(Dimitriu et al., 2008). This branch is proposed to be called the ‘soda lake’ cluster 

in this study. Clones in this ‘soda lake’ cluster were found in Qinghai Lake 

sediments (Dong et al., 2006), Lake Chaka sediments (Jiang et al., 2006), anoxic 

Mono Lake water (Humayoun et al., 2003), Soap Lake (Dimitriu et al., 2008) and 

the Wadi An Natrun Lakes (Mesbah et al., 2007). Lake Fryxell is the least saline 

lake among these lakes, the highest salinity reported thus far was 1.3% (Smith et 

al., 1993). The highest pH reported in Fryxell was 8.0 (Matsumoto et al., 1989), 

which was slightly lower than most soda lakes (usually pH > 8.5). The highest 

16S rRNA gene sequence similarity between clones in OTUs B3 and B4 and 

those from the ‘soda lakes’ cluster were 95% and 93%, respectively. No other 
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sequences in public databases show more than 91% 16S rRNA gene sequence 

similarity to OTUs B3 and B4 clones. The cluster is a deep branch in Firmicutes, 

the closest cultured isolates show the highest 16S rRNA gene sequence 

similarity of 85%.   

Unclassified bacteria: (Fig. 3.9) The unclassified OTU B1, the other OTU 

that has 64 clones, had 97% sequence similarity with a clone (UASB14, 

accession number AB329652) from a methanogenic UASB, but had no other 

closely related sequences from Genbank. Considering its abundance, it could 

play important roles in this system. OTU B21 and OTU B28 both clustered with 

sequences from marine environments some of which were characterized as 

methane-related. Methane hydrate-bearing sub-seafloor sediments, Eel River 

basin methane seeps and marine sediments above methane hydrate ridges are 

examples of these environments.  

Candidate Divisions: (Fig. 3.9) The Candidate Divisions’ physiology is still 

largely unknown to microbiologists, but their presence in Fryxell has expanded 

our knowledge of their environmental distribution. The OP5, OP8 and OP10 

Candidate Divisions shown in the tree are among the OP Candidate Divisions, 

which were first discovered in the Obsidian Pool, a 75-95˚C hot spring of 

Yellowstone National Park. So far, OP5 bacteria have been found in various 

environments and are proposed to be scavengers involved in sulfur cycling (Mori 

et al., 2008). The current knowledge about OP10 is that it’s a diverse, broadly 

distributed and stable microbial component in various natural environments 
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(Portillo and Gonzalez, 2009). 

The OP8 and JS1 OTUs in the tree, like some Chloroflexi and Unclassified 

bacteria OTUs, were related to marine sediments clones especially those from 

methane hydrate-bearing or methane gas releasing environments.  

Chlorobi: (Fig. 3.10) OTU B6 had 33 clones in the Chlorobi phylum. This 

OTU was highly similar (97% 16S rRNA gene sequence similarity) to a sediment 

clone from Qinghai Lake (QLS10-B21, Genbank accession AY940526). This 

cluster seemed to be a very deep branch in Bacteroidetes/Chlorobi supergroup, 

and may be slightly more related to the Bacteroidetes phylum than known 

Chlorobi isolates, which are also known as green-sulfur bacteria. Potentially, the 

Fryxell water column below the oxycline and sediments could serve as a niche 

for green-sulfur bacteria because it is anoxic, sulfidic and shallow. Green-sulfur 

bacteria are known for their adaptation to low light intensities (Overmann, 2006). 

Further research will be needed to understand this OTU’s metabolic features.  

Methanosarcinales: (Fig. 3.11) OTU A1, the most abundant archaea OTU, 

clustered with Methanosarcina lacustris strain FRX-1 isolated previously from 

Lake Fryxell and also clones LFAc12 and LFAc13 previously found in Fryxell 

sediments. There is no detailed description on FRX-1 strain’s physiological 

features; this strain was only mentioned as a methylotrophic methanogen (Singh 

et al., 2005). The three M. lacustris strains (ZST, MS and MM) currently 

characterized show psychrotolerant characteristics and the capability of utilizing 

methylated amines, methanol and H2/CO2 for methane production. The MS strain 
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also uses acetate, but ZST and MM could not use this substrate (Simankova et 

al., 2001; Simankova et al., 2003). 

OTU A11, which has only one sequence, is related to the genus 

Methanosaeta, which can only use acetate via the aceticlastic pathway for 

methane production. This is in contrast to the most metabolically versatile 

Methanosarcina genus of the Methanosarcinaceae family (Garcia et al., 2000). 

Therefore, either acetate is not a significant substrate for methanogenesis in this 

ecosystem or other environmental factors allow Methanosarcina lacustris to 

strongly out-compete Methanosaeta spp. 

Methanomicrobiales: (Fig. 3.11) OTU A2 ‘s representative clone, 

Frxarc10-12_8, has 98% sequence similarity to a novel hydrogenotrophic 

methanogen Candidatus Methanosphaerula palustris strain E1-9c. OTU A2 is 

also closely related to LFAc10, a clone previously obtained from Fryxell 

sediments (Karr et al., 2006). Another major OTU, A4, fell into the cluster of a 

formate- and hydrogen-utilizing genus Methanoculleus of the 

Methanomicrobiaceae family.  

Unaffiliated Group II (UAG-II): (Fig. 3.11) Unaffiliated Group II has been 

referred to as Candidate Division II (Watanabe et al., 2002) and as rice root 

cluster III (Großkopf et al., 1998). Members of this cluster include clones from the 

methanogenic zone of hydrocarbon- and chlorinated-contaminated aquifers 

(Dojka et al., 1998), clones from methanogenic-flooded roots of rice paddies 

(Großkopf et al., 1998) and clones from hydrocarbon-exposed source sediments 
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of a sulfide- and sulfur-rich spring (but not in the spring sediments) (Elshahed et 

al., 2004). It was also proposed to be a methanogenic cluster by Großkopf et al 

(Großkopf et al., 1998).  

Marine Benthic Group B: (Fig. 3.12) The Crenarchaeota were dominated 

by Marine Benthic Group B, which has been reported to be abundant in deep 

marine sediments of methane hydrate zones on the Pacific Ocean Margin, deep 

buried marine sediments in sulfate–methane transition zones (STMZs) off Peru 

and other biogeochemically distinct sedimentary settings (Inagaki et al., 2006). 

They are considered a cosmopolitan uncultured archaea group (Biddle et al., 

2006). This group has also been recently found to be abundant in Qinghai Lake 

(Jiang et al., 2008), one of the soda lakes mentioned above. Biddle et al. 

suggested Marine Benthic Group B and/or the Miscellaneous Crenarchaeota 

Group may perform anaerobic oxidation of methane (AOM) without assimilating 

its own carbon, absorbing sedimentary organic compounds instead (Biddle et al., 

2006). Jiang et al. think it’s possible that they have different physiological 

properties than their marine counterparts (Jiang et al., 2008). We don’t know 

what their functions are in Fryxell sediments and what caused the sudden 

increase in the F12-14 layer (discussed later), but it agrees with the notion by 

Biddle et al. that this group’s presence in a wide range of sediments suggests 

‘considerable ecophysiological flexibility’ (Biddle et al., 2006). 

 

3.5 Discussion 
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3.5.1 Microbial cell abundance and diversity 

 
The cell abundance in sediments of Lake Fryxell is within the range (107 to 

1010 cell g-1 dry sediments) of the direct cell counts in sediments from other 

studied lakes including mesotrophic and eutrophic lakes (Haglund et al., 2003; 

Tamaki et al., 2005; Jiang et al., 2006). Fryxell sediments also showed 

moderately high bacterial diversity comparable to other productive lakes. Thus, 

the low temperature and significant physical isolation by the perennial ice cover 

does not limit either the cell abundance or diversity. Archaea showed very low 

diversity in agreement with the observation that methane-rich sediments always 

have low archaeal diversity (Dong et al., 2006); Fryxell sediments and bottom 

waters have been characterized with high methane concentration. 

In accordance with detected methanogenic activities in Fryxell sediments by 

Smith et al (Smith et al., 1993), two dominant methanogenic Euryarchaeota 

orders, Methanosarcinales and Methanomicrobiales, which were previously 

detected by DGGE in Fryxell sediments (Karr et al., 2006), were also found in 

this clone libraries study. We also detected UAG-II, another potentially 

methanogenic cluster (Großkopf et al., 1998), which together with LDS cluster 

and all Crenarchaeota clusters, were not previously found in the Fryxell water 

column or sediments. This suggests that the higher resolution of the clone library 

method is able to detect members of the microbial population from environmental 

samples. None of the archaea sequences previously found in the Fryxell water 
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column, Marine Benthic Group C sequence (LFAc1) and a cluster (LFAc2 - 

LFAc9) (Karr et al., 2006) that was suspected to be involved in anaerobic 

oxidation of methane (AOM), appeared in the sediment clone libraries from this 

study. It is possible that the water column and the sediments have very different 

archaea lineages. AOM was detected in Fryxell sediments, too; however, the 

lack of ANME sequences or the LFAc2 – LFAc9 cluster suggest that the AOM in 

the sediments could be novel and performed by different microorganisms or 

microbial consortia. 

Another earlier study characterized the microbial diversity in a microbial mat 

collected at the shallow moat area from Fryxell (Brambilla et al., 2001). Out of a 

total of 72 archaea clones, 66 clones were related to Methanomicrobiales clones. 

The other 6 were related to Crenarchaeota Marine Group 1, in particular 

Candidatus Nitrosopumilus maritimus (by BLASTn), which was also similar to 

one clone in this study. No other archaea taxa, including the most abundant 

Methanosarcinales order found in the sediments, were found in the mat. The 

large portion of the Methanomicrobiales in the mat possibly existed in the 

anaerobic zone of the mat. The partial overlap between the groups might be 

derived from microbial mats while some groups may be sediment-specific.  

However, the 325 bacterial clones characterized from the same microbial 

mat diversity study (Brambilla et al., 2001) showed a much different bacterial 

composition than we observed in our study. The abundant Chlorofexi, Chlorobi 

and Candidate Divisions in this study were not detected in the mat. In order to 
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look closely at the OTU level sequence similarity, one representative of each 

clone cluster in the mat study, which has more than 10 clones (10 clusters 

checked), was used to blast against all the sequences in this study. There’s 

about 270 nt same sequencing region between the two studies. The highest 

similarity (89%) found was between the only beta-proteobacteria clone in this 

study to a 22 clone cluster in the microbial mat study. Again, this shows the low 

similarity between this mat’s bacterial community with this sediment’s bacterial 

community. The moat area where the mat was collected was quite likely in the 

oxic zone with high light intensity; the presence of oxygen and strong solar 

radiation could be two potential environmental factors that affect the bacterial 

community composition.  

One noteworthy observation about the bacterial community is that many 

OTU clusters are closely related with clones found in marine environments. 

Considering the close proximity of Lake Fryxell to McMurdo Sound (about 7 km) 

and that it had been in direct contact with the marine system in the past (Lyons et 

al., 2000), it is likely that the Lake Fryxell sedimental bacterial communities are 

influenced by the marine system through the past and current connection to it.  

Moreover, the marine environments that harbor similar bacterial sequences 

with the Fryxell sediments are, in particular, marine sediments associated with 

methane hydrates or methane-releasing sites such as Gulf of Mexico gas 

hydrates sites and cold seep sites, the Gulf of California Guaymas Basin 

hydrothermal vents and mud volcanoes from the Mediterranean Sea. The close 
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relationship between the Fryxell sediment sequences with other methane-

involved environmental sequences indicate that these sequences are likely 

involved with methane cycling.   

Further research, such as culturing efforts, physiology characterization and 

activities measurements linked with identity, will be needed to understand the 

microbial community’s functions especially some of the major OTUs / clusters’ 

metabolic features and the environmental factors that influence their distribution 

in the constantly cold and anoxic sediments. 

 
3.5.2 Depth profile of cell abundance and microbial community structure 

  
The depth profile of the cell abundances did not exactly follow the gradually 

decreasing patterns in other lakes - it seems to be related to the sedimentary 

materials in each layer. Based on sediment formation studies in MCM lakes 

(Squyres et al., 1991; Andersen et al., 1993), the fine texture sediments were, to 

a larger extent, likely organic components derived from microbial mats and / or 

the deposition of phytoplankton and bacterioplankton from the water column to a 

lesser extent. The coarse sandy materials were most likely derived from 

terrigenous particles that originally deposited on the ice cover and then 

eventually made it through the ice cover to the lake bottom. Consistent with the 

previous chapter’s finding from West Lake Bonney sediments that the DNA 

content of the sediments was negatively correlated with coarseness of the 

samples. Cell abundance and DNA contents calculated in this study also showed 
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their relatedness with the texture of the samples with lowest value in most coarse 

sample F10-12 and highest values in one of the top fine sediments layer. The 

deepest section, F12-14 with fine materials, had higher cell number and DNA 

contents than the above sections, F10-12 and F8-10.  

The most divergent prokaryotic community occurred in F12-14 based on 

cluster analyses of both the bacteria and archaea community structures. In this 

depth, the methanogen clones and Chloroflexi clones decreased significantly 

while the Gammaproteobacteria and Marine Benthic Group B took a huge leap. 

This suggests a geochemistry change probably correlated with the availability of 

different energy sources. The origin and sources of the sediments and past 

geochemical conditions in the lake may all contribute to this depth’s particular 

geochemistry and thus, a very disparate microbial community structure. 

Unclassified OTU B1’s restricted niche in essentially only the top three depths 

also indicate some geochemical shift, which is reflected by the dark color and 

presence of possible calcite flakes found only in 0-6 cm. Actinobacteria have 

been found to be abundant in Dry Valleys soils (Smith et al., 2006), its peak in 

F10-12 might be related to this sample’s more terrigenous contents in 

accordance to the highest bacterial diversity found in this depth. While the under-

sampling and inherent PCR bias can skew the true community structure of each 

depth, the scale of these variations in the 16S rRNA gene represented 

community structure is quite significant in reflecting the dominant groups’ relative 

abundance changes over sediment length. We suggest deeper depth sampling of 
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Fryxell sediments, with redox measurements and chemical composition studies, 

to further understand energy utilization in Fryxell sediments. 
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Table 3.1. Visual description, cell count, extracted DNA concentration of each depth. 

Depth Visual Description Total water 
perc. 

Cell No.  / g 
dry sedi. 

Cell No. 
Stdev. 

 DNA µg / g 
dry sedi. 

0-2cm Black, fine, unknown laminar minerals 74.77% 2.60E+09 5.89E+08 2.435 

2-4cm Black, fine, unknown laminar minerals 81.36% 4.84E+09 9.05E+08 3.043 

4-6cm Black, fine, unknown laminar minerals 84.58% 3.46E+09 8.87E+08 3.885 

6-8cm Green, fine 80.82% 1.92E+09 3.56E+08 1.902 

8-10cm Green, fine, some sand 67.10% 9.78E+08 2.27E+08 0.326 

10-12cm Black and dark green, coarse, sandy 19.41% 2.36E+08 1.05E+08 0.053 

12-14cm Dark green, fine, some sand 61.37% 1.43E+09 2.60E+08 1.652 
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Table 3.2. Bacteria clone libraries taxa information and statistics. 
Taxa/Statistics 0-2cm 2-4cm 4-6cm 6-8cm 8-10cm 10-12cm 12-14cm Combined 

Chloroflexi 13,B2(8),B35(1), 
B36(2),B56,B60 

16,B2(8),B5(5), 
B20(3) 

22,B2(5),B5(16), 
B20(1) 

22,B2(14),B5(6), 
B35(1),B37(1) 

23,B2(14),B5(3), 
B15(5),B19(1) 

16,B2(11),B5(3), 
B19(1),B37(1) 

7,B2(4),B5(1), 
B19(2) 119 

Firmicutes 6,B3(1),B4(1), 
B54,B58,B61,B63 

12,B3(5),B4(5), 
B72,B78 

15,B3(4),B4(9), 
B31(2) 

9,B3(4),B4(4),B87 19,B3(12),B4(6), 
B92 

10,B3(5),B4(3), 
B31(1),B96 

22,B3(14), 
B4(7),B117 93 

Unclassified 

33,B1(33) 20,B1(12),B21(1),
B28(1),B41(1), 
B67,B69,B73,B75,
B79 

23,B1(18),B34(2),
B81,B82,B85 

1,B21(1) 1,B28(1) 6,B1(1),B21(1), 
B41(1),B94,B97, 
B105 

3,B21(1), 
B28(1),B116 87 

Actinobacteria 

3,B7(1),B10(1), 
B64 

7,B7(3),B10(1), 
B18(1),B38(2) 

6,B7(2),B10(1), 
B18(1),B40(2) 

6,B10(3),B18(1), 
B42(1),B51 

9,B7(4),B10(2), 
B32(1),B90,B93 

21,B7(9),B10(2), 
B14(5),B18(1), 
B32(1),B39(2), 
B42(1) 

8,B7(1),B10(3),
B32(1),B114, 
B115,B119 60 

Chlorobi 2,B6(2) 12,B6(12) 6,B6(6) 1,B6(1) 1,B6(1) 6,B6(6) 5,B6(5) 33 

α 2,B12(1),B47(1) 3,B12(3) 5,B12(4),B84 5,B12(2),B47(1), 
B88,B89 

2,B12(1),B48(1) 5,B12(1),B52(1), 
B95,B99,B101 

1,B48(1) 23 

γ 
- 2,B45(2) - 3,B11(2),B17(1) 4,B11(3),B17(1) 1,B17(1) 13,B11(8), 

B17(2),B112, 
B113,B120 

23 

OP8 1,B9(1) 1,B9(1) 4,B9(4) 5,B9(5) 5,B9(4),B22(1) 4,B9(1),B22(3) 2,B9(2) 22 
OP5 8,B8(8) 1,B8(1) 1,B8(1) 3,B8(3) 1,B8(1) 6,B8(5),B100 1,B8(1) 21 

Bacteroidetes 
8,B13(3),B26(1), 
B49(1),B50(2), 
B55 

6,B13(2),B66,B70,
B74,B80 

2,B26(2) - 1,B13(1) 2,B13(1),B102 2,B13(1),B49(1) 
21 

δ 
- 1,B23(1) 1,B23(1) 1,B46(1) 1,B46(1) 2,B24(2) 6,B23(1), 

B24(1),B25(3),
B111 

12 

TM6 1,B53 - 1,B27(1) 3,B27(2),B86 1,B91 - 3,B44(2),B108 9 
OP10 2,B57,B59 - - 1,B16(1) 2,B16(2) - 2,B16(2) 7 
JS1 - 1,B33(1) - - - 3,B30(3) 1,B33(1) 5 
Gemma- 
timonadetes 

1,B29(1) - - 1,B29(1) - 2,B29(1),B107 - 4 

Planctomycetes - - - - - 1,B98 3,B109,B110, 
B118 4 

WS1 1,B43(1) 1,B76 - - 1,B43(1) - - 3 
WS6 - 2,B68,B71 - - - - - 2 
Spirochaetes 1,B62 - - - - 1,B103 - 2 

(Continued on the next page) 
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Table 3.2. cont. Bacteria clone libraries taxa information and statistic. 
β - 1,B77 - - - - - 1 
ε - - 1,B83 - - - - 1 
OP11 - 1,B65 - - - - - 1 
Verruco- 
microbia 

- - - - - 1,B104 - 1 

Cyanobacteria - - - - - 1,B106 - 1 
Clone No. 82 87 87 61 71 88 79 555 
OTU No. 31 37 24 26 26 42 37 120 
HShannon 2.50 3.15 2.64 2.84 2.77 3.36 3.18 3.68 
HSimpson 0.178 0.054 0.095 0.075 0.081 0.039 0.054 0.049 
1/HSimpson 5.63 18.52 10.48 13.36 12.3 25.35 18.45 20.21 
SChao1 100 112 33 56 66 144 87 247 
SACE 159 105 39 54 56 121 106 244 

The OTUs B1-B120 were numbered according to their abundance: B1 and B2 had 64 clones each; B3 had 45 clones; B4 had 
35; B5 had 34; B6 had 33; B7 and B8 had 20 each; B9 had 18 clones; B10 and B11 had 13 each; B12 had 12; B13 had 8; 
B14 to B17 had 5 clones each; B18 to B22 had 4 clones each; B23 to B32 had 3 clones each; B33 to B50 were doubletons; 
B51to B120 were singlets. The total number of each taxa in each depth is listed at the beginning of each cell, the OTU it has 
was listed in the following with number of clones in this OTU in (), except singlets.  
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Table 3.3. Archaea clone library taxa and statistics  
 Taxa/Statistics OTU 0-2cm 2-4cm 4-6cm 6-8cm 8-10cm 10-12cm 12-14cm Combined 
Euryarchaeota Methanosarcinales A1 79 59 47 13 51 29 11 289 
 Methanosarcinales A11     1   1 
 Methanomicrobiales A2 10 4 13 50 6 21 5 109 
 Methanomicrobiales A4 1 1 4 2 3 15 14 40 
 Methanomicrobiales A8     4   4 
 Methanomicrobiales A12   1     1 
 Methanomicrobiales A13    1    1 
 UAG-II A5 1  2  4 1  8 
 UAG-II A6  3 1 3    7 
 LDS cluster A9    1 2  1 4 
Crenarchaeota Marine Benth GpB A3    1 3 3 38 45 
 Marine Benth GpB A7    2 1 2 1 6 
 Cren Gp C1b A10     3   3 
 Marine Gp1 A14   1     1 
 Clone No.   91 67 69 73 78 71 70 519 
 OTU No.  4 4 7 8 10 6 6 14 
 HShannon  0.46 0.48 1.02 1.07 1.36 1.34 1.25 1.39 
 HSimpson  0.77 0.78 0.50 0.50 0.44 0.29 0.36 0.37 
 1/HSimpson  1.30 1.28 2.01 2.00 2.28 3.42 2.81 2.72 
 Schao1  5 4 9 9 11 6 7 20 
 SACE  8 5 12 11 11 7 10 17 

  Marine Benth GpB: Marine Benthic GroupB, Cren Gp C1b: Crenarchaeota Group C1b, Marine Gp1: Marine Group 1
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Fig 3.1. Cell number and DNA concentration depth profile. Cell count error bar 
represents standard deviation.  
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Fig. 3.2. Pie chart of the phyla distribution of all bacterial 555 clones. 
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Fig. 3.3. Pie chart of the phyla distribution of all archaeal 519 clones. M’ 
sarcinales: Methanosarcinales, M’microbiales: Methanomicrobiales.  
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Fig 3.4. Bacteria clone library community structure clustering analysis. 
Pearson correlation and UPGMA were used.
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Fig. 3.5. Archaea clone library community structure clustering analysis. 
Pearson correlation and UPGMA were used. 
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Fig. 3.6. Main Archaea taxa’s depth distribution. 
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Fig. 3.7. Methanosarcinales and Methanomicrobiales reverse linear relationship 
in 0-12 cm.
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Fig. 3.8. Maximum likelihood tree of Firmicutes and Chloroflexi. 557 
unambiguous nt was used, alignment and mask was done in ARB, outgrouped 
with Escherichia Coli (J01695), nonparametric bootstrapping (100 replicates) was 
performed, bootstrap value <70 not shown. 
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Fig. 3.9. Maximum likelihood tree of unclassified bacteria and Candidate 
Divisions. 559 unambiguous nt  was used, alignment and mask was done in 
ARB, outgrouped with Escherichia Coli (J01695), nonparametric bootstrapping 
(100 replicates) was performed, bootstrap value <70 not shown. 
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Fig. 3.10. Maximum likelihood tree of Proteobacteria, Actinobacteria and three 
other phyla. 548 unambiguous nt  was used, alignment and mask was done in 
ARB, outgrouped with Thermodesulfovibrio  islandicus (AF334599), 
nonparametric bootstrapping (100 replicates) was performed, bootstrap value 
<70 not shown. 
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Fig. 3.11. Euryarchaeota neighbor joining tree. 463 unambiguous nt, was used, 
alignment and mask was done in ARB, outgrouped with Sulfolobus solfataricus 
(X90483). Bootstrapping performed (500 replicates), bootstrapping values are 
shown by neighbor joining method / maximum parsimony method, values > 70 
were shown. Underlined sequences were previously found in Fryxell. 
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Fig. 3.12. Crenarchaeota neighbor joining tree. 522 unambiguous nt, was used, 
alignment and mask was done in ARB, outgrouped with Methanosarcina barkeri  
(AF028692). Bootstrapping was performed (500 replicates), bootstrapping values 
are shown by neighbor joining method / maximum parsimony method, values > 
70 were shown. Sequences underlined are what previously found in Fryxell. 
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Chapter 4 

Sulfate-reducing bacteria diversity in a fine scale depth 
profile of sediment from Lake Fryxell, McMurdo Dry Valleys, 

Antarctica 
 

 
4.1 Abstract  

 
Surface sediments of Lake Fryxell, a perennially ice-covered freshwater 

lake in McMurdo Dry Valleys, Antarctica, are a stable and reduced environment 

with low concentration of sulfate but high concentration of sulfide, methane and 

ammonia. Methanogenesis and sulfate reduction were both detected in surface 

sediments. Sulfate reducing bacteria (SRB) diversity, based on the dissimilatory 

sulfite reductase gene marker (dsrAB), was examined in every 2 cm sub-sample 

of a 14 cm sediment core retrieved from Lake Fryxell. No archaeal dsrAB genes 

were found. The 415 total clones were grouped into 19 operational taxonomic 

units (OTU), which were further grouped into 8 major clusters. Two dsrAB 

clusters were novel with no similar sequences available in public databases. The 

second abundant cluster (cluster I) was related to Desulfobacca acetoxidans and 

corresponded to a three clone bacterial OTU in 16 S rRNA gene clone libraries. 

Candidate Divisions such as OP8, OP5 and OP10 were suggested as potential 

SRBs and may represent some of the clusters that did not relate with known SRB 

representatives. In general, potental SRBs comprised a small portion of overall 

bacterial clone libraries. The most abundant dsrAB cluster (cluster VIII) in this 
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study was highly similar to a dsrAB group found in the Fryxell water column and 

sediment samples by a previous study (Karr et al., 2005). However, there was no 

other overlap of the dsrAB groups found between this study and the study by 

Karr et al. It’s suggested that most SRBs in Fryxell have localized distribution in 

relation to stratified geochemistry in both the water column and sediments. 

Clusters I and VIII were most similar with clones from other low-sulfate 

environments, indicating their potential specialization under low-sulfate 

conditions. Some other OTUs / clusters suggested the neighboring marine 

system’s influence on the SRB community in sediments of Lake Fryxell.  

 

4.2 Introduction 

 
Like many other perennially ice-covered lakes in McMurdo Dry Valleys 

(MCM), Antarctica, Lake Fryxell exhibits a stable and stratified water column 

geochemistry. The bottom of the lake is anoxic and brackish with a salinity of 

about 1%. The bottom of the lake and surface sediments represent a highly 

reduced environment with high concentrations of sulfide and methane. Sulfate 

concentration maximizes in the middle to lower depth (2.0 mM) in the water 

column and decreases in a linear fashion to a low concentration (at most 0.1 

mM) at the water-sediment interface and remains very low in the sediments. 

Despite the low sulfate concentration, sulfate reduction activity was detected 

along with methanogenesis activity (Smith et al., 1993).   
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Sulfate reduction and methanogenesis are two terminal carbon metabolism 

pathways that are responsible for converting (usually) low molecular weight 

organic carbon to CO2 and methane in the final step of anaerobic decomposition 

(Ward and Winfrey, 1985; Teske et al., 2003). In natural environments with 

abundant sulfate such as marine sediments, sulfate reducers dominate over 

methanogens; whereas in low-sulfate environments such as fresh water 

sediments, methanogens are usually dominant (Raskin et al., 1996). This is 

generally believed to be due to their competition over common substrates 

(acetate and H2). However, recent studies have found large SRB populations or 

high SRB diversity or significant sulfate-reducing capacities in low sulfate / 

sulfate-depleted environment (Raskin et al., 1996; Loy et al., 2004; Leloup et al., 

2006; Schmalenberger et al., 2007). Whether sulfate reduction is largely involved 

in anaerobic degradation of organic compounds and how the sulfate reducers 

adapt to the low sulfate concentration in sediments of Lake Fryxell was largely 

unknown.  

Sulfate reducing prokaryotes, more commonly referred to as sulfate 

reducing bacteria (SRB), are a few diverse groups of both bacteria and archaea. 

All SRBs have the conserved enzyme dissimilatory sulfite reductase (DSR), 

which catalyzes the central energy conserving step of the six-electron reduction 

of (bi)sulfite to sulfide. Depending on the organism, the enzyme comprises two or 

three different chains that form either an α2β2 heterotetramer or three subunits 

that form an α2β2γ2 heterohexamer. DSRs from both bacteria and archaea seem 
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to share a common ancestor, which indicates an early origin of sulfate respiration 

(Wagner et al., 1998). The α and β subunits, separately and together, all show 

mostly congruent evolution as the 16S rRNA gene with some discrepancies, 

most of which are proposed to be due to lateral gene transfer events (Wagner et 

al., 1998; Klein et al., 2001; Zverlov et al., 2005). The dsrAB gene, which 

encodes the α and β subunits together, has been commonly used to investigate 

the diversity of SRBs and the evolutionary histories of anaerobic sulfate 

respiration (Wagner et al., 1998; Klein et al., 2001; Zverlov et al., 2005). A 

previous study by Karr et al. characterized the dsrA analyses of the water column 

and surface sediments in Fryxell by Denaturing Gradient Gel Electrophoresis 

(DGGE) (Karr et al., 2005). As an initial step to better understand the sulfate 

reduction process in sediments of Lake Fryxell which has low sulfate 

concentration and low in situ temperature, 2˚C and whether or how the SRB 

distribution changes along the surface sediment depths on a fine scale; the 

diversity of dsrAB gene was studied in a depth profile of every 2 cm of a 14 cm 

long sediment core. A clone library method was used for better coverage of lower 

abundance SRBs and for a better understanding of the dsrAB gene distribution 

along the surface sediment depths on a fine scale. Both bacterial and archaea 

clone libraries were also examined for potential SRB 16S rRNA gene sequences.   

 

4.3 Materials and Methods 

 
4.3.1 Sediment core collection and description of samples 
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This was described previously in Chapter 3, section 3.3.1.  

 
4.3.2 dsrAB gene amplification, cloning, RFLP, and sequencing 

 
The same genomic DNA used as templates for 16S rRNA gene 

amplification were also used for dsrAB gene amplification. DSR1F and DSR4R 

primers were used (Wagner et al., 1998). Each 50 µl of PCR reaction contained 

2-5 µl extracted genomic DNA (F0-2, F2-4, F4-6 samples each used 2 µl of 

template, F6-8, F8-10, F10-12 and F12-14 each used 5 µl template), 10 mM 

Tris·HCl (pH 8.5), 50 mM KCl, 2.5 mM MgCl2, 200 µM of each 

deoxyribonucleotide triphosphate, 4 U of Taq polymerase and 0.2 µM of each 

primer. PCR was performed as following: One cycle of denaturation at 94°C for 3 

minutes, followed by 30 cycles of denaturation for 30 s at 94°C, annealing for 30 

s at 54°C, and then extension for 60 s at 72°C.  The final extension was for 7 

minutes at 72°C. For each sample, 4 parallel PCR replicates were performed and 

combined. PCR products were checked on an agarose gel and the product 

corresponding to the expected 1.9 kb size was purified using a QIAquick Gel 

Extraction Kit (QIAGEN, Valencia, CA). Purified PCR products were cloned into a 

pSC-A vector using a Strata Clone PCR Cloning kit (Stratagene, La Jolla, CA) 

according to the manufacturer’s protocol. The cloning procedure and colony PCR 

were performed as previously described for the bacterial 16S rRNA gene clone 

library construction in Chapter 3, section 3.3.4. M13 PCR products of the right 

size were digested by AluI and HaeIII (New England Biolabs, Ipswich, MA), 
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separately for restriction fragment length polymorphism (RFLP) screening. 

GelCompar II (version 4.0; Applied Maths, Austin, TX) was used for analyzing 

RFLP patterns; clones with the same AluI and HaeIII RFLP patterns were 

grouped as one tentative operational taxonomic unit (OTU). To confirm the RFLP 

results, a partial sequence of the 5’ end of the dsrAB gene was obtained using 

the DSR 1F primer. At least one clone from each tentative OTU was sequenced 

(Agencourt Bioscience Corp, Beverly, MA).  

 
4.3.2 OTU assignment and phylogenetic analysis 

 
The partial dsrAB DNA sequences were translated to amino acid sequences  

at http://www.expasy.ch/tools/dna.html, and the peptide sequences varied 

between 220 to 236 a.a. long and were a truncated section of the dissimilatory 

(bi)sulfite reductase α-subunit (DsrA). The amino acids sequences were aligned 

using ClustalX 2.0 (http://www.clustal.org/). The alignment file was used to 

calculate a Dayhoff PAM protein distance matrix by the PROTDIST program of 

the Phylip package (version 3.65). The resulting Dayhoff PAM matrix was used 

as the input for DOTUR (Schloss and Handelsman, 2005) using the furthest 

neighbor clustering algorithm. A 0.03 distance difference was used as a cutoff for 

grouping dsrAB sequences into OTUs (the next distance level to separate any 

OTU was 0.06 among all the dsrAB sequences in this study). A 95% a.a 

sequence similarity was commonly used in other previous studies for grouping 

dsrAB gene into one OTU. In most cases, DOTUR assigned clones to the same 
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OTU as the RFLP; in case of a conflict in the assignment, the sequence-based 

assigning was considered the definitive method. Sequenced clones constitute 77 

out of 415 total clones. 

PhyML (version 3.0) (Guindon and Gascuel, 2003) was used to build dsrAB 

phylogenetic trees based on amino acid sequences. One sequence of each OTU 

was used. A mask using only unambiguously aligned positions was included. A 

maximum likelihood tree was constructed using the JTT model; non-parametric 

bootstrap values (100 replicates) were then generated. Default choices were 

used for all other parameters.  

The 16S rRNA gene sequences of Deltaproteobacteria clones and other 

potential SRP clones from Fryxell sediments were obtained from the work in 

Chapter 3. A phylogenetic tree based on 16S rRNA gene sequences was 

constructed as bacteria trees described in Chapter 3 section 3.3.5.  

Cultured representatives used for dsrAB gene sequences and 16S rRNA 

genes were the same except a different strain of Thermodesulfovibrio 

yellowstonii (accession no. AB231858) was used in the 16S rRNA tree due to 

poor sequence quality in the 16S rRNA gene sequence (L14619) of T. 

yellowstonii strain YP87 (which was used in the dsrAB tree). More cultured 

isolates were shown in the dsrAB trees than 16S rRNA gene tree also due to 

ambiguous nucleotides in the 16S sequences. 

  

4.4 Results 
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4.4.1 Diversity of the dsrAB gene 

 
There were 415 dsrAB clones from all 7 depths, which were classified into 

19 OTUs based on RFLP of cloned dsrAB and translated amino acid sequences 

of the partial dsrA gene (Table 4.1). The OTUs were numbered according to their 

abundance and named as D1 to D19. There is a large variation in each sample’s 

clone library size. The F8-10 section had only 4 retrieved dsrAB clones out of 72 

clones picked. The F12-14 section also had a smaller clone library size due to 

the lower recovery of dsrAB genes from picked clones (about 100 clones). The 

low recovery is most likely related to the low dsrAB gene content in genomic 

DNA.   

Based on the DsrA phylogenetic tree (Fig. 4.1), all the OTUs were 

dispatched into 8 clusters (I-VIII). Cluster I was the second most abundant 

cluster, which represented 26.5% of all dsrAB clones. It had 3 OTUs, including 

the second dominant OTU D2 with 102 clones. This cluster formed a distantly 

related yet well supported branch to Desulfobacca acetoxidans. The D. 

acetoxidans type strain ASRB2T, a mesophilic sulfate reducer, was isolated from 

an upflow anaerobic sludge with acetate as sole carbon and energy source. 

Other tested organic acids, alcohol, hydrogen and formate, could not support 

growth of this strain. It showed specialization in acetate oxidation and the 

capability to outcompete acetate-utilizing methanogens (Oude Elferink et al., 

1999). Other clones in this cluster were described previously by two studies on 
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the same fen soil in the Lehstenbach catchment in the Fichtelgebirge Mountains 

of Germany, which has been characterized as acidic and low-sulfate (between 20 

– 310 µM) (Loy et al., 2004; Schmalenberger et al., 2007).   

Cluster II was a tight clade with cultured isolates Desulfobacterium anilini, 

sulfate-reducing bacterium strain mXyS1 (both belong to Deltaproteobacteria) 

and a few Desulfotomaculum species from the Firmicutes phylum. The consistent 

dsrAB gene affiliation of these strains have been proposed to be due to lateral 

gene transfer events with the possibility of D. anilini and strain mXyS1 being the 

dsrAB gene donor. Alternatively, these species may have acquired their dsrAB 

gene from the same unknown donor lineage (Klein et al., 2001; Zverlov et al., 

2005). D10 and D12, with two clones each, were more closely related to cultured 

representatives D. anilini and strain mXyS1. Both D. anilini and strain mXyS1 are 

marine mesophilic bacteria and can grow on a variety of aromatic and aliphatic 

compounds, including acetate. Environmental clones related to D10 and D12 

were mostly from marine sediments such as the Black Sea sediment, Nankai 

Trough sediment, Plum Island Estuary sediment (shown in the tree), Okhotsk 

Sea sediments and Aarhus Bay sediment (not shown in tree). D7’s closest 

neighbor was clone SKcgA from metal surface biofilms found in heating systems 

with 90% amino acids similarity. The closest cultured representative to D7 is the 

thermophilic Desulfotomaculum thermocisternum with 79% amino acids similarity 

(not shown in tree). The Desulfotomaculum genus consists of a group of 

heterogeneous gram-positive, spore-forming sulfate reducers (Nilsen et al., 1996; 
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Widdel, 2006). This genus in general is metabolically versatile, utilizing a broad 

spectrum of substrates such as H2, alcohols, fatty acids and phenyl-substituted 

organic acids (Widdel, 2006).  

Cluster III was the most diverse clade with 7 OTUs representing 20.2% of all 

clones and fell in the Desulfobacteraceae family of Deltaproteobacteria. In this 

tree (except for D8, which showed highest amino acids sequence similarity of 

93% to Desulfococcus oleovorans and most likely belongs to Desulfococcus 

genus), all other OTUs’ DsrA amino acids sequences exhibited between 80 to 

84% highest similarity to cultured isolates and didn’t show clear genus- or 

species-level association. D5, D6 and D14’s closest neighbors were 

environmental clones from Okhotsk Sea sediments showing between 91 to 94% 

DsrA amino acids sequence similarity (not shown in the tree). All other OTUs’ 

closest environmental clones were from a variety of sediments such as the Pearl 

River Estuary in China, Etang de Berre in France and the freshwater Lake Biwa 

in Japan. The family Desulfobacteraceae has 14 described genera; members 

from this family are strictly anaerobes and are either mesophilic or psychrophilic. 

Most members use a variety of organic substrates such as long-chain fatty acids, 

alcohols, even aromatic compounds, and they completely oxidize the substrates 

or grow chemolithoautotrophically with H2 and sulfate as the energy source and 

CO2 as the carbon source (Kuever et al., 2005).  

Cluster IV had two OTUs, which both had only one clone each; it was not 

related to any known isolate but appeared to be a dominant group in the 
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Guyamas Basin (named Group IV by Dhillon et al. (Dhillon et al., 2003)) and later 

found to also be abundant in the salt marsh of the Plum Island Estuary (Bahr et 

al., 2005). Other close neighbors to cluster IV included clones from Okhotsk Sea 

sediments (unpublished, not shown in tree).  

Cluster V was a single OTU D4 with 16 clones; it was a new lineage not yet 

found in other environments. The most similar dsrA sequence was a clone, 

MS1.11, from a microbial mat of Mushroom Spring in Yellowstone National Park 

showing 70% a.a. similarity.  

Cluster VI was associated with the clade of Desulfosporosinus and 

Desulfitobacterium genera, which are strictly anaerobic and spore-forming 

bacterium within the Firmicutes phylum (Spring and Rosenzweig, 2006). D16 

was a single clone OTU in this cluster; it was most closely related to 

Desulfosporosinus orientis with 77% a.a. similarity. 

Cluster VIII was the most abundant OTU in this study, comprising 45.8% of 

all clones. This cluster was not related to known isolates but had clones from the 

fen soil as introduced in cluster I and also from fresh water sediments of the 

Seine River Estuary, which also had low salinity and low sulfate concentration. 

 
4.4.2 Depth distribution of the dsrAB gene 

 
Cluster analysis based on the abundance and distribution of OTUs in all 

dsrAB clone libraries (except F8-10) showed that F0-2, F2-4 and F6-8 

communities were highly similar (Fig. 4.3). The F4-6 and F12-14 dsrAB gene 
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communities were only loosely clustered. The F10-12 sample was distinct from 

all other samples. This clustering pattern didn’t agree with the bacterial or 

archaeal clone libraries’ community structures.  

Almost all the OTUs had distinct distribution with depth. D1 was mostly 

abundant in F0-2 representing 78.7% of all dsrAB clones; it also comprised 

59.0% and 60.3% of all dsrAB clones, respectively, for F2-4 and F6-8, but it was 

represented in a much lower percentage of between 18.4 to 25.6% in F4-6, F10-

12 and F12-14.  D2 comprised the highest percentage in F4-6 of 67.6% clones 

and was no more than 28.9% in all other depths. D3 represented 18.1% and 

39.5% of all clones in F2-4 and F10-12 respectively but remained lower than 

2.7% in all other depths. D4 was only detected in F6-8 and F12-14. D5 was only 

present in samples from F8-14. 

 

4.5 Discussion 

 
4.5.1 Diversity of sulfate reducing bacteria  

 
Surface sediments in Lake Fryxell exhibited very low concentration of 

sulfate, yet sulfate reduction was still found to co-exist with the dominating 

terminal bioremineralization pathway: methanogenesis (Smith et al., 1993). This 

study of dsrAB gene diversity in the top 14 cm of Fryxell sediments identified 19 

dsrAB OTUs, which were grouped into 8 major clusters in the dsrAB phylogenetic 

tree. There were no dsrAB sequences closely related to the only known archaeal 
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SRB group – the thermophilic Archaeoglobus. The archaeal 16S rRNA gene 

clone libraries did not reveal any suspected sulfate reducers either, so all the 

SRBs in Fryxell sediments were likely bacteria.   

The 16S rRNA gene sequences from bacterial clone libraries were also 

examined for potential SRBs. There were 12 clones in Deltaproteobacteria out of 

a total of 555 clones from 16S rRNA genen clone libraries. Bacterial OTU B23, 

with 3 clones (Fig. 4.2), showed as a related branch with Desulfobacca 

acetoxidans; the clade had well-supported bootstrap values. Most likely, B23 

corresponds to the second most abundant DsrA cluster I.  However, this D. 

acetoxidans cluster branched differently in relation to the Desulfobacteraceae 

family between the Dsr trees and 16S rRNA gene trees as shown in this 

dissertation study and other previous studies (Loy et al., 2004; Leloup et al., 

2006). It appeared as a deep branch within the Desulfobacteraceae family in 16S 

rRNA gene phylogenetic tree, whereas it was consistently shown as an outgroup 

of the Desulfobacterales and Desulfovibronales orders in the Dsr tree. OTUs B24 

and B25 were distantly clustered with the Desulfobacteraceae family; the 

possibility of either one or both of them being related to dsrAB cluster III cannot 

be ruled out. It is also possible that neither of these two OTUs were of SRB 

lineages. B46 and B111 were very deep branched Deltaproteobacteria OTUs, 

and did not appear to clearly relate to any dsrAB OTUs. Two Firmicutes OTUs, 

B72 and B78 with one clone each, were distantly related to Desulfosporosinus 

orientis and could possibly correspond to dsrAB cluster VI’s singlet OTU, D16. 
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None of the other OTUs in the bacterial clone libraries were closely related to any 

cultured SRB isolates. 

The dsrAB Cluster IV, which had two singlet OTUs, was previously identified 

in the Guyamas Basin as the most abundant Group IV. The phylogenetic affinity 

of this cluster was unresolved. In this study, an attempt was made to check if any 

16S rRNA gene sequences in this study were closely related to 16S rRNA gene 

sequences from Guaymas. Four OTUs from this study were related to Guaymas 

Basin clones: they were B76, a WS1 clone showing 88% to B01R003 

(AY197424), OP8 OTU B22 clones showing 93% similarity to B02R006 

(AY197394) and Bacteriodetes OTUs B13 and B102 showing 95% and 96% 

similarity, respectively, to B01R030 (AY197391). Out of these 4 OTUs that 

shared 16S similarity with the Guaymas clones, the OP8 OTU was of particular 

interest as Dhillon et al. (Dhillon et al., 2003) suggested that OP8 members could 

be potential SRBs in that they were found also in freshly harvested Guaymas 

sediments with a high sulfate reduction rate (Teske et al., 2002) and sulfate 

reducing enrichment cultures from Guaymas sediments (Phelps et al., 1998).  

Besides OP8, there were quite a few Candidate Divisions bacteria in Fryxell 

sediments. It was speculated that microorganisms represented by OP11 

sequences from the Obsidian Pool, a Yellowstone hot spring, may be involved in 

sulfate reduction (Dojka et al., 1998; Hugenholtz et al., 1998). OP5’s scavenger 

nature and potential role in contributing to sulfur cycling was also recently 

suggested (Mori et al., 2008). It is possible that these Candidate Divisions such 
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as OP5, OP10 and OP11, are potential SRBs and may represent some of the 

dsrAB clusters that do not associate with known SRB cultured representatives. 

Cluster V and VII were novel dsrAB lineages without closely related 

environmental clones or cultured representatives. A variety of dsrAB gene 

studies have also identified novel dsrAB lineages and distantly related dsrAB 

clades to known SRB strains (Nakagawa et al., 2004; Leloup et al., 2006; Dillon 

et al., 2007; Kaneko et al., 2007; Leloup et al., 2007). The suggestion of some 

Candidate Divisions as potential SRBs together with the discovery of novel 

dsrAB lineages and distant neighbors of known cultured SRP representatives in 

this study and other previous studies expanded our current knowledge of sulfate 

reducing bacterial diversity.   

 
4.5.2 Distribution of dsrAB gene in Lake Fryxell and potential influencing factors 

 
The dsrA Group F found by Karr et al. was highly similar to the most 

abundant cluster, cluster VIII, in this study, again strongly showing this group’s 

more prevalent distribution at different depths of the water column and in the 

sediments of Lake Fryxell (Karr et al., 2005). But cluster VIII had a 3-4% 

sequence variation from Group F while the whole cluster itself only had, at most, 

1% nucleotide variation. The variation between cluster VIII and Group F could be 

related to their adaptation and evolution under different conditions within the lake. 

The appearance of this group in the oxic upper water column indicates that this 

group could have facultative aerobic metabolism and not necessarily perform 
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sulfate reduction for energy production. No other dsrAB groups found by Karr et 

al. in the Fryxell water column and surface sediments were detected in this study 

(Karr et al., 2005). The dsrAB diversity differences between the water column 

and sediments together with the depth-related SRB distributions in the water 

column observed by Karr et al. suggest that SRB distributions can be quite 

localized within the lake relating to the surrounding physicochemical 

environments. Sulfate concentration, oxygen content and differences in organic 

compounds could all be influencing factors on SRB distribution. However, it was 

unexpected that in this study, the two other prevalent dsrAB groups 

(Desulfovibrio-related Group A and deep branch Deltaproteobacteria Group D) 

previously found by Karr et al., were absent. The different DNA extraction 

methods from sediments could contribute to this result. In both the Karr et al.’s 

study and this dissertation study, the same primers were used for dsrAB 

amplification, but a second round DGGE PCR using dsrAB PCR product as 

template was performed by Karr et al. The amplification biases introduced by 

nested PCR could be another reason for the difference.  

In this study, the dsrAB gene distribution in surface sediments had no 

specific trend with depth. While taking the precaution of PCR amplification 

biases, the variable distribution of the OTUs along the depth could still imply fine 

interlayer stratification in Fryxell sediments as suggested by both bacterial and 

archaeal community structures. Sulfate reduction could be strongly inhibited at 8-

10 cm depth where only 4 dsrAB gene clones were obtained. The 12-14 cm 
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depth had the second lowest dsrAB gene retrieval, this may be connected to this 

layer’s geochemistry change as suggested by both bacteria and archaea 

diversity depth profiles.  

Cluster I and VIII together comprised 72.3% of all dsrAB clones; both of the 

clusters were closely related to clones found in fen soils in the Lehstenbach 

catchment of Germany’s Fichtelgebirge Mountains (Loy et al., 2004; 

Schmalenberger et al., 2007). Cluster VIII was also related to a few freshwater 

mudflat sediments of the Seine River Estuary. These environments were 

characterized with low sulfate concentrations yet still exhibited significant sulfate-

reducing capacities (Loy et al., 2004; Leloup et al., 2006). It is possible that 

cluster I and VIII were also adapted to the Fryxell sediment’s low sulfate 

environments.  

Quite a few of the dsrAB OTUs were highly related to sequences from 

marine environments. Cluster II’s D10 and D12, Cluster IV, Cluster VII and 

Cluster III (except D11) all had marine sediment clones as closest neighbors, 

especially clones from the Nankai Trough, Black Sea and Okhotsk Sea 

sediments. It is likely that the SRB community also receives some marine 

influence, which was exhibited in both bacterial and archaeal communities, due 

to Fryxell’s proximity to the ocean and direct contact to the marine system in the 

past during the lake’s long history. 
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Table 4.1. OTU distribution of clones in the dsrAB gene clone libraries. 

 
 

OTU 
name F0-2 F2-4 F4-6 F6-8 F8-10 F10-12 F12-14 

Clone 
No. 

D1 59 49 18 35  22 7 190 
D2 6 14 48 7  16 11 102 
D3 2 15 1   34  52 
D4    5   11 16 
D5     2 5 4 11 
D6 3 5  1    9 
D7   1 2 1 2 1 7 
D8    4  1 2 7 
D9 2  1 1  3  7 
D10    2    2 
D11 1   1    2 
D12   2     2 
D13 1     1  2 
D14      1  1 
D15      1  1 
D16 1       1 
D17     1   1 
D18       1 1 
D19       1 1 
Total 
clone No. 75 83 71 58 4 86 38 415 
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Fig. 4.1. Phylogenetic tree based on the translated amino acid sequences of 
dsrA gene. The tree was inferred based on maximum likelihood with a JTT model  
using an alignment of 189 unambiguous a.a. positions. Bootstrap values (100 
replications) were shown at nodes; values less than 65 were not shown. Bolded 
listings in the tree were clone names in this study followed by (OTU name, clone 
number in this OTU).   
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Fig. 4.2. Maximum likelihood tree of potential SRBs based on 16S rRNA gene 
sequences. 543 unambiguous nucleotide was used. Tree was out-grouped with 
Thermodesulfovibrio islandicus (AB231858) and Thermodesulfovibrio 
yellowstonii (X96726) branch. Bootstrap values (100 replications) were shown at 
nodes; values less than 65 were not shown. 
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Fig. 4.3. dsrAB gene clone library community structure cluster analysis. F8-10 
was excluded. Dendrogram was based on pairwise Pearson correlation 
coefficients and UPGMA clustering was used.  
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Conclusion 

 

Lake Fryxell and West Lake Bonney (WLB) from McMurdo Dry Valleys, 

Antarctica, which have been characterized with very distinct benthic 

geochemistry, were found to have very different overall prokaryotic diversity in 

the sediments. Bacterial clone libraries made from sediment samples of WLB 

were largely represented by Proteobacteria (38.7% of all clones) and 

Bacteroidetes (36.4% of all clones). In bacteria clone libraries made from 

sediment samples of Lake Fryxell, there were four phyla with more than 10% of 

clones. They were Chloroflexi (21.4%), Firmicutes (16.8%), Proteobacteria 

(10.8%), and Actionobacteria (10.8%). Altogether, 12.61% clones were classified 

into Candidate Divisions such as OP5, OP10, OP11 and TM6 etc. There was 

also a large portion of clones (15.7%), which did not clearly affiliate with known 

bacterial divisions in Fryxell’s sediment bacterial clone libraries. Archaeal 

denaturing gradient gel electrophoresis (DGGE) banding-pattern of WLB 

samples revealed only a limited number of bands and sequences of the bands 

only associated with Crenarchaeota. Fryxell’s archaeal clone libraries were 

dominated by Euryarcheota sequences especially two methanogenic orders, 

Methanomicrobiales and Methanosarcinales. Marine Benthic Group B was the 

most abundant Crenarchaeota group found in Fryxell sediments. Sequences of 

major bacterial OTUs in WLB exhibited exclusive relatedness to cold 

environment sequences, suggesting the endemic adaptation to the coldness. The 
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microbial community in sediments of Lake Fryxell seemed to be involved in 

methane cycling corresponding to methanogenic nature of Fryxell sediments. A 

large portion of the sequences also appeared to be related to sequences from 

marine environments suggesting the neighboring and once connected marine 

system’s influence on microbial population in Fryxell sediments.  

Compared with the available sequences from the water column and a 

microbial mat from Lake Fryxell and West Lake Bonney, microbial communities 

in the sediments appeared to be more than just the continuum of the overlying 

microbial populations in the lakes. Some sequences found in the WLB sediments 

were highly similar to sequences found in the water column, suggesting certain 

microorganisms in the sediments may originate from the water column or some 

microbes and DNAs were simply preserved in the cold and hypersaline condition. 

Sediments in WLB, however, showed generally higher bacterial diversity than the 

two depths of the water column characterized by a previous study. One 

sequence type of Euryarcheota was obtained from the water column by the same 

study in contrast to the exclusive Crenarchaeota sequences found in the 

sediments by this study. Bacterial community characterized in a microbial mat 

from Lake Fryxell was significantly different than the one found in the sediments 

whereas archaeal community partially overlapped between the mat and the 

sediments. Archaeal community in the water column seemed to be disparate 

from the one in the sediments.  
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Different origins of the sediments (biogenic or terrigenous) seemed to be 

related with DNA contents in different sediment layers. In both Lake Fryxell and 

WLB, the sediment sections with fine textures which were likely derived from 

microbial mats to a larger extent or depositions from dead planktonic 

microorganisms to a lesser extent always had more extractable DNA than their 

sandy, coarse counterparts which were likely terrigenous particles that 

penetrated through the ice-cover. Direct cell counts from Lake Fryxell showed the 

highest cell number (4.8 × 109 g-1 dry sediment weight) in one of fine sediment 

layer with and the lowest cell number (0.24 × 109 g-1 dry sediment weight) in the 

most coarse sediment section. The fine sediments sections far apart in the long 

sediment core (almost 4m) from WLB also shared similar bacterial and archaeal 

community structures. The more coarse samples from WLB sediments showed 

significantly different microbial community structure from each other and the fine 

sediment samples. One possible explanation is that the terrigenous materials 

brought different inoculums of microorganism than the water column and 

microbial mats and the inoculums could be specific to each deposition events. It’s 

likely that the evolution of the microbial community through long geologic years 

away from direct inoculations at the water-sediment surface may also contribute 

to the community reorganization and dying out of certain groups. In the 14cm 

surface sediments core collected from Lake Fryxell that was dissected into 7 

sections of every 2 cm, the top 3 sections shared similar bacterial and archaeal 

community structures and the deepest section 12-14cm had a disparate 
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community. Geochemistry transition with depths and different energy utilization 

by the microbial community were suggested for the differences seen in the fine 

scale depth profile of the microbial population.  

Co-existence of sulfate reduction and methanogenesis, two terminal carbon 

metabolism pathways responsible for the final step of anaerobic decomposition, 

was detected previously in surface sediments where there was very low sulfate 

concentration. This study on the diversity of dsrAB gene, which encodes for 

dissimilatory sulfite reductase, the conserved enzyme in all sulfate reducing 

bacteria (SRB) revealed 19 OTUs grouped into 8 clusters. Two dsrAB gene 

lineages appeared to be novel and did not closely relate with any other dsrAB 

gene sequences from current Genbank. The most diverse cluster had 7 OTUs, 

was associated with Desulfobacteraceae family. Bacteria of the Candidate 

Divisions found in the bacterial 16S rRNA gene clone libraries may represent 

some of the dsrAB gene clusters whose phylogenetic affinity were not resolved. 

The two dominant clusters including one related to Desulfobacca acetoxidans 

were suggested to adapt to low sulfate condition. Other clusters seemed to be 

related to marine SRBs, again suggesting the marine influence from the 

neighboring marine system. 

This is the first study characterizing overall prokaryotic diversity in 

sediments of any perennially ice-covered lakes from McMurdo Dry Valleys, 

Antarctica. Further research such as culturing work, physiology studies, linking 

identities with metabolic activities and identifying the active microbial members of 
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the overall population are necessary to better understand microbial community’s 

functionalities, adaptations and evolution in these extreme and chemically 

diverse environments.  


	titlepage.pdf
	ChaoAcknowledgments10-13-09.pdf
	10-28-09chao Dissertation abstract.pdf
	10-28-09Table_of_Contents.pdf
	List_of_tables_and_Figures_RDK.pdf
	10-28-09chao thesisIntroduction.pdf
	10-28-09chaoWLBchapter2.pdf
	10-28-09chaoChapter3.pdf
	10-28-09chaoChapter3.2.pdf
	10-28-09chaoChapter3.3.pdf
	10-28-09chaoChapter4.pdf
	10-28-09chao Conclusionofdissertation .pdf



