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Ill

Abstract

In 1976 crude oil was experimentally spilled on a plot near Fairbanks, Alaska to 

mimic an oil pipeline spill. The plot and surrounding area were further disturbed by 

wildfire in 2004. Although the fire burned organic matter on the plot surface, 

substantial subsurface oil remained. After the fire, soil samples from oiled/burned, 

burned, and control plots were collected to evaluate the effects of disturbance on 

nutrient cycling and soil bacterial communities. Samples were analyzed for total 

nitrogen (N), soil carbon (C) and N mineralization, N fixation, total bacterial diversity 

(16S rDNA), and functional genetic diversity {nifH). Inorganic N was low in all soil 

types. In control and burned soils there was net N mineralization, but in oiled/burned 

soils there was significant N immobilization. Carbon mineralization was much higher 

in oiled/burned soils than control or burned soils. While the highest N fixation 

potential was measured in oiled/burned soils, the diversity of the N-fixing bacterial 

community in those soils was about the same as that of the control. For 16S rDNA, 

diversity was higher in control and burned soils than in oiled/burned soils. Overall, 

the type of disturbance and the length of time since disturbance both affected 

microbial function and diversity.
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INTRODUCTION

During the past century, oil reserves have been discovered and exploited at an 

increasing rate in the circumpolar north. Oil spills have been, and will continue to be, 

a byproduct o f these operations. In an effort to understand the effects of oil spilled in 

the subarctic, two experimental oil spills were conducted in 1976, approximately 50 

km northeast of Fairbanks, Alaska at what is now designated the Caribou-Poker 

Creeks Research Watershed (CPCRW). The experiment was designed to mimic the 

effects that such spills would have on the subarctic landscape. Over the years since 

the spills, many scientists have visited and re-visited these sites to answer a range of 

research questions pertaining to these spills and its long-term ecosystem effects. One 

of the most dramatic outcomes observed at this site has been the persistence of oil on 

the soil surface and throughout the soil profile almost 30 years after the spill occurred 

(Braddock et al., 2003). The site has been periodically monitored for hydrocarbon 

transformations and microbial activity, and, to a lesser extent, nutrient cycling, over 

the past 28 years. From these studies it appears the soils may be nitrogen (N)-limited 

(Sparrow & Sparrow, 1988), but there is limited information on how N cycling has 

been affected by the oil spill, or how it will be altered over longer periods of time and 

by global climate change.

One of the predicted outcomes of escalated global temperatures and climatic shifts is 

an increased frequency o f forest fires in the boreal forest (Kasischke & Stocks, 2000). 

Lightning strikes in black spruce forest ecosystems, as well as human-caused ignition 

sources, result in forest fires, the severity of which depends on moisture levels in the 

upper soil profile and moss layer (Dymess & Norum, 1983; Zasada et al., 1983; 

Kasischke & Stocks, 2000). The largest Alaskan wildfire year on record was 2004 

(Alaska Interagency Coordination Center [http://fire.ak.blm.gov/]), during which 

2,720,280 hectares of the boreal forest was burned, including the experimental oil 

spill sites from 1976. The experimental oil spills continued to smolder for an

http://fire.ak.blm.gov/
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additional two weeks after fire in the surrounding boreal forest had burned itself out. 

However, once the smoking ceased, large amounts of oil were still visible at the sites. 

Subsequent hydrocarbon analysis confirmed that large amounts of oil persisted after 

the fire (Prince, personal communication).

The effects wildfires have on C and N cycling of the mineral soil in interior Alaska 

have been preliminarily established by scientific pioneers during the last century 

without the benefit of applied environmental isotopic tracers or the molecular 

biological methods available to researchers today. Application of these newer 

techniques to fire-affected systems provides a unique scientific opportunity to study 

the nutrient-cycling activity of residual oil in the mineral soil matrix at our site and 

document responses in un-oiled soils.

This thesis incorporates modern experimental techniques and traditional ecological 

methods to describe the effects of oil and fire on mineral soil microbial communities 

and the nutrient cycling processes they govern. At the beginning of my study I posed 

the following three hypotheses:

Hypothesis I (HI): Oil persists at the CPCRW oil site because nitrogen supply rates 

constrain oil degradation by microbes.

By examining the N fixation potential of these soils, we can determine whether N 

inputs to the system are limiting N availability for oil degradation or if N availability 

is more specifically tied to rates of N cycling within the system. I asked three primary 

research questions to address H I : 1) Is N being fixed in oiled/burned soil at rates 

greater than or less than in control soils in vitrol 2) What is the immediate fate of 

fixed N as NH4 or NO3, microbial immobilization, or mineralization? 3) How does 

inorganic N relate to total N in disturbed sites relative to the control soils? 

Specifically, can total N be used as a proxy for N availability and subsequent fates in
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these disturbed soils? With this approach I hoped to reveal any N cycling bottlenecks 

in these soil systems.

Hypothesis 2 (H2): Carbon mineralization rates are greater in oiled/burned and 

burned soils than in control soils as available C is released with fire.

Since total C was greater in oiled/burned soils due to the presence of residual oil and 

because fire itself introduced new forms of C to the system, I examined if disturbance 

is reflected in C mineralization rates in vitro.

Hypothesis 3 (H3): Oiling and burning of soils create environments that support lower 

microbial diversity.

To address H3,1 asked, 1) What is the total bacterial diversity (16S rDNA) of the 

three soil types: oiled/burned, burned, and control? 2) What is the relative diversity 

of bacteria able to fix nitrogen (nifH DNA) in these soil types? 3) How is disturbance 

reflected in diversity of genes? Specifically, in highly disturbed soil systems are a 

few key genera responsible for the functional response, or are many taxa involved?

Following an introductory background chapter, the results of this work are contained 

in two chapters: Chapter 2 addresses C and N cycling using contemporary ecological 

methods (H1&H2), and Chapter 3 is devoted to molecular studies of the distinct 

microbial communities (H3).
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Chapter One: Background

1.1 Study System-Alaskan Black Spruce Forests

Interior Alaska landscape has a continental climatic regime (Weber & Van Cleve, 

1981), characterized by seasonal temperature extremes extending from 35°C during 

the summer months down to -50°C in the winter (Viereck et al., 1983). Snowfall 

delivers 30% of the precipitation in interior Alaska, and combined with rain provides 

an average of 286 mm of precipitation annually (Viereck et al., 1983). Black spruce 

(.Picea mariana (Mill.) Britt., Stems & Pogg.) is the dominant forest type in interior 

Alaska (Viereck et al., 1983), typically underlain with permafrost and characterized 

by the feather mosses (Pleurozium spp. and Hylocomium spp.) carpeting the forest 

floor of the associated understory. These moss associations act to insulate rooting 

systems from extremes in aboveground conditions, resulting in cold, often poorly 

drained soils with low pH and subsequent slow rates of nutrient cycling (Van Cleve & 

Dymess, 1983; Van Cleve et al., 1983).

Interior Alaskan soil processes are dominated by temperature regime, though many 

factors contribute to their unique characteristics. Seasonal maximum temperatures 

rarely climb over 15°C at a depth of 10 cm, though extreme fluctuations at the ground 

surface have been recorded (Van Cleve et al., 1983). Soils under black spruce forests 

are often underlain by permafrost, and seasonal thaw depths are typically shallow. 

Permafrost regulates the volume of soil available for nutrient cycling and acts as one 

barrier to downward transport of nutrients in the system (Van Cleve et al., 1983).

High organic matter (OM) accumulation in these systems is due to low rates of 

decomposition associated with high soil moisture yielding low oxygen tension, low 

soil temperature, semi-arid above-ground climate, and low quality litter (Van Cleve & 

Dymess, 1983; Van Cleve et al., 1983; Viereck et al., 1983, Paul & Clark, 1996).
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Organic matter decomposition rates are significantly correlated with the N 

concentration within the forest floor and the quality of litter there (Flannagan & Van 

Cleve, 1983; Fox & Van Cleve, 1983). Substrate quality has been reported to be five 

to six times more important than micro-climatic variations in determining rates of 

mineralization in black spruce forests (Flannagan & Van Cleve, 1983; Vance & 

Chapin, 2001). There are high concentrations of recalcitrant secondary plant 

compounds such as tannins, lignins, and phenolic acids in black spruce forest litter, 

limiting decomposition, which in turn affects the release of processed nutrients to the 

soil complex (Flannagan & Van Cleve, 1983; Paul & Clark, 1996). The results of 

these contributing factors are underlying mineral soils rich in C but with 

decomposition limited by C quality and inorganic nutrients. With micro- and macro

nutrient availability so scarce, competition between microbes and plants for available 

nutrients within black spruce forest systems is continuous (Van Cleve & Alexander, 

1981).

1.2 Nitrogen Dynamics in Alaskan Black Spruce Forests

The large amount o f N retained and recycled within black spruce trees themselves 

effectively reduces N in their leaf litter and subsequent N re-integration into the soil 

matrix (Flannagan & Van Cleve, 1983). Loss of N below the rooting zone of black 

spruce trees (leaky roots) is equivalent to that delivered via precipitation, and is quite 

low (Van Cleve et al., 1983). As N is the only essential nutrient not released by 

weathering of parent material (Schulten & Schnitzer, 1998), black spruce soil systems 

and the communities they support are forced to rely upon newly fixed atmospheric N, 

the release of N from the ammonium pool in the soil, and organic N sources for their 

nutrient demands.
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Nitrogen fixation rates in black spruce forests of interior Alaska have been reported to 

be about 1 kg N ha"1 y e a r1 (Son, 2001); this value includes N fixation due to 

symbiotic and free-living diazatrophic N fixation. The Alnus-Frankia spp. symbiosis, 

housed in N-fixing nodules on the alder root system, fixes the most N in subarctic 

boreal forests (Klingensmith & Van Cleve, 1993; Uliassi & Ruess, 2002). However, 

alder shrubs are dominant during early successional stages of the forest and become 

sparse by the time forests have reached the late succession black spruce stage, causing 

soil systems to employ alternative strategies for N acquisition. Newly fixed N is 

supplied to the undisturbed black spruce forests primarily by symbiotic associations 

between cyanobacteria and the feather moss carpeting the forest, and cyanobacterial- 

lichen symbioses (Van Cleve & Alexander, 1981; Billington & Alexander, 1983). In 

the absence of these symbioses, such as after a major landscape-altering disturbance, 

newly fixed N is supplied by free-living N fixing bacteria residing in mineral soils 

(Paul & Clark, 1996). Rates of N fixation vary among free-living N fixers, depending 

on substrate composition, temperature, moisture regime, and multiple other factors 

(Son, 2001). Rates of N fixation are significantly influenced by the amount of 

available N already present in any given soil (Schimel et al., 1997; Vitousek & 

Howarth, 1991).

Ammonium is the dominant inorganic N form in black spruce forest soils, with tight 

adsorption of NH4 to soil particles themselves, low NH4 concentrations, and low pH 

limiting autotrophic nitrification (Van Cleve & Alexander, 1981; Sparrow &

Sparrow, 1988; Paul & Clark, 1996). Organic N mineralization and NH4 

immobilization by microbes are dependent on available C substrate and abiotic 

factors, but will ultimately be determined by microbial growth demands for N (Paul 

& Clark, 1996). Carbon-to-nitrogen ratios (C:N) larger than 20-30 indicate a greater 

potential for microbial N immobilization rather than plant N uptake (Paul & Clark, 

1996). As black spruce soil values tend to fall in this range or higher, NH4
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immobilization by microbes in black spruce soil systems is expected (Van Cleve et 

al., 1983; Paul & Clark, 1996).

Competition between microbes and plants is not limited to inorganic N acquisition in 

black spruce soil systems. Organic N sources are also known to be prevalent in black 

spruce forest soils, where concentrations are 45 times greater than inorganic N 

sources (Jones & Kielland, 2 0 0 2 ; Schimel & Bennett, 2004). Microbes have been 

shown to respire 25% of the amino acids they process in these systems while 

converting the remaining 75% into biomass, thus limiting the availability of N 

monomers in the soil environment for transformation or uptake (Jones & Kielland, 

2002). This trend indicates that the N availability bottleneck in black spruce forest 

soils is initially the conversion of more complex protein molecules to simpler forms 

available for direct uptake or subsequent mineralization (Jones & Kielland, 2002; 

Schimel & Bennett, 2004).

1.3 Carbon Dynamics in Alaskan Black Spruce Forests

The availability of labile C substrate is essential to biological cycling of N.

Most of the total C in boreal forests is stored in mineral soils (Schlesinger, 1997; 

Harden et al., 2000; Valentine et al., 2006). The C mineralization potential of a soil 

can be deduced from the CO2 respired from the soil over a given time (Robertson et 

al., 1999), and can be used as an indicator of the available C substrate to the microbial 

population (Flannagan & Van Cleve, 1983; Lindstrom et al., 1999). Correlations 

between annual decomposition rates and annual emission of respired CO2 are known, 

and indications are that C mineralization is dictated by C quality not quantity 

(Flannagan & Van Cleve, 1983; Vance & Chapin, 2001).

Black spruce soils are high in lignin, tannins, and other complex organic substrates 

that limit rates of microbial decomposition (Flannagan & Van Cleve, 1983). In
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response, the microbial communities of black spruce soils are known to shift substrate 

utilization seasonally (Lindstrom et al., 1999) to access seasonally released C 

compounds. Turnover o f seasonal microbial biomass provides a small but constant 

pool of readily decomposable C substrate (Booth et al., 2005), but expansion of the 

population size and thus activity remains hindered by nutrient availability and the 

limited supply of simple C substrates (Flannagan & Van Cleve, 1983).

1.4 The 1976 Experimental Oil Spill and Subsequent Studies

In 1976, two oil spills (one in February, another in July) each consisting of 7570 L of 

heated oil were experimentally released at the Caribou-Poker Creeks Research 

Watershed (CPCRW), approximately 50 km northeast of Fairbanks, Alaska to mimic 

a rupture in the Trans-Alaska Pipeline. The oil was released on low-sloping, 

permafrost-underlain, open-black-spruce hillside plots with a feather moss and lichen 

(Peltigera spp, Cladonia spp, and Nephroma spp) -dominated understory common to 

interior Alaska. Additional forest understory vegetation included resin birch (Betula 

glandulosa Michx.), low bush blueberry (Vaccinium uliginosum, L.), two forms of 

Labrador tea {Ledum groenlandicum (Oeder) Hult. and Ledum decumbens (Ait.) 

Hult.), and healthy tussocks dominated by cotton grass (Eriophorum vaginatum L.) 

(Jenkins et al., 1978).

The black spruce forest system of CPCRW where the oil was spilled was 

representative of the typical black spruce forest systems described in detail above.

The undisturbed portion of the study area is underlain with discontinuous permafrost 

that ranges in annual thaw depth from 20-60 cm (Collins et al., 1994). The soils are 

in the Sualich Series and have been previously described as His tic Pergelic 

Cryaquept (Collins et al., 1994), reclassified in 2003 as Ruptic-Histic Aquiturbels 

(Ping et al., 2005), with an overlaying organic mat varying in thickness from 3-16 cm 

(Jenkins et al., 1978).
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The first sets of post-spill studies included physical measurements of the oil spill 

extent, effects on black spruce forests (Jenkins et al., 1978), and measurements of 

microbial populations in oiled and control plots. The microbial populations were 

counted using traditional enumeration methods (most probable number (MPN) and 

dilution plate count) on a variety of diagnostic substrates (Sparrow et al., 1978). In 

these microbial experiments bacterial counts showed a significant increase in the 

heterotrophic bacterial population in samples from the oiled plots immediately after 

the spill, and throughout the first growing season. An opposite trend was observed in 

fungal propagules.

Soil respiration was measured in situ and in vitro (at 4°C and 20°C). Respiration 

rates were high in oiled soils compared to unoiled/control soils during all seasons of 

the year, apparently a result of increased C from the oil itself or from recently killed 

plants in the plot (Sparrow et al., 1978). The effect of oil stress on soil respiration 

rates in situ in this study was more variable than in laboratory incubations. The 

authors speculated that the observed rates were influenced at least partially by 

methodology, the freshly killed plant biomass introduced with the spill, and the 

spilled oil itself, the latter two providing a flush of labile C to the microbial 

population (Sparrow et al., 1978). It is noteworthy that this study was conducted 

immediately following the oil spill and throughout the following sampling year when 

the system was still in a state of flux in response to the spill.

Ten years later, in 1986, Sparrow and Sparrow (1988) observed no significant 

difference between the respiration rates of oiled and unoiled/control soils from 

CPCRW when soil profiles were considered on a per area basis in vitro (10°C, 7 d 

incubations, reported in g m ' 2 d '1). However, when separated into organic (O) 

horizons and mineral (C) horizons, there was two- to three-fold more CO2 respired 

from the oiled mineral soils than from the control mineral soils, but no significant



10

difference in samples from O layers. At that time the site was also surveyed for 

microbial biomass, ammonium-N, soluble nitrite-N and nitrate-N. Microbial 

biomass, determined with ATP analysis, was lower in the oiled plots and attributed to 

a reduction in fungal biomass. Fungi are considered to be primarily responsible for 

organic matter decomposition in subarctic soils (Flannagan & Van Cleve, 1983); thus, 

a decrease in fungal biomass would have a significant effect on nutrient cycling 

processes. To quantify decomposition, both birch tongue depressors and enmeshed 

filter paper were placed in three different locations in the soil profile to measure 

annual rates of decomposition of lignin and cellulose, respectively. This experiment 

revealed healthy populations of decomposers in all levels of the control soil profile 

but little cellulose and lignin decomposition in the oiled soils at all levels. Coupled 

with the greater rates o f respiration of oiled mineral soils, it was evident that the 

microbial population was utilizing the more-labile portion of hydrocarbon C as a 

primary energy source.

Nitrite and nitrate levels were found to be extremely low in both plots during the 

1986 study (Sparrow & Sparrow, 1988), and most inorganic N, which was 

significantly higher in the oiled plot, was available as ammonium in field samples.

The authors suggested that increased levels of ammonium in oiled soils were possibly 

due to freshly fixed dinitrogen or decomposition of wind deposited black spruce 

forest litter, but were primarily attributable to the lack of an N-loss mechanism in the 

oiled system.

The CPCRW, in 1994 and 1995 were again examined for a number of ecological and 

microbial parameters approximately 20 years after oiling. Lindstrom et al. (1999) 

observed no significant differences in C mineralization rates between oiled and 

unoiled/control plots in vitro. Interestingly, rates varied throughout the active 

growing season in the unoiled/control plot, whereas rates were relatively constant 

across the active growing season in the oiled plot, indicating the oil-plot microbes
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were using a more consistent C substrate, the residual oil and that the unoiled/control 

microbes were accessing more heterogeneous C substrates that varied with seasonal 

inputs, such as leaf litter and root exudates. This hypothesis was supported by 

general substrate utilization patterns using Biolog GN microplates (Biolog Inc., 

Hayward, CA), and by the MPN ‘Sheen Screen’ technique for enumerating 

hydrocarbon degraders.

Lindstrom et al., (1999) also reported no detectable net nitrification in the oil plot in 

1994 and 1995, as compared with the unoiled/control plot where both nitrification 

and net ammonification were observed for incubations of one month at 15°C. They 

suggested that either the nitrifying community was inhibited or was non-existent in 

the oiled soils, but most importantly that differences continued in N-cycling in the 

oiled soils as compared to unoiled/control soils after 2 0  years.

The most recent study at the site was conducted in 2001, approximately 25 years after 

oiling and focused on the relative condition of the oil compounds in the soil matrix 

and various hydrocarbon degrading and heterotrophic microbial communities therein 

(Braddock et al., 2003). Though significant photooxidation and biodegradation were 

observed in the upper soil profiles, deeper mineral soils harbored hydrocarbons with 

signatures not substantially different from the initial oil spilled, suggesting 

degradation limitations are different in deeper soil profiles where oxygen and other 

essential nutrients may be limited, and temperatures may be lower. Culturable 

populations of total heterotrophs and crude oil emulsifying bacteria remained elevated 

in oiled soils compared to unoiled/control soils, indicating a microbial population in 

oiled soils still acclimated for survival under persistently oiled conditions.

All of the soil samples collected in the Braddock et al. (2003) study had a portion of 

their photooxidizable or biodegradable hydrocarbons remaining, leading to the 

conclusion that the degradative processes active at the site would likely continue at
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these relatively slow rates for some years to come (Braddock et al., 2003). This 

probably would have been the case had the oiled site in CPCRW not burned during 

the 2004 wildfire season.

1.5 Fire in Alaska and Nutrient Response

The most acute and consistent outcome of interior Alaska’s continental climate and 

vegetation regime is wildfire. Though the moss carpets of black spruce forests have 

the capacity to hold relatively large amounts of water, they also are quick to 

desiccate, reducing their ability to maintain cool and moist conditions belowground 

(Billington & Alexander, 1983; Flannagan & Van Cleve, 1983; Van Cleve &

Dymess, 1983). Dry organic layers accompanied by the inherently flammable black 

spruce trees provide extensive wildfire fuels and are easily ignited by lightning. 

Interior Alaskan wildfires have the potential to grow quickly and consume thousands 

of hectares of forested land. However, these wildfires are characterized by 

inconsistent mosaic patterns of forest floor consumption that are defined by soil 

moisture content across the landscape at the time of burning (Dymess & Norum,

1983; Zasada et al., 1983). Low-intensity fires in Alaska, like prescribed bums, have 

not been shown to significantly change soil chemical properties after fire, as soils 

remain undercover of the inconsistently burnt OM layer on the soil surface, which 

filters any nutrient-containing ash from the soil surface (Dymess & Norum, 1983).

Burning of the landscape may increase nutrient-cycling rates in black spmce forests. 

OM in these systems has been shown to turn over at higher rates in early-successional 

stands after fire than in late-successional stands (Van Cleve & Dymess, 1983). Use of 

available C sources is shifted with fire disturbance as some specific C sources are 

volatilized, others concentrated, and some remain resistant to the immediate heat 

effects. Pietikainen et al. (2000) observed heat-influenced substrate-use preferences
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that were linked to specific heating regimes when soils were inoculated with the same 

microbial consortia post soil heating event. In their study, C mineralization varied 

with heating regime and time since the heating event. C-substrate preferences varied 

among soils heated to between 45-100°C, between 120-160°C, and heated to 230°C. 

The mosaic of burn intensity patterns typical o f interior Alaska likely reflects similar 

responses to the different heating regimes of their micro-environment (Zasada et al., 

1983; Harden et al., 2004), but is also influenced by the inequality of C compound 

combustibility (Harden et al., 2004).

The notable alteration by fire of C and N substrates available to microbes is a major 

factor defining forest regeneration at the site after fire (Van Cleve & Oliver, 1982). 

Immediate effects of fire on N cycling depend on a number o f factors including the 

relative intensity and duration of fire, N transformations with fire, N volatilization 

with fire, and the release of readily available C and N for microbial use (Van Cleve & 

Oliver, 1982; Dymess & Norum, 1983; Acea & Caraballas, 1996; Wan et al., 2001; 

Harden et al., 2004; Yeager et al., 2005). Net N mineralization and nitrification have 

been shown to increase after fire in boreal forests (DeLuca et al., 2006), but soil 

instability and increased leaching after fire may negate any benefits the regenerating 

forest could gain from newly available N. N transformations depend on the microbial 

communities capable of the transformation processes in the post-bum environment.

Most boreal ecosystem N is in moss/litter layers, the removal of which is too 

substantial to be replenished by any N reservoir in the mineral soil, thus increasing 

the system’s reliance upon fixed dinitrogen from the atmosphere for new N inputs 

following fire (Weber & Van Cleve, 1981; Wan et al., 2001; Harden et al., 2003). 

Since N fixation is an energetically expensive process carried out by a select number 

of microbes, a burned soil’s ability to fix meaningful amounts of N will be influenced 

by the C quality after fire, and the N-fixing community’s presence and response to 

that C after fire.
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1.6 Molecular Microbial Characterization

The microbial community within a given soil is a major factor affecting nutrient 

cycling in that soil. The biomass and activity of the microbial community operating 

within specific conditions may in turn alter the presence or activity of the microbial 

community (DeLuca et al., 2006), as different microbial communities dominate at 

different nutrient concentrations (Paul & Clark, 1996). The largest microbial biomass 

in Alaskan soil systems has been identified in the low-productivity black spruce forest 

systems (Vance & Chapin, 2001). The low-quality OM found in black spruce forests 

requires a microbial community well suited to these apparently stressful conditions.

A disruption to the microbial community and the subsequent community response to 

disturbance conditions define both short-term and long-term landscape response to 

disturbance.

The microbial community response to disturbance can be monitored by observing the 

resumption of essential nutrient cycling processes after the disturbance. The 

relevance of microbial community composition to ecological processes depends on 

the ecosystem function o f interest. If the ecosystem dynamics of interest can be 

explained without considering the population structure of a microbial community 

(e.g., C mineralization), then focus on individuals in a community is non-essential 

(Schimel, 1995). It is when examining ecosystem processes that are only carried out 

by restricted groups of microbes that the community membership and interactions 

therein become crucial (Schimel, 1995). Nitrogen fixation is one of these complex 

ecosystem processes.

Biological N fixation is a specialized process that takes place within the oxygen- 

sensitive nitrogenase system, and depends on the proteins dinitrogenase and 

dinitrogenase reductase. These proteins are connected by an iron-molybdenum
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cofactor (FeMo-co), which is the actual site of N2 reduction (Madigan et al., 2000). 

Dinitrogenase reductase is unique to N-fixing bacteria, and is encoded by nifH, a 

well-conserved portion on the n if  regulon (large protein-encoding region of the 

nitrogen fixer genome). Examination of this functionally specific gene has allowed 

researchers to molecularly define ecological functional response to disturbance. 

DeSlippe et al. (2005) observed the most abundant nifH  genotypes of a low-nutrient- 

soil microbial complex shifted with heating, though it was not clear whether this was 

due to new available C substrates or general survivorship. Another post-fire study 

found a genotypic diversity explosion after fire, where diversity increases were 

correlated to bum intensity (Yeager et al., 2005). Using the molecular techniques of 

these studies coupled with traditional ecological assays, the connection between 

functional community genetics and ecological process response to disturbance can be 

illuminated.

Soil microbial community characterization has traditionally been limited to the less 

than 1% of laboratory-culturable bacteria resident in the soil matrix (Paul & Clark, 

1996). Through the advancement of molecular techniques, many hurdles have been 

bypassed, allowing the characterization of numerous soil microbial consortia by 

examination of soil bacterial DNA, though some methodological biases remain. By 

examining the ribosomal gene 16S, possessed by all tme bacteria, the researcher is 

able to characterize the overall microbial community of a given site (Madigan et al., 

2000). The 16S rDNA genetic sequences have been identified for most known 

bacteria, allowing phylogenetic relationships to be established by means other than 

physiological characteristics. By amplifying genes of specific interest or function, the 

researcher is able to link ecological processes with the microbial consortia 

responsible for them.



16

1.7 Literature Cited

Acea, M.J. and Carballas, T., 1996. Changes in physiological groups of 

microorganisms in soil following wildfire. FEMS Microbiology Ecology 20, 33-39.

Billington, M.M. and Alexander, V., 1983. Site-to-site variation in nitrogenase 

activity in a subarctic black spruce forest. Canadian Journal of Forest Research 13, 

782-788.

Booth, M.S., Stark, J.M., Rastetter, E., 2005. Controls on nitrogen cycling in 

terrestrial ecosystems: a synthetic analysis of literature data. Ecological Monographs 

75, 139-157.

Braddock, J.F., Lindstrom, J.E., Prince, R.C., 2003. Weathering of a subarctic oil spill 

over 35 years: the Caribou-Poker Creeks Research Watershed experiment. Cold 

Regions Science and Technology 36,11-23.

Collins, C. M., Racine, C.H., Walsh, M.E. 1994. The physical, chemical, and 

biological effects of crude oil spills after 15 years on a black spruce forest, interior 

Alaska. Arctic 47, 64-175.

DeLuca, T.H., Mackenzie, M.D., Gundal, M.J., Holben, W.E. 2006. Wildfire- 

produced charcoal directly influences nitrogen cycling in forest ecosystems. Soil 

Science Society of America Journal 70, 448-453.

DeSlippe, J.R., Egger, K.N., Henry, G.H.R. 2005. Impacts of warming and 

fertilization on nitrogen-fixing microbial communities in the Canadian High Arctic. 

FEMS Microbiology Ecology 53, 41-50.



17

Dymess, C.T. and Norum, R.A., 1983. The effects of experimental fires on black 

spruce forest floor in interior Alaska. Canadian Journal of Forest Research 13, 879- 

893.

Flannagan, P.W. and Van Cleve, K., 1983. Nutrient cycling in relation to 

decomposition and organic-matter quality in taiga ecosystems. Canadian Journal of 

Forest Research 13, 795-817.

Fox, J.F. and Van Cleve, K., 1983. Relationships between cellulose decomposition, 

Jenny’s k, forest-floor nitrogen, and soil temperature in Alaskan taiga forests. 

Canadian Journal of Forest Research 13, 789-794.

Harden J.W., Tmmbore, S.E., Stocks, B.J., Hirsch, A., Gower, S.T., O ’Neill, K.P. 

Kasischke, E.S., 2000. Role of fire in the boreal carbon budget. Global Change 

Biology 6 , 174-184.

Harden, J.W., Mack, M., Veldhuis, H., Gower, S.T., 2003. Fire dynamics and 

implications for nitrogen cycling in boreal forests. Journal of Geophysical Research 

107:8223, doi:10.1029/2001JD000494.

Harden, J. W., Neff, J.C., Sandberg, D.V., Turetsky, M.R., Ottmar, R., Gleixner, G., 

Fries, T.L., Manies, K.L., 2004. Chemistry of burning the forest floor during the 

FROSTFIRE experimental bum, interior Alaska, 1999. Global Biogeochemical 

Cycles 18, 1-13.

Jenkins, T.F., Johnson, L.A., Collins, C.M., McFadden, T.T., 1978. The physical, 

chemical and biological effects of crude oil spills on a black spmce forest, interior 

Alaska. Arctic 31, 305-323.



18

Jones, D.L. and Kielland, K., 2002. Soil amino acid turnover dominates the nitrogen 

flux in permafrost-dominated taiga forest soils. Soil Biology & Biochemistry 34, 209- 

219.

Klingensmith, K.M. and Van Cleve, K., 1993. Denitrification and nitrogen fixation in 

floodplain successional soils along the Tanana River, interior Alaska. Canadian 

Journal of Forest Research 23, 956-963.

Lindstrom, J.E., Barry, R.P., Braddock, J.F., 1999. Long-term effects on microbial 

communities after a subarctic oil spill. Soil Biology and Biochemistry 31, 1677-1689.

Madigan, M.T., J.M. Martinko, J.M., Parker, J., 2000. Brock Biology of 

Microorganisms; 9th edition. (Eds.), Prentice-Hall, Upper Saddle River, 991 pp.

Paul, E.A. and Clark, F.E., 1996. Soil Microbiology and Biochemistry. Academic 

Press, San Diego, 340 pp.

Pietikainen, J., Hiukka, R., Fritze, H. 2000. Does short-term heating of forest humus 

change its properties as a substrate for microbes? Soil Biology and Biochemistry 32, 

277-288.

Ping, C.L., G.J. Michaelson, E.C. Packee, C.A. Stiles, D.K. Swanson, & K. 

Yoshikawa. 2005. Soil Catena Sequences and Fire Ecology in the Boreal Forest of 

Alaska. Soil Science Society of America Journal 69,1761-1772.



19

Robertson, G.P., Wedin, D., Groffman, P.M., Blair, J.M., Holland, E.A., Nadelhoffer, 

K.J., Harris, D., 1999. Soil carbon and nitrogen availability: nitrogen mineralization, 

nitrification, and soil respiration potentials. In: Robertson, G.P., Coleman, D.C., 

Bledsoe, C.S., Sollins, P. (Eds.), Standard Soil Methods for Long-Term Ecological 

Research. Oxford University Press, New York, pp.258-271.

Schimel, J. P. and Bennett, J., 2004. Nitrogen mineralization: challenges of a 

changing paradigm. Ecology 85, 591-602.

Schimel, J., 1995. Ecosystem consequences of microbial diversity and community 

structure. In: Chapin, F.S. Ill and C. Komer (Eds.), Arctic and Alpine biodiversity: 

Patterns, causes and ecosystem consequences. Springer-Verlag, Berlin, pp. 239-254.

Schimel, D.S., Braswell, B.H., Parton, W.J., 1997. Equilibration of the terrestrial 

water, nitrogen, and carbon cycles. Proclamations of the National Academy of 

Sciences, USA 94, 8280-8283.

Schlesinger, W.H., 1997. Biogeochemistry: An Analysis of Global Change.

Academic Press, San Diego, 588 pp.

Schulten, H.R. and Schnitzer, M., 1998. The chemistry of soil organic nitrogen: a 

review. Biology and Fertility of Soils 26, 1-15.

Son, Y., 2001. Non-symbiotic nitrogen fixation in forest ecosystems. Ecological 

Research 16, 183-196.

Sparrow, E. B., Davenport, C.V., Gordon, R.C., 1978. Response of microorganisms 

to hot crude oil spills on a subarctic taiga soil. Arctic 31, 324-338.



20

Sparrow, S.D. and Sparrow, E.B., 1988. Microbial biomass and activity in a subarctic 

soil ten years after crude oil spills. Journal of Environmental Quality 17, 304-309.

Uliassi, D.D. and Ruess, R.W., 2002. Limitations to symbiotic nitrogen fixation in 

primary succession on the Tanana River floodplain. Ecology 83, 88-103.

Valentine, D.W., Kielland, K., Chapin, F.S. Ill, McGuire, A.D., Van Cleve, K., 2006. 

Patterns of biogeochemistry in Alaskan boreal forests. In: Chapin, F.S. Ill, Oswood, 

M.W., Van Cleve, K., Viereck, L.A., Verbyla, D.L. (Eds.), Alaska’s Changing Boreal 

Forest. Oxford University Press, New York, pp. 241-266.

Vance, E.D. and Chapin III, F.S., 2001. Substrate limitations to microbial activity in 

taiga forest floors. Soil Biology and Biochemistry 33, 173-188.

Van Cleve, K. and Alexander, V., 1981. Nitrogen cycling in tundra and boreal 

ecosystems. Ecological Bulletins 33, 375-404.

Van Cleve, K. and Dymess, C.T., 1983. Introduction and overview of a 

multidisciplinary research project: the structure and function of a black spruce (Picea 

mariana) forest in relation to other fire-affected taiga ecosystems. Canadian Journal 

of Forest Research 13, 695-702.

Van Cleve, K. and Oliver, L.K., 1982. Growth response of postfire quaking aspen 

(Populus tremuloides Michx.) to N, P, and K fertilization. Canadian Journal of Forest 

Research 12, 160-165.

Van Cleve, K., Oliver, L.K., Schlentner, R., Viereck, L.A., Dymess, C.T., 1983. 

Productivity and nutrient cycling in taiga forest ecosystems. Canadian Journal of 

Forest Research 13, 747-766.



21

Viereck, L.A., Dymess, C.T., Van Cleve, K., Foote, J., 1983. Vegetation, soils, and 

forest productivity in selected forest types in interior Alaska. Canadian Journal of 

Forest Research 13, 703-720.

Vitousek, P.M. and Flowarth, R.W., 1991. Nitrogen limitation on land and in the sea: 

How can it occur? Biogeochemistry 13, 87-115.

Wan, S., Hui, D., Luo, Y., 2001. Fire effects on nitrogen pools and dynamics in 

terrestrial ecosystems: a meta-analysis. Ecological Applications 11, 1349-1365.

Weber, M.G. and Van Cleve, K., 1981. Nitrogen dynamics in the forest floor of 

interior Alaska black spruce ecosystems. Canadian Journal of Forest Research 11, 

743-751.

Yeager, C.M., Northrup, D.E., Grow, C.C., Barnes, S.M., Kuske, C.R. 2005. Changes 

in nitrogen-fixing and ammonia oxidizing bacterial communities in soil o f a mixed 

conifer forest after wildfire. Applied Environmental Microbiology 71, 2713-2722.

Zasada, J.C., Nomm, R.A., Van Veldhuizen, R.M., Teutsch, C.E., 1983. Artificial 

regeneration of trees and tall shrubs in experimentally burned upland black 

spruce/feather moss stands in Alaska. Canadian Journal of Forest Research 13, 903- 

913.



22

Chapter Two

Microbially mediated nutrient cycling: response to oil contamination and 

wildfire in interior Alaska.1

2.1 Abstract

In February 1976, 7570 L of crude oil was spilled on an experimental plot near 

Fairbanks, Alaska to mimic a spill from the Trans-Alaska Pipeline. The plot remained 

relatively undisturbed until July 2004, when the oiled plot and an adjacent control 

plot were burned in a wildfire. Two weeks after the fire burned out, soil samples 

from the oiled/burned, burned, and an un-bumed (control) plot were collected to 

evaluate the effects of the fire on nutrient cycling. Although the fire burned much of 

the organic matter on the surface of the oiled plot, substantial amounts of visible oil 

remained in subsurface samples. Soil samples were analyzed for available nitrogen 

(N), soil carbon (C) and N mineralization potentials, and N fixation potential (using 

15N2). Available nitrate and ammonium levels were low in all soil types. In the 

control and burned soils there was net N mineralization, but in the oiled/burned soils 

there was significant N immobilization by the microbial community under laboratory 

incubation conditions. Carbon mineralization rates were also much higher in the 

oiled/burned soils compared to both control and burned soils; similar trends were 

observed in the nitrogen fixation assay. Soils contaminated with crude oil 28 years 

prior to burning were very active following fire, suggesting a microbial community 

suited to accommodate environmental stress.

'Garron, J.I. and Braddock, J.F. Microbially mediated nutrient cycling: response to oil 
contamination and wildfire in interior Alaska. (Prepared for submission to Soil 
Biology and Biochemistry).
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2.2 Introduction

The United States continues to rely upon crude oil produced from northern Alaska, 

thus risks associated with its transport are expected to continue for the foreseeable 

future. The Trans-Alaska Pipeline transports crude oil about 1450 km overland from 

the North Slope of Alaska to the Port of Valdez in southern Alaska. During the 

pipeline’s construction in the 1970’s, a number of studies examined the effects that 

crude oil spills would have on Alaskan ecosystems. One of these studies took place 

in the Caribou-Poker Creeks Research Watershed (CPCRW), where two experimental 

oil spills were conducted in 1976, one in winter and one in summer. In each spill, 

7570 L of Prudhoe Bay crude oil, heated to the temperature at which it travels 

through the pipeline (~57°C), were released on a ten- by fifty-meter plot. The effects 

these spills had on vegetation, microbial populations, ecosystem functional processes, 

permafrost deterioration, and hydrocarbon degradation have been examined in a 

number of studies, beginning immediately after the spill (Jenkins et al., 1978;

Sparrow et al., 1978) and occurring periodically (Sparrow & Sparrow, 1988; Collins 

et al., 1994; Lindstrom et al., 1999; Braddock et al., 2003). Oil has persisted through 

the soil profile over the past thirty years; no amendments or clean up efforts have 

been applied to the site. Until now, oil persistence has been hypothesized to be due to 

a suite of factors, including a lack of microbially available nitrogen (N) required for 

metabolism, reproduction, and diversification of the hydrocarbon-degrading 

microbial community (Sparrow & Sparrow, 1988; Lindstrom et al., 1999).

The oil spills at CPCRW occurred within a black spruce forest, the most common 

forest type of interior Alaska (Viereck & Little, 1972). These forest ecosystems have 

traditionally been defined by their cold and wet soil moisture regimes, and are unique 

because of the extreme climatic conditions under which they are able to function 

(Van Cleve et al., 1983; Van Cleve & Dymess, 1983; Viereck et al., 1983).

Ecosystem processes in these forests are heavily impacted by local state factors 

(Jenny, 1941); of these, the most influential include temperature, moisture, and the
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occurrence of permafrost, the interactions of which result in thick organic mats that 

insulate mineral soils from extremes in the surface conditions. One notable 

characteristic of these insulated, cool, moist soils is a relatively slow rate of organic 

matter decomposition (Fox & Van Cleve, 1983). Specifically, rates of N 

mineralization and subsequent N cycling are often limited by the rate at which 

complex organic matter constituents can be depolymerized, releasing available N 

(Fox & Van Cleve, 1983; Chapin et al., 2002; Schimel & Bennett, 2004).

Additional sources of N available to the system are limited to what is either 

atmospherically deposited or fixed from atmospheric N. N fixation in mixed boreal 

forest stands o f the subarctic takes place primarily as a symbiosis between Alnus spp. 

and Frankia spp. (Klingensmith & Van Cleve, 1993; Uliassi & Ruess, 2002).

Though this symbiosis is essential for the acquisition of soil N in early stages of 

Alaskan succession (Klingensmith & Van Cleve, 1993; Uliassi & Ruess, 2002), its 

role for primary N production is reduced in later successional stages as other N- 

fixation symbioses come into play. The thick feather moss layer in late succession 

black spruce stands supports cyanobacterial interactions that allow for N fixation in 

the uppermost forest floor layer (Van Cleve & Alexander, 1981; Billington & 

Alexander, 1983; DeLuca et al., 2002; Zackrisson et al., 2004). Normally, there also 

are lichen-cyanobacterial symbioses on the uppermost surfaces of these mosses that 

fix even larger amounts of atmospheric N than the feather-moss layer associations 

(Billington & Alexander, 1983; DeLuca et al., 2002; Zackrisson et al., 2004). If the 

moss layer is removed or otherwise detrimentally affected in these black spruce 

systems, N entering the system can only be supplied by leaf litter decomposition 

and/or by the presence of free-living diazotrophs (N-fixing bacteria) in the mineral 

soil.

In the boreal forest, one of the most common disturbances is fire. In the 2004 fire 

season alone, over 2.5 million hectares of Alaskan forest were consumed by fire
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(Alaska Interagency Coordination Center [http://fire.ak.blm.gov/]), including the 28- 

year-old oil spills at CPCRW. The effects of these large fires on the landscape of 

interior Alaska have been described as a “mosaic” of disparate fire intensities 

(Dymess & Norum, 1983; Zasada et al., 1983; Kasischke & Stocks, 2000), leading to 

a full consumption of the organic matter that exposes the mineral soil, bums with 

islands of green remaining after the fire has extinguished, or only singeing of the 

vegetation. The impacts of fire on nutrient cycling can also vary with these non- 

uniform bum patterns (Dymess & Norum, 1983), ranging from drastic reductions in 

nutrient-cycling processes to almost no observable change (Dymess & Norum, 1983; 

Van Cleve & Dymess, 1983; Harden et al., 2004). Concern that fire frequency may 

be increasing in the pan-subarctic boreal forest (Kasischke & Stocks, 2000) warrants 

a better understanding of ecosystem responses to such large-scale disturbance.

The influence of disturbance on boreal forest mineral soils in general has been under

characterized, as most soil-disturbance studies have focused on the organic layers, the 

apparent zone of greatest activity. Intensity of disturbances can render these C-rich 

organic layers functionally inoperable, thus the ability of the mineral soil to process 

nutrients and provide substrate for soil system recovery is essential.

There have been a few studies that have incorporated the top few centimeters of 

mineral soil into their disturbance analysis (McKendrick & Mitchell, 1978; Dymess 

& Nomm, 1983; Sparrow & Sparrow, 1988; Harden et al., 2003); however, to date 

there have been no published studies examining the role of diazatrophic N fixation in 

mineral soils of interior Alaska following disturbance. In this study we seek to 

understand the effects of N cycling in this oil- and fire-disturbed system. By 

understanding nutrient-cycling processes (N fixation, and N and C mineralization) in 

disturbed and control mineral soils, we hope to discover useful indices of potential 

soil recovery. Such indices could then be used to characterize initial secondary 

successional patterns in interior Alaskan boreal forests.

http://fire.ak.blm.gov/
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2.3 Materials & Methods

2.3.1 Site Description

Our study area was located in the Caribou-Poker Creeks Research Watershed 

(CPCRW) approximately 50 km northeast of Fairbanks, Alaska. Two experimental 

oil spills were conducted in 1976, one in February and one in July. Our study focused 

on soils from the February (winter) oil spill site. The oil spill and fire occurred in a 

typical black spruce (Picea mariana (Mill.) Britt., Stems & Pogg.) forest, with a 

feather moss (Pleurozium spp. and Hylocomium spp.) and lichen (Peltigera spp, 

Cladonia spp, and Nephroma spp) -dominated understory common to interior Alaska. 

Additional forest understory vegetation included resin birch (Betula glandulosa 

Michx.), low bush blueberry (Vaccinium uliginosum, L.), two forms of Labrador tea 

{Ledum groenlandicum (Oeder) Hult.), {Ledum decumbens (Ait.) Hult.), and healthy 

tussocks dominated by cotton grass {Eriophorum vaginatum L.)(Jenkins et al., 1978).

In the February 1976 spill, 7570 L of Pmdhoe Bay crude oil was evenly released 

across the top 10 m of a low-sloping (7-8%), west-facing portion of the black spmce 

forest (Jenkins et al., 1978) to simulate a spill from the Trans-Alaska Pipeline and the 

effects such a spill would have on the surrounding ecosystem. The spilled oil was 

heated to the temperature of cmde oil traveling through the pipeline, approximately 

56°C. The oil spilled in Febmary traveled vertically through the snow profile until 

encountering frozen soil; it then moved laterally, primarily flowing along the 

interface of snow and the frozen soil profile. In some areas the top few centimeters of 

mineral soil were also thawed (Jenkins et al., 1978). Horizontal movement of the oil 

reached 18m  down slope during the first 24 hr, where it mostly remained until spring 

thaw, when it migrated an additional 17 m down slope. Subsequent studies revealed 

increased seasonal thaw depths (Collins et al., 1994) and the eventual melting of the
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underlying permafrost down to bedrock beneath the oiled soils after 25 years of oiling 

(Dan White, personal communication).

Before the forest fire that burned the oiled site in July 2004, there had been minimal 

apparent recovery of the site from its disturbed state (Lindstrom et al., 1999,

Braddock et al., 2003). Little vegetation had returned to the oiled site by early 2004, 

and was mainly the sedge Eriophorum vaginatum and mosses primarily located on 

the tussocks above the general soil surface, and horsetail (Equisetum arvense) 

flourishing between the tussocks (Braddock et al., 2003; Garron, personal 

observations).

In the summer of 2004, Alaska endured large wildfires that consumed greater than 2.5 

million hectares o f forests and wetlands (Alaska Interagency Coordination Center 

[http://fire.ak.blm.gov/]). To protect neighboring communities and other long-term 

experiments in the research watershed, a successful prescribed bum (backbum) was 

conducted within CPCRW to reduce the fuel load available to the wildfire. The oil- 

spill study was mistakenly included as part of the prescribed bum area. The fire in 

the watershed burned in a mosaic pattern, similar to other black spruce forest fires in 

interior Alaska (Viereck & Dymess, 1979; Dymess & Norum, 1983; Zasada et al., 

1983; Kasischke & Stocks, 2000, Harden et al., 2004); however, the oil spill site 

continued to smolder for an additional two weeks after the fire had been extinguished 

in the rest of the watershed (Garron, personal observation). Any additional soil 

heating, if it occurred, may have further stressed the microbial community in those 

soils. Varying fire intensity across the landscape caused the forest floor to be 

completely consumed to mineral soil in some locations, and only scorched the forest 

floor enough to kill the active moss layer in adjacent locations.

http://fire.ak.blm.gov/
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2 .3 .2  Soil Collection, Processing, and Analyses

The three soil types (oiled/bumed, burned, and control) were subjected to a number of 

analyses to ascertain their specific responses to disturbance. We measured total C 

and N content, C mineralization rate, and net N mineralization rate following the 

fires. N fixation was evaluated to determine if the oiled/bumed site was still cycling 

N released during vegetation die-off immediately following the oil spill, and/or if new 

N was entering the system. Assaying the response of the soil to these processes in 

burned but not oiled soils afforded the opportunity to distinguish disturbance effects 

attributable to fire from those attributable to residual oil compounds.

Soil samples from non-oiled, burned plots were collected from beneath the burned, 

intact, moss layer areas adjacent to the un-bumed control plot. Control (not oiled, not 

burned) soil samples were collected on the opposite side o f the fire line, within the 

research watershed. Besides the scorched vegetation and OM, bum and control sites 

visually appeared to be similar to each other, excepting differences in albedo 

following the fire. Oiled/bumed soil samples were collected from the winter oil spill 

plot, that had no organic layer remaining. Soil samples were collected August 3 ,

2004, approximately two weeks after the fire in the spill site burned itself out. Three 

soil cores comprising the top 10  cm of mineral soil o f each soil type were collected, 

pooled, and homogenized by passing through a 2 mm sieve at field moisture. After 

homogenization, an initial subsample of approximately 50 g was collected and dried 

at 65°C for 48 hours before pulverization for total C and N (CNS 2000, carbon, 

nitrogen, and sulfur analyzer; LECO®, St. Joseph, MI) and 15N2 natural abundance 

analyses. The l5N2 natural abundance determination was conducted by direct 

combustion isotope ratio mass spectrometry in association with nitrogen fixation 

analysis, described below. A second subsample of each soil type was collected for 

gravimetric water content determination and water holding capacity (WHC) 

calculations as described in Gardner (1986).
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C and N mineralization assays were conducted in sealed microcosms. N 

mineralization was determined by comparing inorganic N concentrations after 

microcosm incubation to their initial values determined prior to incubation. Ten g dry 

weight equivalent field moist soil was placed in Nalgene® bottles for immediate 

extraction (to) while simultaneously weighing a paired 10  g sample into 236 ml 

canning jars equipped with sealable lids fitted with rubber septa to allow headspace 

gas sampling for mineralization incubations (oiled/burned, n=14; burned, n=16; 

control, n=16). Samples for immediate extraction were treated with 75 ml o f 0.5 M 

K2S 0 4 and placed on a shaker table for 2 hours before vacuum filtration through 

Whatman® GF/C glass fiber filters; samples were then frozen pending colorimetric 

analysis of NO3 and NH4.

All mineralization assay samples were adjusted to 60% WHC, sealed in the canning 

jar microcosms, and placed in a 10°C incubator. Samples were vented once a week to 

prevent excessive CO2 buildup within the jars and to obtain 24-hour CO2 evolution 

rates. Immediately after venting and resealing each microcosm, a syringe was 

inserted into the septum and plunged 10  times to homogenize the head space gas 

before collecting 20 ml of head space gas for CO2 determination (Li-Cor® IRGA 

model Li-6262, Li-Cor®, Lincoln, NE); this sample represented to for the 24-hour 

evolution of CO2. The same headspace gas collection and analysis procedure was 

completed 24 h after venting to obtain the 24-h CO2 evolution rate (ti). Calculations 

for C mineralization were adapted from Robertson et al. (1999). Weekly C- 

mineralized values were estimated by multiplying the 24-h evolution rate by seven to 

represent the week prior to the 24-h gas sample collection. These weekly values were 

summed at the end of the 48-day (~7 week) incubation period to obtain an estimate of 

total C respired during the period. The mineralization assay was terminated when t0 

and ti C 0 2 values were not significantly different within the bum and control samples. 

Samples were then extracted with 75 ml of 0.5 M K2S 0 4 and extracts were frozen
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pending colorimetric determination of inorganic N. Extracts were later thawed and 

analyzed for NH4+ and NO3" by flow injection colorimetry (Keeney and Nelson,

1986; Auto-Analyzer III, Bran-Luebbe®; Norderstedt, Germany).

Nitrogen fixation was estimated using canning-jar microcosms similar to those used 

for mineralization assays. Soil samples of 1 g dry weight equivalent were weighed 

into 236 ml canning jars and adjusted to 60% WHC, then sealed with a septum- 

equipped lid, as described above (oiled/burned, n=14; burn, n=16; control, n=9). For 

each jar, 15 ml of headspace was withdrawn through the septum by syringe and 

discarded; 20 ml of 99% 15N2 gas was flushed into the microcosm and homogenized 

with a syringe. As a control to assure that 15N2 gas loss was due to uptake not 

leakage, to and ti headspace samples were collected and immediately injected into an 

evacuated Exetainer ® (Labco Limited, Buckinghamshire, UK), which was then 

securely wrapped in parafilm to prevent leakage and stored for pending mass 

spectrometer analysis. Sample microcosms were incubated for 5 d at 10°C, after 

which a second headspace sample (ti) of 5 ml was collected before opening the 

microcosm, fncubated soil samples were then dried at 65°C for 48 hr and then 

prepped for direct-combustion mass spectrometer analysis on a Europa Scientific 

continuous flow mass spectrometer, (PDZ Europa, Inc., Cheshire, UK).

Samples for post-fire hydrocarbon analysis were collected August 3, 2004 from the 

same plots described above. Samples were sent to R. Prince (Exxon Mobil Research 

and Engineering Co., Annandale, NJ) where they were extracted with methylene 

chloride and analyzed by gas chromatography and mass spectrometry in total scan 

and selected ion monitoring modes (Douglas et al., 1992; Braddock et al., 2003).

I used ANOVA to test for significance of treatment effects on C-mineralization, N- 

mineralization and N-fixation (0= 0 .0 5 ). Where significant main effects existed, I 

used Tukey’s HSD (Honestly Significant Differences) test to conduct pairwise
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comparison analysis (оғ0.05). Finally, I used a sample size calculation (Boone et al., 

1999) to estimate the smallest differences that ANOVA could have detected given the 

sample sizes and observed variances.

2.4 Results

Total soil C was ten times greater in the oiled/bumed soil than in either the control or 

burned soils. Total C was not significantly different between the control and burned 

soils (Table 2.1).

Carbon mineralization rates reflected total C values, in that oiled/bumed samples 

respired approximately ten-fold more C than either the control or burned soils. The 

control and burned soils’ C mineralization rates were not significantly different from 

each other (Figure 2.1). However, the variability in the control samples throughout 

the incubation period was much higher than in the bum soils, thus if a difference 

existed between these two soils it may have been masked.

C:N did not differ between bum and control soils (19:1 in both cases), but was much 

greater in the burned/oiled samples (64:1; Table 2.1).

Total N concentrations in oiled/bumed soils were over two-fold higher than the 

concentrations of total N in control and bum soils; control and bum soil total N 

values were not significantly different from each other (Table 2.1).

The amount of nitrogen fixed in a five-day incubation was significantly different 

among the three soil types with the greatest amount fixed in the oiled/bumed soil 

(Figure 2.2). Nitrogen fixation values in the control and burned soils were less than 

half of those observed in the oiled/bumed soil, with a small but significantly greater
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amount of N fixation taking place in the control soil over the five-day incubation 

period (Figure 2.2).

All N mineralization (Figure 2.3) was observed as ammonification, as no significant 

amount of nitrate was detectable before or after the 48 d incubation (data not shown).

Ammonium content (concentrations determined at to for mineralization incubations) 

was three times higher in the oiled/burned field samples than in the control and bum 

samples (Table 2.2). The oiled/bumed soil immobilized over half of the previously 

available ammonium over the course of the 48-day incubation (Table 2.2). There was 

no observable net N mineralization in oiled/bumed samples during the incubation 

period; instead net N immobilization was the dominant fate of ammonium in those 

samples (Figure 2.3). The amount of available ammonium doubled in burned soils 

during the same period of time (Table 2.2). The ammonium content in control soils 

did not change significantly during the incubation (Table 2.2). Nitrogen 

mineralization appeared to be greater in the bum soil than in the control soil, but was 

not significantly higher (Figure 2.3).

Analysis of hydrocarbon signatures revealed there were no pyrogenic polycyclic 

aromatic hydrocarbons (PAH) generated during the fire (Prince, personal 

communication). Oil weathering also did not show significant hydrocarbon depletion 

with soil heating at any soil depth (Table 2.3).

2.5 Discussion

The burned organic soil horizon (OM layer) was scorched but remained intact after 

the fire moved through the study site, thus the ash layer from the fire was not in direct 

contact with the mineral soil. Any mineral nutrients in the OM resulting from the fire
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would therefore need to be leached to the mineral soil interface. Fire studies in 

interior Alaskan black spruce forests have shown that the OM layers of both bum and 

control sites receive comparable amounts of ash fall (including inorganic nutrients) in 

low to medium intensity bums, and, therefore, comparable amounts of fire-deposited 

nutrients (Viereck & Dymess, 1979; Dymess & Nomm, 1983). Thus, when the OM 

layer remains intact after a bum, it is likely that the nutrients available for 

mineralization in mineral soils in burned areas remain similar in type and 

concentration to those in control soils, as there is no direct contact with the mineral 

soil surface to provide direct advantages to the mineral soils.

The bum at our site was likely a low-combustion temperature bum as evidenced by 

the presence of burnt OM remaining on the mineral soil surface at our sampling 

locations. It is likely that the fire altered the C form or altered the C fractions in the 

bum soil, but that it did not bum sufficiently hot to volatilize enough C to cause 

significant shifts in total soil C between bum and control soil total C (Table 2.1). The 

fact that total soil C values did not vary significantly between control and bum soils 

after fire is in agreement with results reported by Viereck & Dymess (1979) in a 

comparable interior Alaskan black spmce system.

In our oiled/burned soils, the surface OM present before the fire had been saturated 

with oil for 30 years and, failing to decompose, was compressed and mat-like. This 

layer was completely removed by the fire. Thus, any pyrogenic elemental ash would 

have been in direct contact with the soil surface. Surprisingly, there was no chemical 

evidence (Prince, personal communication) that pyrogenic organic compounds were 

generated from the fire. In addition, the hydrocarbon analysis of mineral soil samples 

collected from the surface and subsurface showed substantial amounts of oil still 

remained with no change in overall weathering (Prince, personal communication). 

Thus, the composition of the oiled soil was limited to the C and N that was present 

before the fire and what was transformed or immediately generated after the fire.
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The high total C in the oiled/bumed soil (Table 2.1) was due to large amounts of 

crude oil still remaining in the soil matrix, which also likely remained the dominant 

source of available C for microbial mineralization in these soils. The assumption that 

C from oil is available for microbial degradation in the oiled/bumed mineral soil is 

consistent with the ten-fold larger amount of C mineralized in the oiled/bumed soils 

(Figure 2.1), compared to the control or burned soils during the course of the 

incubation. The high C mineralization rates reflect an increase in labile hydrocarbon 

C and/or the removal of other factors previously inhibiting mineralization in the 

oiled/bumed soil.

C mineralization in the control soil was not significantly different from the bum soil 

(Figure 2.1), a result also observed in other interior Alaskan black spmce forest 

studies (Viereck & Dymess, 1979; Dymess & Norum, 1983). However, the 

variability among replicates was greater in the control soils than in the bum soils. C 

substrates available in the control soil are likely more diverse and variable than those 

of the burned or oiled/bumed soils. These data and the low variability observed 

within burned soil replicates in incubation studies suggest that soils are in a way 

“normalized” by stressful events, such as fire. Such events may functionally partition 

microbial communities into niches defined by specific available substrates. Use of 

available C substrates is likely shifted with disturbance as some specific C sources are 

volatilized, others concentrated, and some remain resistant to the immediate 

disturbance effects.

As C substrates are altered physically and chemically when burned (Harden et al., 

2004), the microbial community’s ability to metabolize fire-altered C substrates will 

dictate the success of microbial recolonization efforts and immediate nutrient 

processing by the functional microbial communities. We expected that labile carbon 

would be available in burned soils from sources such as dead microbial biomass.
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However, the carbon mineralization values were not different from those measured in 

control soils, indicating that labile carbon was not present or was not available to the 

microbial community in those soils.

The lack of difference between total N values in the bum and control mineral soils 

suggests any volatilization of N or N run-off influenced by fire was not large enough 

to be a significant loss to these systems. The presence of moss and underlying OM 

layers on the surface of the mineral soil in both the bum and control sites likely acted 

as a constraint on N translocation post-fire.

The significantly higher N content in the oiled/bumed soils (Table 2.1) could be due 

to many factors, but is consistent with the high 15N2 fixation observed in these soils 

relative to the other two soils (Figure 2.2), and the lack of an apparent mechanism for 

loss of N from the system. These results are not consistent with the hypothesis 

originally proposed by Sparrow & Sparrow (1988) that oil degradation was limited by 

N fixation abilities of the oiled soil complex. However, it is possible that before 

burning the oiled site was limited by the amount of N fixed, and that the fire event in 

some way shifted the N fixation regime of the site into the more efficient system we 

observed.

The differences observed among the treatments in the amounts of 15N 2 fixed over the 

five-day N fixation experiment are likely the result o f a combination of factors 

controlling the incorporation of new N into the soil system, including functional 

community diversity. The three soil types differ in microbial community composition 

(Chapter 3). C availability differences, which also significantly influence community 

composition, can considerably influence the rate of N fixation (Klingensmith & Van 

Cleve, 1993); thus, inherent differences in rates of fixation can be expected. Our data 

suggest that in oiled/bumed soil the presence of a microbial community well suited to 

exploit the available C source (hydrocarbon C) began to fix relatively large amounts
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of atmospheric N at some point after the oil spill. The large amounts of N fixed were 

either the result of a small, specialized, robust N fixing microbial community, 

stimulated to cycle N into the system quickly or the result o f a large, diverse, less 

efficient N fixing community, perhaps stimulated by the fire.

The lack of nitrate in all o f our soils, both pre- and post- incubation, may be due to 

one or more possible mechanisms. The nitrifying microbial community may not be 

present in large enough numbers to produce a significant amount of detectable nitrate. 

Nitrification may be inhibited. Assimilatory NO3 reduction may be significant, or 

perhaps denitrification is occurring as rapidly as nitrification. There also may not be 

enough new N inputs to the system to allow nitrate to accumulate. Lindstrom et al. 

(1999) reported mean pH levels of 4.5 ±0.1 S.E. for both oiled and reference soils. 

Autotrophic nitrifiers are the dominant nitrate producers in acidic soils such as these 

(Paul & Clark, 1996; Booth et al., 2005). The competitive advantage of soil 

heterotrophs in this cool, C-rich system may eliminate most autotrophic nitrate 

production in the bulk soil where our soil samples were taken. However, the field 

soils were saturated with water; therefore, nitrification could be limited by oxygen 

availability or denitrification may be taking place in situ.

Total soil N concentration has been demonstrated to be positively correlated with 

extractable ammonium and gross N mineralization rates (Booth et al., 2005). In our 

soils, total soil N and pre-incubation levels of available ammonium suggested the 

greatest N- mineralization potential would have been in relatively NHt-rich 

oiled/bumed soils, and that the control and burn soils with similarly low levels of 

NH4 would behave similarly to each other (Table 2.2) over the course of the 

incubation, as has been seen in other post-fire studies in interior Alaska (Harden et 

al., 2004; Masco, 2005). This hypothesis was supported by the behavior of our 

burned and control soils, but was not supported by the data from our oiled/bumed
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soils, suggesting that the effects of the oil dominated any ecological trajectories that 

can be predicted in un-polluted soils.

Net N mineralization appeared higher in the burned soil samples but was not 

significantly greater than the control soil. Strikingly, the amount of ammonium in the 

bum soil doubled over the course of the incubation (Table 2.2), demonstrating 

enhanced N mobilization following fire heating of the soil in this interior Alaskan 

black spruce forest. A post-fire ammonium increase was also observed in a nearby 

interior Alaskan black spmce forest floor following a fire in 1982 (Van Cleve et al., 

1983). These results are also consistent with post-fire trends summarized by Wan et 

al. (2001), who reported that, although N response to fire is variable across ecosystem 

types, generally fire increases available ammonium and nitrate in soils due to three 

major processes, 1) pyrolysis of OM, 2) increased N mineralization, and 3) leaching 

of N from forest floor into the soil post-fire. All of these processes are influenced by 

fire type, time after fire when measurements are taken, and soil-sampling depth (Wan 

et al., 2001). In our case, the fire type was a prescribed bum on a drought-stressed 

black spmce forest; this allowed for both the complete combustion of organic matter 

and exposure o f the mineral soil to surface microclimatic conditions, adjacent to soils 

where the burned organic layer remained intact on top of the mineral soil. This 

mosaic pattern of bum intensity is common in interior Alaskan black spmce forests 

and reflects the moisture content of the forest floor materials at the time of the fire 

(Viereck & Dymess 1979; Dymess & Nomm 1983; Zasada et al., 1983; Kasischke & 

Stocks, 2000; Harden et al., 2004). As we collected our samples approximately two 

weeks after the fire’s extinction, and soil samples represented the top 10  cm of 

mineral soil of that soil type, we were examining the zone of highest nutrient-cycling 

activity during the temporally variable post-fire N cycle.

Net N immobilization in oiled/bumed soil samples over the incubation period (Figure 

2 .1) demonstrated the high microbial demand for nitrogen available for incorporation
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as biomass in the presence of excessive available C substrate, under laboratory 

conditions; extractable ammonium levels in oiled/bumed soils were half of their 

original value at the end of the incubation (Table 2.2). Since cmde oil contains little 

N, fluctuations resulting from heating were not due to the small amounts of N 

released from cmde oil spilled in 1976, but the interaction between soil, oil, fire and 

the microbial community thriving in the oiled/bumed soil.

The single greatest influence (except the passage of time) over N cycling at this site 

since the oil was spilled was the fire event. Though our oiled/bumed soil data 

provide no real indication of the source of organic N in these soils, wind-delivered 

leaf litter is small to non-existent (personal observation), thus is not a significant 

contributor to the high pre-incubation NH4 values in the soils. The most probable 

NH4 sources in the oiled/bumed soils are attributable to high rates of N fixation, as 

observed in the incubation, or the re-cycling of dead microbial biomass released by 

the heat of the fire. In this case, it is probable that N mineralization will yield 

increasing amounts of NH4 until the available OM is depleted. Nitrification and 

subsequent NO3 leaching is not a significant factor in N cycling here as we measured 

little NO3 in any of the soils.

The high C:N ratios of the oiled/bumed soil type would indicate a soil microbial 

community likely to immobilize any available N instead of mineralizing and releasing 

N to the soil matrix. Toxicity of remaining oil to soil predators (e.g., protozoans, 

nematodes, etc.) will also limit release of nutrients from microbial biomass back into 

the soil matrix (Lindstrom et al., 1999). This expectation was supported in the 

oiled/bumed soils which immobilized over half of the original amount of extractable 

NH4 during the course of the incubation. In the case of our oiled/bumed samples, the 

C:N ratio was a far better predictor o f N mineralization/immobilization than total N 

content or NH4 content at the beginning of the incubation.
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The far larger total C and resulting high C:N in the oiled/bumed soil is easily 

explained by the continued presence of contaminating oil, yet the question still 

remains as to why there is no significant difference in the total C or N, and 

consequently C:N, between the burned and control soils. There are many possible 

explanations for this. Since our burned samples were taken from a location in the fire 

mosaic where the burned OM layer remained on the surface, the soil remained 

insulated from atmospheric conditions much like the control soil under un-bumed 

OM. Since the fire did not bum hot enough to remove this layer, it also is likely that 

the fire did not bum hot enough to volatilize significant amounts o f N from the upper 

layers of the mineral soil. In a study examining the effects soil heating from fire had 

on C substrate quality, Pietikainen et al. (2000) also observed no shift in C:N when 

samples were heated to between 45°-160°C . As previously noted, this prescribed 

bum in 2004 likely did not bum very long or hot, as the scorched OM layer remained 

intact, leading to a lack of significant C or N volatilization from the mineral soil.

The greater N mineralization in the bum soils as compared to the control soils is 

consistent with fire trends described by Wan et al. (2001), but was not large enough 

to impact the overall N content, dominated by complex organic N, of the bum soils. 

Increased NH4 production combined with the low N fixation in the bum soils, 

suggests that the microbial community in the bum is accessing N from OM which has 

been altered by the fire to become more bioavailable, i.e., recycling N within the soil 

with no significant loss to denitrification, leaching or volatilization.
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2.6 Conclusions

In this study we observed soils disturbed by fire, soils disturbed by oiling plus fire 

and undisturbed soils all responding to the same incubation conditions in different 

ways. We suggest these differences are attributable to different microbial responses 

to the various growth substrates presented by the three soil types.

Total C, though not apparently affected by fire in burned and control soils, was a 

good indicator of microbial mineralization potential. Mineral soils of oiled/bumed 

samples with ten times more C than both control or burned soils respired ten times 

more CO2 during the 48-day incubation. Burned and control soils, with 

indistinguishable total C values, mineralized similar amounts of C, though we suspect 

that the form of organic matter used may have been altered by some of the effects of

Total N was also a good indicator of potential activity as the oiled/bumed soil had the 

greatest total N and the greatest N-processing activity (high N-fixation rates and high 

immobilization), in contrast to the burned and control soils with the same relatively 

low total N and lower N-processing activities.

As the dominant C signature did not significantly shift with fire and mineralization 

rates were highest in oiled/bumed soils, C is not likely to be limiting N-fixation, oil 

degradation, or microbial metabolism in these oiled soils. The large amount of N 

fixed in oiled/bumed soils indicates that the micro- and macro-nutrients required to 

support N fixation apparatuses are available in these soils, and that the microbial N 

demand is not being met by rates of N re-cycling within the system (i.e., N-limitation 

occurs in these soils). However, the large amount of N present in the oiled/bumed 

soil matrix indicates there are additional limitations to oil degradation beyond N-
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availability. We speculate oil degradation in situ may be directly limited by N supply 

but also indirectly by either oxygen availability or perhaps oil residue recalcitrance.

Mineral soils are often ignored in nutrient-cycling studies in boreal forests. The data 

collected in this study have begun to shed light upon the complex nutrient-cycling 

processes that occur in disturbed mineral soils of interior Alaska. Future landscape- 

level studies of these processes and their supportive microbial communities in 

mineral soil will be essential as the likelihood of disturbance due to fire and oil 

pollution increases in Alaska.
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Table 2.1 -  Field sample soil C and N data; values represent top 10 cm mineral soil; 

± represents 95% confidence intervals.

%C %N C:N
Control 3.73 ± .063 0.20 ± .002 19:1
Burn 3.87 ± .156 0.19 ± .008 19:1
Oiled/burned 32.3 ± .294 0.50 ± .006 64:1
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Table 2.2 -  Mean ammonium concentrations pre (to; 24 hr) and post incubation (tj; 

48 d) with calculated gains and losses. Ammonium presented in (ig NT^-N/g dry

weight soil;

± represents 95% confidence intervals.

Ammonium concentration (|jg NH4-N/g dry wt soil)

to tt gain/loss
Control

Burn
Oiied/burned

0.31 ± 0.17 
0.31 ± 0.17 
0.91 ± 0.17

0.42 ±0.18 0.10 ±0.27 
0.63 ±0.05 0.32 ±0.19 
0.42 ±0.12 -0.50 ±0.20
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Table 2.3 -  Weathering of oiled mineral soil (unless otherwise noted); Pre-bum data 

from Braddock et al., 2003; post-bum data from Roger Prince (personal

communication).

Sample 

(depth, cm)

Extractable 

Hydrocarbons 

(g/10 g sample)

% Depleted 

(based on hopane)

Pre-burn oiled soil (8-18) 0.4 10

Pre-burn oiled surface 5.3 74.5

Pre-burn oiled twigs 5.1 75

Pre-burn oiled tussock 5.4 62

Post-burn oiled soil (0-5) 5.2 50-60

Post-burn oiled soil (20) 1 10-15

Post-burn oiled twigs 0.7 60
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Figure 2.1 -  C mineralization potentials of the three soil types over the course of a 

day incubation at 10°C; mg C/g dry soil; error bars represent 95% confidence 
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Figure 2.3 -  Net N mineralized over the course of a 48 day incubation at 10°C; |Jg 

NFLj-Ng dry soil day'1; error bars represent 95% confidence intervals. For 

oiled/bumed n=14, for control n=16 and for bum n=14.
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Chapter Three

The effect of crude oil and wildfire on diversity of 16S rDNA and nifH  genes in 

subarctic soils.2

3.1 Abstract

We examined soils from a black spruce forest soil ecosystem in subarctic Alaska to 

determine the effects of two large-scale disturbances, oil spills and wildfires, on the 

community structure of the total bacterial population and the N-fixing bacterial 

population. Our study site was deliberately polluted in 1976 with crude oil to 

simulate a leak in the Trans Alaska Pipeline. This long-term disturbed site then 

burned in a wildfire in 2004. Thus, the site had experienced both the long-term 

effects of oiling and the short-term effects of fire as disturbances. To define species 

richness as a result o f disturbance, we performed phylogenetic analyses using nifH  

and 16S rDNA genes as well as Restriction Fragment Length Polymorphism (RFLP) 

analysis and Amplified Ribosomal DNA Restriction Analysis (ARDRA). The same 

assays were also performed on soil samples of the burned forest that had not been 

oiled and on control soil samples. We found that for 16S rDNA, control and burned 

soils had greater diversity than did oiled/bumed soils. However, for nifH  genes, the 

greatest diversity was seen in burned only soils. Thus, the type o f disturbance as well 

as the length of time since disturbance both appear to affect microbial diversity.

2
Garron, J.I. and J.F. Braddock. The effect of crude oil and wildfire on diversity of 

16S rDNA and nifH  genes in subarctic soils. (Prepared for submission to Applied and 
Environmental Microbiology).
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3.2 Introduction

During the past century, oil reserves have been discovered and exploited at an 

increasing rate in the circumpolar north. Oil spills have occurred and will continue to 

occur as a byproduct of these operations. Two experimental oil spills were conducted 

in 1976 at the Caribou Poker Creeks Research Watershed (CPCRW) in interior 

Alaska to mimic the effects such spills would have on the subarctic landscape. One 

of the most dramatic effects observed at these sites was the persistence of oil, on the 

soil surface and throughout the soil profile, 30 years after the spill occurred 

(Braddock et al., 2003).

The spilled areas at CPCRW have been periodically monitored for hydrocarbon 

transformations and microbial activity, and to a lesser extent, nutrient cycling, over 

the past 30 years. Some of the CPCRW studies examined the microbial population 

using traditional culture-dependent techniques, wherein they found reduced microbial 

biomass in oiled soils ten years after the oiling event (Sparrow & Sparrow, 1988), 

which persisted 20 years after the oiling event (Lindstrom et al., 1999). Though the 

study 2 0  years after oiling examined substrate utilization patterns to estimate how 

oiling affected diversity of heterotrophs in the CPCRW soils, detailed microbial 

community structure analysis was methodologically limited. The results from these 

previous studies indicated that oil may have persisted in the CPCRW soils due to N 

limitation of hydrocarbon degradation (Sparrow & Sparrow, 1988), but there is a 

limited amount of information on how N cycling has been affected by the oil spill, or 

how primary N cycling microbial guilds themselves have been affected by the oil.

Soil system disturbance was not limited to oiling at CPCRW. In July o f 2004, the oil 

spill sites and over 203,644 hectares of the surrounding interior Alaskan landscape 

were consumed by the Boundary wildfire (Alaska Interagency Coordination Center 

[http://fire.ak.blm.gov/]). The fire passed through the watershed quickly, allowing 

permafrost to remain present at a depth of 2 0  cm below the ground surface in unoiled

http://fire.ak.blm.gov/
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soils. The fire continued to smolder in the oiled plots for an additional two weeks 

after surrounding areas had ceased burning (Garron, personal observation). Fire is an 

important component in interior Alaskan black spruce forest systems. These forest 

types bum on average every 80 yrs (Fastie et al., 2003) and after fire tend to return to 

black spmce forests unless the fire was of great enough severity to remove all organic 

matter from the soil surface. Black spmce forests and their supporting soils are thus 

in a state o f quasi-equilibrium either recovering from fire, or building up fuels for the 

next one.

The importance of microbial community composition in the soil matrix continues to 

be poorly understood. Schimel (1995) proposed that microbial community stmcture 

is of little consequence at the landscape level, but that specific microbes, and likely 

their supporting microbial community members; are cmcial to processes carried out 

by restricted (physiologically or chemically) groups of microbes. How these 

specialist communities are parsed by disturbance is unclear.

This study examines microbial population dynamics in soil from a black spmce forest 

of interior Alaska that was undisturbed (control), oiled but not burned (oiled), oiled 

and burned (oiled/bumed), and burned in a wildfire (burned). We hypothesized that 

the effects of disturbance would reduce the total and functional diversity of the 

microbial community relative to control soils. To address these hypotheses, we asked 

two supporting questions. First, what is the total bacterial diversity of the 16S rDNA 

gene in the three soil types? Second, what is the functional gene diversity for nitrogen 

fixation (nifH) in these soil types? We also asked if, in highly disturbed soil systems, 

are a few key genera responsible for the functional response or are many taxa 

responsible?
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3.3 Materials & Methods

3.3.1 Site Description

Our study site was located in the Caribou-Poker Creeks Research Watershed 

(CPCRW) located approximately 50 km northeast of Fairbanks, Alaska. The oil spill 

and fire occurred in a typical black spruce (.Picea mariana (Mill.) Britt., Stems & 

Pogg.) forest with a feather moss (Pleurozium sp. and Hylocomium sp.) -  lichen 

(Peltigera sp., Cladonia sp. and Nephroma sp.) dominated understory common to 

interior Alaska. Additional forest understory vegetation included resin birch (Betula 

glandulosa Michx.), lowbush blueberry ( Vaccinium uliginosum, L.), two forms of 

Labrador tea (Ledum groenlandieum (Oeder) Hult., Ledum decumbens (Ait.) Hult.) 

and healthy tussocks dominated by cotton grass (Eriophorum vaginatum L.). The 

undisturbed portion of the study area is underlain with discontinuous permafrost that 

ranges in annual thaw depth from 20-60 cm (Collins et al., 1994). The soils are 

typical o f the Saulich Series, and have been previously described as Histie Pergelic 

Cryaquept (Collins et al., 1994), reclassified in 2003 as Ruptic-Histic Aquiturbels 

(Ping et al., 2005), with an overlaying organic mat varying in thickness from 3-16 cm 

(Jenkins et al., 1978). Though these forests receive less than 400 mm of precipitation 

annually (Ping et al., 2005; Viereck et al., 1983), the mineral soils in this portion of 

the forest are very poorly drained (Ping et al., 2005) and tend to be at or close to soil 

water saturation.

In Febmary 1976, 7570 L of Pmdhoe Bay cmde oil was evenly released across the 

top 10 m of a low sloping (7-8%), west facing portion of black spmce forest (Jenkins 

et al., 1978) to simulate a spill in the Trans-Alaska Pipeline and the effects such a 

spill would have on the surrounding ecosystem. The spilled cmde oil was heated to 

the temperature of oil traveling through the pipeline (~ 57°C). Spilled oil traveled 

vertically through the snow profile then laterally, primarily flowing along the
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interface of snow and the frozen soil profile; in some areas the top few cm of mineral 

soil were also thawed (Jenkins et al., 1978). Horizontal movement of the oil reached 

18 m downslope during the first 24 hr, where it mostly remained until spring thaw 

when it migrated an additional 17m downslope. Subsequent studies revealed 

increased seasonal thaw depths (Collins et al., 1994) and the eventual melting of the 

underlying permafrost down to bedrock beneath these oiled soils (White, personal 

communication), with oil thoroughly integrated into the mineral soil matrix. The site 

was left untreated and 25 years after the spill there was only minimal recovery of the 

vegetation at the site which included Eriophorum vaginatum and mosses, primarily 

located on the tussocks above the general soil surface (Braddock et al., 2003).

In the summer of 2004, wildfire consumed more than 2.5 million hectares of forests 

and wetlands in interior Alaska. (Alaska Interagency Coordination Center 

[http://fire.ak.blm.gov/]). To protect other long-term experiments and neighboring 

communities, a prescribed bum (backing fire) was conducted within CPCRW to 

reduce fuel load available to the wildfire. The fire-affected portion of the research 

watershed, which inadvertently included the 28 year-old oil spill site, burned in a 

mosaic pattern, similar to other black spmce forest fires in interior Alaska (Viereck & 

Dymess, 1979; Dymess & Nomm, 1983; Zasada et al., 1983; Kasischke & Stocks, 

2000; Harden et al., 2004). Varied fire intensity across the landscape caused the 

forest floor to be completely consumed to mineral soil in some locations, while only 

scorching the forest floor enough to kill the active moss layer in adjacent locations. 

Our bum soil samples were taken from beneath one of the burned, intact, moss layer 

areas. The oiled soil continued to smolder for approximately two weeks after the fire 

in the surrounding unoiled area had burned itself out, thus likely experienced different 

fire effects than the unoiled soils. Control (unbumed, unoiled) soil samples were 

collected on the unbumed side of the fire line, within the research watershed.

http://fire.ak.blm.gov/
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3.3.2 Soil Collection, Processing, and Analyses

Soil samples were collected August 9, 2003; one year prior to the fire, and August 3, 

2004, approximately two weeks after the fire burned itself out. Three soil cores 

comprising the top 10  cm of mineral soil o f each soil type were collected and pooled 

by site. Sub-samples of pooled soils were stored at -80°C until analysis. In 2004, an 

additional set of sub-samples was collected and immediately sent to Soil Food Web, 

Inc. (Corvallis, OR) for microbial biomass analyses.

Microbial Biomass

Active fungal and bacterial biomass was estimated microscopically following 

fluorescein diacetate staining. Total fungal biomass was estimated by measuring 

hyphae lengths and diameters (Soil Food Web, Inc.). Total bacterial biomass was 

determined microscopically after staining with fluorescein isothyiocyanate. All 

biomass assays were quantitated as pg biomass/g dry weight equivalent soil (Soil 

Food Web, Inc.).

DNA was extracted from the four soil types using the Epicentre™ SoilMaster™ 

DNA Extraction Kit (Epicentre™, Madison, WI) according to the manufacturer’s 

protocol, with an additional phenol-chloroform inhibitor removal procedure. After 

the 8 minute centrifugation post-ice incubation, 80 pi of phenol-chloroform was 

added to each tube, vortexed briefly and centrifuged for an additional minute. The 

remaining extractant, approximately 90 pi, was then transferred directly onto the 

prepared Spin Column; thereafter the SoilMaster™ protocol was followed directly.



59

nifH-PCR, Cloning and RFLP

We amplified the bacterial functional gene, nifH, which encodes the enzyme 

dinitrogenase reductase, a protein essential to biological nitrogen fixation and unique 

to N fixing bacteria (Madigan et al., 2000), to estimate the effects o f disturbance on 

the phylogenetics of microbial functional gene pools amongst the soil types.

All Polymerase Chain Reactions (PCRs) were performed on a Perkin-Elmer 

GeneAmp PCR System 2400. The nifH  gene sequence was amplified from the soil 

samples using degenerate primer sets in a nested protocol modified from Ueda et al. 

(1995) and Zani et al. (2000). The forward primer 19F (5’-

GCNWTYTAYGGNAARGGNGG) (Ueda et al., 1995) and reverse primer nifH3 (5 ’- 

ATRTTRTTNGCNGCRTA) (Zani et al., 2000) were mixed to a final reaction 

concentration of 40 pmol when combined with 1 jal of 10 mM each deoxynucleoside 

triphosphate, 0.25 U of Sigma Taq DNA polymerase (Sigma Chemical Co., St. Louis, 

MO), 2.5 |Л of 10X Sigma reaction buffer, 1 |ul template DNA, 2.5 ^1 of PCR additive 

(cocktail o f 0.5 |ig BSA/|il and 0.05 (xl DMSO/(il) and sterile water and mixed to a 

final reaction volume of 25 p i  This reaction was used for the first round of PCR 

amplifications in our nested amplification protocol. Amplification conditions for the 

first round of PCRs were: 95°C for 5 min, followed by 35 cycles of 94°C for 1 min, 

37°C for 1 min and 72°C for 1 min, concluding with a final 10 min extension at 72°C. 

The second round of PCRs utilized primers refined by Yeager et al. (2005), the 

forward primer being n ifH ll (5’-GAYCCNAARGCNGACTC) and the reverse 

nifH2 2  (5’-ADWGCCATCATYTCRCC); otherwise, all other PCR reactants were 

the same as previously described. Amplification parameters were: 95°C for 5 min, 

then 35 cycles of 94°C for 1 min, 42°C for 1 min, and 72°C for 1 min, with a final 

extension of 10 min at 72°C.
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Amplicons were cloned into E. coli using the Invitrogen™ TOPO TA Cloning® 

procedure with pCR® II-TOPO® Vector and chemically competent TOP 10 cells 

(Invitrogen™ Corporation, Carlsbad, CA). Clones were screened for the correct 

insert using blue-white screening, followed by a clone-screening PCR with primers 

specific to the flanking region of the amplicon insert on the plasmid vector (promoter 

regions SP6  and T7). Primers inv SP6  (5’-GATTTAGGTGACACTATAG) and inv 

T7 (5’-TAATACGACTCACTATAGGG) were mixed to a concentration of 10 pM 

and added in 0.5 pi aliquots along with 0.25 U Promega Taq DNA Polymerase 

(Promega™ Corporation, Madison, WI), 10X Promega reaction buffer, 1.5 pi MgCl2 

(25 mM), 0.5 pi of 10 mM each deoxynucleoside triphosphate, lp l template DNA and 

water to a final reaction volume of 25 pi. Amplification conditions for clone-screen 

PCRs were: 10  min at 94°C, 35 cycles of 94°C for 30 sec, 43°C for 30 sec, and 72°C 

for 90 sec, followed by a final 7 min extension at 72°C. Amplicons were visualized 

by 1.5% agarose gel electrophoresis in IX Tris-acetate-EDTA (TAE) buffer, stained 

with ethidium bromide (1% [wt/vol]).

Positive clone amplicons were enzymatically digested with the two molecular 

enzymes Alul (Promega™ Corporation, Madison, WI) and MspI (Promega™ 

Corporation, Madison, WI) in the reaction containing ~20 pi post-PCR reaction 

cocktail, 3pl Buffer B (Promega™ Corporation, Madison, WI), lp l Alul and lp l 

MspI. Amplicons were digested for 2 hours on a heating block at 37°C. Fragments 

were bracketed by 100 bp ladders (Promega™ Corporation, Madison, WI) and gel 

visualized in a 4% agarose gel stained with ethidium bromide (1% [wt/vol]), in IX 

TAE buffer, at 96 volts for 3.5 hours.

Unique Operational Taxonomic Units (OTUs) were manually identified and 

enumerated to identify RFLP patterns across the subarctic soil environment.

Diversity in RFLPs is defined by the Diversity Ratio Index (DRI), which is the 

number of unique patterns observed in a sample type divided by the number of clones
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in our clone library for that soil sample type. Dominant patterns are repeating 

patterns which represent at least 5% of the total number of lanes on the gel for that 

soil type.

16S rDNA-PCR, Cloning and ARDRA

To assess total microbial diversity we examined the phylogenetics of the 16S rDNA 

gene pool amplified from the soil types.

16S rDNA was amplified from our soil with the forward primer 1 IF (5’- 

GTTTGATCCTGGCTCAG) and reverse primer 1512R (5’- 

ACGGYTACCTTGTTACGACTT) (Weisberg et al., 1991), mixed to a final 

concentration of 50 pmol when in a 25 jal reaction. The PCR cocktail contained 0.5 

jul each of the forward and reverse primers, 2.5 jj.1 of 10X Promega reaction buffer,

1.5 jj.1 MgCl2 (25 mM), 0.5 |il of 10 mM each deoxynucleoside triphosphate, 2.5 jxl of 

PCR additive (cocktail o f 0.5 jig BSA/jil and 0.05 jil DMSO/|xl), 0.25 U Promega 

Taq DNA Polymerase (Promega™ Corporation, Madison, WI), 1 jul template DNA 

and sterile water to a final reaction volume of 25 jil. The amplification conditions 

were: 94°C for 5 min followed by 25 cycles of 94°C for 30 sec, 4 9 °C for 30 sec, and 

72°C for 7 min, concluded with a 7 min extension period at 72°C. 16S rDNA 

amplicons were cloned and subsequently screened using the same techniques as 

described above.

Cloned amplicons positive for the 16S insert were enzymatically digested with MspI 

(Promega™ Corporation, Madison, WI) in the reaction containing, -2 0  jil post-PCR 

reaction cocktail, 1.5jil Buffer B (Promega™ Corporation, Madison, WI), 1 p.1 MspI 

and ljil sterile water, for 2 hr on a heating block at 37°C. Digests were gel visualized 

on a 4% agarose gel, and analyzed as described above.
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nifH and 16S rDNA Sequence Analysis

Sequencing of amplicons was performed on an ABI 3100 automated sequencer 

(Applied Biosystems, Foster City, CA) at the University of Alaska Fairbanks. 

Sequences were aligned using the ClustalX vl.81 program (Thompson et al., 1997), 

and manually reviewed using the BioEdit sequence alignment editor (Hall, 1999). 

Phylogenetic trees were constructed using the Neighbor Joining (NJ) distance 

method, under the constraints of the General Time-Reversible (GTR) evolutionary 

algorithms (Waddell et al., 1997) within PAUP* 4.0 (Swofford, 1997). Interior 

branches of the dendrogram were tested for reliability via bootstrap analysis with 

1000 replicates at the 70% confidence level. In both nifH  and 16S rDNA 

phylogenetic analysis, Frankia spp. was defined as the outgroup and root o f the 

bootstrapped dendrograms.

3.4 Results

3.4.1 Microbial Biomass

Total fungal biomass was greatest in burned soils both in oiled and unoiled samples 

(Table 3.1). Oiled/bumed soils had the greatest active fungal biomass. In contrast, 

total and active bacterial biomass was greatest in both unoiled soils (control and 

burned). Thus, two different types of disturbance appear to have different effects on 

fungal and bacterial biomass. Total fungal biomass was stimulated by fire and 

perhaps also by oiling. In contrast, fire appeared to have little effect on bacterial 

biomass although oil was highly inhibitory. These microbial biomass values were 

unexpected as previous studies of organic soils at these sites have shown fungal 

biomass to be greater than bacterial biomass (Lindstrom et al., 1999). These
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discrepancies can be partially attributed to the mineral soils (not organic) of our study 

but also biomass methodological limitations. In nutrient cycling assays also 

performed on these soils, the oiled/burned soil samples showed the greatest N fixation 

(Chapter 2), a process known only to be carried out by specific bacterial guilds.

3.4.2 nifH Phylogenetic and RFLP Analysis

RFLP was used to compare diversity of nitrogen-fixing bacteria in the three soil types 

analyzed (control, oiled/bumed, burned). RFLP analysis of nifH  revealed a small 

number of dominant (at least 5% of the total number of lanes on the gel for that soil 

type) RFLP patterns that were present within each soil type, and other non-dominant 

patterns also shared across sites. These patterns include dominant patterns A and B 

(representing Group C), and non-dominant but shared patterns D and J (representing 

Group A) (Figure 3.1).

For nifH, the oiled/bumed soil had the fewest number of unique OTUs, implying that 

this soil was the least diverse with respect to nifH  genes (Figure 3.1, Table 3.2). 

Burned soil had the greatest number of nifH  OTUs, indicating the most diversity 

among the three soil types. Control soils had an intermediate number of unique 

OTUs indicating intermediate diversity (Figure 3.1, Table 3.1).

To examine the types of nitrogen-fixing organisms present in the soils, clones with 

unique RFLP patterns were selected and sequenced. The phylogenetic tree produced 

from nifH  reference and sample sequences disclosed microbial consortia at CPCRW 

which grouped into three clusters: Group A, Group B, and Group C (Figure 3.2).

Control clones were predominantly clustered in Group C with reference sequences 

from white spruce soils (Lamarche & Hamelin, 2006), and an additional sample near 

an uncultured clone o f a post-fire, mixed-conifer forest (Yeager et al., 2005). Control
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soils had two representatives clustered with oiled samples in Group A, and an outlier 

near the Frankia spp. outgroup. Oiled and oiled/bumed clones were generally evenly 

distributed among the three groups, though the greatest number of clones (9 ) fell 

within the anaerobes o f Group A. Only oiled and oiled/bumed clones were within 

Group B. The limited number of bum clones all fell into Group C; two with an 

uncultured bacterium from a post-fire, mixed-conifer forest fire in New Mexico 

(Yeager et al., 2005), and one isolated near uncultured bacteria of nifH  cross-site 

comparison studies (Izquierdo & Nusslein, 2006; Zehr et al., 2003).

3.4.3 16S rDNA Sequence and ARDRA Analysis

ARDRA was used to compare bacterial diversity in the soil types (control, 

oiled/bumed, and burned). The fewest unique ARDRA patterns were observed in the 

oiled/bumed soil (Figure 3.3, Table 3.2) implying that these soils were the least 

diverse with respect to the 16S rDNA gene. However unlike the results for nifH, the 

control soils had the greatest number of unique patterns, with the burned soil having 

an intermediate number of unique patterns. Notably, the oiled/bumed soil sample 

possessed patterns unique only to it (Figure 3.3).

To examine the types of bacteria present in the soils, clones with unique ARDRA 

patterns were selected and sequenced. Phylogenetic analysis of nucleotide sequences 

from 16S cloned amplicons revealed great species richness among the four soil types 

analyzed (Figure 3.4). Three groups of CPCRW clones clustered with reference 

samples with unique life histories; Group I -  Acidobacteria group, Group II -  

Methylo group, and Group III -  Acinetobacter group. Novel organisms outside the 

three main groups were numerous and may represent significant members of the 

microbial consortia at these sites. There were three smaller groups of uncultured 

reference bacteria from soils disturbed by hydrocarbons (Hamamura et al., 2005;
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sequences from oiled and oiled/bumed clones.

Groups I, II and III were dominated by control soil clones, but all groups contained at 

least one other soil type representative; the remaining control clones were evenly 

distributed throughout the tree (Figure 3.4). Groups I and II each contained one oiled 

clone, three others associated with reference sequences isolated from hydrocarbon 

rich substrate (Hamamura et al., 2005; Rossbach et al., 2006), and the remaining oiled 

clones were otherwise evenly distributed throughout the dendrogram. Oiled/bumed 

samples had one representative in Group I, two from hydrocarbon contaminated soils 

(Paidisetti et al., 2005), and the remainder evenly distributed throughout the 

dendrogram, though all directly with known isolates. Burned samples had one 

representative in each of the three main groups, two clustering with samples from 

high tundra meadow soil (Costello & Schmidt, 2006), with the remainder evenly 

distributed across the dendrogram.

3.5 Discussion

Microbial biomass assessments have allowed us to compare our samples to previous 

studies via the traditional information that they provide. However they do not address 

questions of species richness, thus the relative importance of diversity and stability 

remains unexplained by biomass measurements. Newer molecular techniques used in 

this study provide more information about the composition of the microbial 

community at our site.
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3.5.1 nifH

The most prevalent Operational Taxonomic Units (OTUs) o f the oiled/bumed soil 

RFLP gels were present in all three of the soil types (Figure 3.1-patterns A, B, D, and 

J). An ecosystem-wide microbial network with members capitalizing on different 

microsite substrates would allow for quick community response to acute stress (fire) 

and increased likelihood of survival under chronic stress conditions (oil). Thus, these 

shared OTU patterns may represent keystone species that are obligatory either for 

microbial community sustainability or baseline diazotrophic N fixation beneath 

interior Alaskan black spmce forests.

An increase in the Diversity Ratio Index (DRI) of the nitrogen fixation population in 

our study did not equate with functional robustness. The burned soils displayed the 

least amount of nitrogen fixation (Chapter 2) yet had the highest OTU diversity 

among the RFLP patterns (Figure 3.1). The OTU richness appears to be a product of 

the fire, as the fire event was the only change between burned and control soils, or 

oiled and oiled/bumed soils. Conversely, our nifH  RFLP data show a core microbial 

consortium in the oiled/bumed soil clones, isolated from soils that fixed the most N 

during N fixation incubations (Chapter 2). These results indicate the oil 

contamination outweighed any influence fire may have had on the functional 

consortia, and may be continuing to influence the maintenance of the specialized 

microbial community which had developed throughout the oiled soil profile.

The three distinct groups of nifH  sequences in our dendrogram (Figure 3.2) allow us 

to link physiological information from known isolates, to our uniquely disturbed 

system samples, and allow ecological comparisons to uncultured bacteria from other 

molecular studies.
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Group A encompasses only two isolates that are closely related to our clones, 

Desulfovibrio vulgaris and Desulfotomaculum nigrificans, both of which are known 

dissimilatory sulfate reducing bacteria and capable of forming endospores (Madigan 

et a l, 2000). Both isolates are obligate anaerobes usually found in soil systems that 

are water-logged and known to have low to no nitrate, abundant sulfate, and organic 

matter resources. Additional reference sequences in this group were uncultured 

bacteria from typically water-logged systems (Figure 3.2). The RFLP patterns D and 

J were represented in this group. These known reference isolates and unknown 

reference clones are anaerobic and highly specialized organisms capable of survival 

in a water-saturated soil habitat, suggesting our soil OTUs were capable of the same. 

Our clones in this group were mostly from oiled samples (9 of 1 1 ), which were 

collected from a poorly aerated, 30-year-old persistent oil spill before fire removed 

the uppermost layers of the soil profile’s crust, a site that also could be described as 

water-logged, rich in sulfate and high in organic matter. These results and 

observations suggest that oxygen limitation may contribute significantly to the 

persistence of oil contamination at this site.

Group B contains study clones from only the oil-affected site. Though this group 

contains numerous isolated reference sequences from nitrogen-fixing bacteria, both 

symbiotic and free-living, the most closely related isolate was Methylomonas rubra, a 

known methanotroph also known to fix nitrogen and form exospores.

Group C, which encompasses six control clones and seven disturbed soil clones, 

contained only one reference isolate, Geobacter lovelyi, and two of our oiled clones 

clustered directly with this isolate. Four other uncultured reference bacteria also fell 

into Group C under our phylogenetic model parameters, all o f which were from 

unique soil environments with similarities to our sites. Clones from our burned 

samples were found to be related to an uncultured bacterium amplified from a mixed- 

conifer forest in New Mexico after a forest fire (Yeager et al., 2005), suggesting that
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something in the post-forest-fire environment may be common across sites and 

influencing the post-fire microbial consortia. RFLP pattern B is represented within 

this small cluster of sequences. The other sequences from our disturbed soils 

clustered with two uncultured reference samples, which were taken from two 

different studies examining the diversity of nifH genes across different soil 

environments (Izquierdo & Nusslein, 2006; Zehr et al., 2003). These relations 

suggest that some nifH-harboring bacteria in our disturbed soils are universal to 

nitrogen-fixing soil bacterial communities in other ecosystems, but whether these 

samples are keystone members of the community remains unknown.

The final cluster in Group C is the five control clones and their reference uncultured 

bacterium neighbor from a white spruce rhizosphere (Lamarche & Hamelin, 2006). 

This cluster is o f interest as five of the nine control sample sequences cluster with 

fellow spruce soil amplicons in this group. Notably, the most dominant RFLP pattern 

across all sites, and within each soil type, was pattern A, which was represented by 

sequences in the spruce soil cluster (Lamarche & Hamelin, 2006). The rhizosphere 

ecosystem of spruce forests is balanced between inputs (primary productivity), 

outputs (decomposition processes) and other ecological phenomena (internal cycling 

of input/outputs), which dictate the survivability of the microbial consortia residing 

therein. Microsite variability at our site was not great enough to prevent our samples 

from being identified with reference samples also under spruce soil-type ecological 

regimes. In this case, the most common RFLP patterns and their corresponding 

sequence data appear to indicate the presence of a core microbial consortium adapted 

to live within nutritionally complex spruce soil systems.

3.5.2 16S rDNA

The diversity evaluated through the 16S rDNA amplification, sequencing, and 

ARDRA analysis is used here as a proxy for the overall bacterial diversity present at
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our sampling sites. These analyses revealed that oiled/bumed soil had the lowest 

Diversity Ratio Index (DRI), and control soil had the highest. These data suggest that 

the oil, still present in high concentrations (Chapter 2), is limiting the number of 

species able to successfully colonize these contaminated soils. These data also 

suggest that the total bacterial community in control soils was more diverse so as to 

capitalize on the more diverse C substrates associated with non-oil contaminated 

soils.

We found known acidophiles in our clones from Group I, as expected since our soils 

are acidic (Figure 3.4), but other functional attributes of these organisms are 

unknown. The uncultured reference samples in Group I were from other acidic soils 

(Davis et al., 2005), disturbed British Columbian forest soils (Axelrod et al., 2002), 

Taiwanese forest soils (Tsai et al., 2006), and an alpine-tundra meadow (Costello & 

Schmidt, 2006).

Group II samples showed relationships with predominantly aerobic, acidophilic 

genera, including the methane oxidizing genera, Methylocella, Methylosinus, and 

Methylocystis. Isolates from Group II are known to form exospores when 

environmental conditions dictate (Madigan et al., 2000). Members of our Group III 

are all closely related to Acinetobacter, also known to form protective capsules to 

survive stressful conditions (Madigan et al., 2000). In less-than-favorable 

environmental conditions under which vegetative growth and reproduction are 

minimal or non-existent, bacteria able to form cysts or spores allow for long-term 

population viability (Henis, 1987). Bacterial populations capable of forming such 

resting stmctures should be better equipped to survive landscape-level disturbances 

such as wildfire. These populations would also have advantages in responding to 

point disturbances such as an oil spill, though the toxic components of the oil itself 

may hinder microbial metabolism and reproduction. The disturbance events likely 

released microbial representatives from resting or protective stmctures or displaced
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the pre-disturbance microbial consortia by more versatile, less sensitive community 

which resulted in high values of diversity in burned soils and low values of diversity 

in oiled/burned soils.

Several clones from oiled and oiled/bumed samples clustered with uncultured 

bacteria amplified from hydrocarbon contaminated soils or sediments (Rossbach et 

al., 2006; Paidisetti et al., 2005), and a natural hydrocarbon seep (Hamamura et al., 

2005). These results indicate that clones from hydrocarbon-affected systems contain 

microbes adapted to degrade hydrocarbons for survival. These specialized clones 

originate from ecosystems ranging outside of forest soils, indicating these microbes 

are linked by their hydrocarbon-degrading abilities rather than general ecological 

parameters (e.g. temperature regime, annual precipitation, etc.).

3.6 Conclusions

Major ecological characteristics of our system (acidic soils, spmce forest) and 

disturbance (oil, fire) led to the presence of microbial community members found at 

other similarly defined sites from around the world. Our analyses revealed an acid- 

tolerant microbial community which shares attributes with organisms from other 

ecosystems similar to those in our study, including other spmce soils, post-fire soils 

and oiled soils.

Our hypothesis that disturbance would reduce diversity of the microbial community 

relative to control soils, was somewhat supported by our data. Our hypothesis was 

confirmed by ARDRA and RFLP data from the oiled/bumed soils for both 16S rDNA 

and nifH. However, the apparent diversity increase in the functional gene signatures 

of burned soil clones may suggest a species expansion functional response strategy to 

natural disturbance in these systems that was repressed in soils contaminated with oil.
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The high DRI observed in burned soils corresponded with decreased N fixation 

activity relative to control soils (Chapter 2), and the low DRI in oiled/burned soils 

corresponded to increased N fixation activity. Though a handful of nifH  RFLP 

patterns were shared across sites, determining whether these OTUs were specifically 

responsible for the ecological functional capacity of the sites still requires culture- 

dependent analyses. No single microbial assay, molecular, culture-dependent or 

static, can fully characterize a microbial community in any given complex soil 

system. It is only through the synthesis of these assays with larger scale ecological 

functions that we may understand the complex nature of a functioning soil microbial 

community.

Total bacterial community diversity is likely related to C substrate diversity and the 

bacterial community’s ability to access that C. However, the N fixing community 

may not only be a function of C availability but may also be a function of N 

limitations of the site, increasing or decreasing functional demands on the microbial 

community capable of N fixation. Our data suggest that the microbial community 

present within these interior Alaskan, black spruce overlain mineral soils, employs 

specialized niche procurement as the key to both species and community survival.



Table 3.1 -  Soil microbial biomass as determined microscopically.

Mg/g dry wt 

soil

Active Total

Treatment Active Fungal Total Fungal Bacterial Bacterial 

Control 6^55 83^6 105 2549

Burned 5.64 462 12.4 2434

Oiled/bumed 10.3 612 0 1369



Table 3.2 -  Diversity ratio indices for enzyme digested amplicons. A. nifH  RFLP 

data from two RFLP gels. B. 16S ARDRA data from one ARDRA gel.

A. nifH RFLP

# of unique Mean diversity

Treatment # of clones patterns ratio

Oiled/burned 46,44 20,16 0.40

Burned 45,48 24,25 0.53

Control 44,43 20,18 0.44

B. 16S ARDRA

# of unique Mean diversity

Treatment # of clones patterns ratio

Oiled/burned 45 21 0.47

Burned 48 32 0.67

Control 48 37 0.77
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Figure 3.1 - RFLP of nifH  clones from post-fire samples digested with Alul and 
MspI. Patterns listed left to right. Top row, oiled/bumed (patterns D, B, A, J); 
Middle row, burned (patterns J, A, B, D); Bottom row, control (patterns D, A, J, B).
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Figure 3.2 -  nifH  sequence bootstrap phylogram; NJ using GTR model of evolution, 

1000 bootstrap replicates at the 70% confidence level.
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Figure 3.3 - ARDRA gel of oiled/bumed, burned and control soil samples digested 
with Mspl. Top row, oiled/bumed (X, W, Y); Middle row, burned (W, X, Y); Bottom 
row, control (W, Y, X). Pattern W corresponds with Group III -  Acinetobacter 
group, X with Group I - Acidobacter group, and Y with Comamonas group.



Figure 3.4 -  16S rDNA sequence bootstrap phylogram; NJ using GTR model of 

evolution, 1000 bootstrap replicates at the 70% confidence level. Group I- 

Acidobacteria cluster, Group II-Methylo cluster, Group lll-Acinetobacter cluster.
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Discussion and Conclusions

An aspect o f stability of an ecological system, sometimes called resiliency, can be 

described as its capacity to recover from perturbation (Henis, 1987). Long-term 

system stability is affected by short and long-term nutrient cycling processes and the 

ecosystem response to those processes, which are largely controlled by the microbial 

consortia responsible for the cycling of nutrients through a given system (Henis,

1987; DeLuca et al., 2006; Fernandez et al., 1999). Ecological disturbances have the 

potential to affect system stability if they are severe enough to fundamentally alter the 

character o f that system (Atlas, 1984; Schimel, 1995; Fernandez et al., 1999; Wan et 

al., 2001). In soil systems, microbes are ultimately responsible for nutrient cycling, 

and dismption of microbial communities will affect system-wide nutrient cycling in 

to and out of any given ecosystem (Viereck et al., 1983; Atlas, 1984; Schimel, 1995; 

Fernandez et al., 1999; DeLuca et al., 2006).

Disturbance causes a suite of changes which effect C availability, nutrient 

availability, temperature, albedo, and moisture (Pietikainen et al., 2000; Yeager et al., 

2005, Sparrow & Sparrow, 1988; Wan et al., 2001; Mack et al., 2004). Microbial 

ability to access energy and mineral compounds immediately after disturbance will 

dictate the initial responses of the soil complex to that disturbance (Pietikainen et al., 

2000; Becker et al., 2001; Schimel, 1995). These environmental changes can release 

bacteria from dormancy, increasing microbe-microbe competition for niche space, or 

enhance populations that have survived the disturbance, supporting a particular 

pattern of microbial dominance. Depending on the temporal and spatial distribution 

of microbes, different life strategies may be employed by the overall microbial 

community (Chapin & Komer, 1995). Whether the post-disturbance nutrient pulse 

advances the populations of quick- or slow-growing microbes depends not only on 

the pulse itself, but on feedback loops initiated by the immediate post-disturbance 

environment (Chapin & Komer, 1995).
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N cycling essential to C processing is constrained in black spruce soil systems (Fox & 

Van Cleve, 1983; Van Cleve et al., 1983; Chapin et al., 2002; Schimel & Bennett, 

2004). Though nutrient cycling rates in these late-successional forest soils are 

relatively low compared to early successional boreal forest soils (Van Cleve & 

Dymess, 1983; Klingensmith & Van Cleve, 1993; Uliassi & Ruess, 2002), our data 

show that the rates measured were great enough to support diverse total and 

functional soil bacterial communities.

We demonstrated through our experiments that soil processes and microbial 

populations in black spmce soils responded to perturbations in the form of a crude oil 

spill and a wildfire. We examined mineral soils in this study because the organic 

layer in the oiled plot was nearly completely removed during the wildfire and because 

these soils have received less attention in previous studies than have organic soils. 

These mineral soils contain C and N substrates that allow the persistence o f 

specialized microbial communities less affected by the wide temperature and 

chemical fluctuations of interior Alaska.

Even after the fire that removed the organic layer in the oiled plot, the cmde oil 

remained relatively unchanged in mineral soils. Total C content was ten times higher 

in the oiled/bumed soils than in control or burned soils and was directly linked to the 

ten-fold higher C-mineralization observed in the oiled/bumed mineral soils. Total 

nitrogen was also high in the oiled/bumed plot as were nitrogen-fixing rates in 

laboratory incubations. The high nitrogen-fixing rates in the oiled/bumed soils 

indicated that nitrogen may be one factor limiting biodegradation of oil in these soils 

where N immobilization was also observed. In control and bum-only soils, in 

contrast, there was net mineralization of N and half of the N fixed as in oiled/bumed 

soils.
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Whether N will be immobilized or mineralized in a soil depends on the N demand of 

the soil microbial community and the presence of nitrifiers in that community (Paul & 

Clark, 1996). The significantly higher C:N in oiled/bumed soils is consistent with the 

N immobilization we observed in our laboratory incubations, but does not entirely 

explain the lack of nitrification. It is possible that nitrate production was occurring at 

extremely low rates within ammonium depleted microsites in our soils and that the 

disruption of these microsites prior to our analyses inhibited any observable nitrate 

signal and nitrification potential for our incubation. The examination o f the nitrifying 

population specifically would clarify whether this process occurs in these soils.

Even though oiled/bumed soils had the highest rates of N-fixation in laboratory 

incubations, RELP data indicated that the burned soils had greater diversity of In

fixing bacteria, with oiled/bumed and control soils having lower but about equal 

diversity. Thus, N-fixation in oiled/bumed soils appears to be the product of fewer 

species of N-fixers who are very active under the conditions in our study.

ARDRA data indicated that control soils had the most overall bacterial diversity with 

the most highly perturbed soils (oiled/bumed) having the least overall diversity.

Total bacterial community analysis (16S rDNA) did not shed light upon the 

community stmcture of microbes identified to be involved with N-cycling processes, 

as the overall community was so diverse that sampling may have limited the genetic 

signatures from these specialists. Broad-scale ecological processes are hard to 

decipher with total community diversity observations as compared to functional gene 

observations, as demonstrated in this study with nifH  analysis.

Sequencing of selected clones from oiled, oiled/bumed, burned and control soils 

indicated that many of our clones grouped with organisms from similar environments 

to ours. Since our soils were acidic, many of our clones grouped with known 

acidophiles, as one might expect. Many of our clones, particularly from control soils,
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grouped with organisms isolated from other coniferous forest soils. In addition, 

several clones from our perturbed samples grouped with organisms from other 

perturbed sites. For example, clones from the oiled plot grouped with organisms 

from other hydrocarbon contaminated sites (but not necessarily from forest soils) and 

clones from the burned plot grouped with organisms from other forest fire affected 

soils.

This study showed that long-term oiled mineral soils were more impacted by residual 

oil than by fire at this site in interior Alaska. No evidence of pyrogenic compounds in 

oiled samples, combined with genetic patterns consistent with established 

hydrocarbon degrading communities, and high rates of nutrient cycling indicate that 

these oiled soils are and will likely remain more impacted by oil residues than by fire 

and other natural occurrences. Genetic signatures of anaerobic microbes isolated 

from field samples and the high rates of respiration observed in our aerobic 

incubations indicate that oil may persist at this site in part due to N-limitations; 

however, oxygen limitation to hydrocarbon degradation may also be significant and 

warrants further study.



87

Literature Cited

Atlas, R., 1984. Use of microbial diversity measurements to assess environmental 

stress. In: Klug, M.J. and Read, C.A. eds. Current Perspectives in Microbial Ecology. 

P. 540-545.

Becker, J.G., Berardesco, G., Rittman, B.E., and Stahl, D.A., 2001. Successional 

changes in an evolving anaerobic chlorophenol-degrading community used to infer 

relationships between population structure and system-level processes. Applied and 

Environmental Microbiology 67, 5705-5714.

Chapin, F.S. Ill and Komer, C.H., 1995. Patterns, causes, changes, and consequences 

of biodiversity in Arctic and Alpine Ecosystems. In: Chapin, F.S. Ill and Komer, C. 

eds. Arctic and Alpine biodiversity: Patterns, causes and ecosystem consequences. P. 

313-320. Springer-Verlag, Berlin.

Chapin, F.S., III., Matson, P., Mooney, H., 2002. Principles of terrestrial ecosystem 

ecology. Springer-Verlag, New York, 436 pp.

DeLuca, T.H., Mackenzie, M.D., Gundal, M.J., Holben, W.E. 2006. Wildfire- 

produced charcoal directly influences nitrogen cycling in forest ecosystems. Soil 

Science Society of America Journal 70, 448-453.

Fernandez, A., Huang, S.Y., Seston, S., Xing, J., Hickey, R., Criddle, C., Tiedje, J., 

1999. How stable is stable? Function versus community composition. Applied and 

Environmental Microbiology 65, 3697-3704.

Fox, J.F. and Van Cleve, K , 1983. Relationships between cellulose decomposition, 

Jenny’s k , forest-floor nitrogen, and soil temperature in Alaskan taiga forests. 

Canadian Journal of Forest Research 13, 789-794.



8 8

Henis, Y., 1987. Survival and dormancy of bacteria. In Henis, Y (ed), Survival and 

Dormancy of Microorganisms. John Wiley & Sons, New York, N Y.

Klingensmith, K.M. and Van Cleve, K , 1993. Denitrification and nitrogen fixation in 

floodplain successional soils along the Tanana River, interior Alaska. Canadian 

Journal of Forest Research 23, 956-963.

Mack, M.C., Schuur, E.A.G., Bret-Harte. M.S., Shaver, G.R., and Chapin III, F.S., 

2004. Carbon storage in arctic tundra reduced by long-term nutrient fertilization. 

Nature 431,440-443.

Paul, E.A. and Clark, F.E., 1996. Soil Microbiology and Biochemistry. Academic 

Press, San Diego, 340 pp.

Pietikainen, J., Hiukka, R., Fritze, H., 2000. Does short-term heating of forest humus 

change its properties as a substrate for microbes? Soil Biology and Biochemistry 32, 

277-288.

Schimel, J. P. and Bennett, J., 2004. Nitrogen mineralization: challenges of a 

changing paradigm. Ecology 85, 591-602.

Schimel, J. 1995. Ecosystem consequences of microbial diversity and community 

structure, p. 239-254. In Chapin, F.S. Ill and C. Komer (eds.), Arctic and Alpine 

biodiversity: Patterns, causes and ecosystem consequences. Springer-Verlag, Berlin.

Sparrow, S.D. and Sparrow, E.B., 1988. Microbial biomass and activity in a subarctic 

soil ten years after crude oil spills. Journal of Environmental Quality 17, 304-309.



89

Uliassi, D.D. and Ruess, R.W., 2002. Limitations to symbiotic nitrogen fixation in 

primary succession on the Tanana River floodplain. Ecology 83, 88-103.

Van Cleve, K. and Dymess, C.T., 1983. Introduction and overview of a 

multidisciplinary research project: the structure and function of a black spruce (Picea 

mariana) forest in relation to other fire-affected taiga ecosystems. Canadian Journal 

of Forest Research 1983, 695-702.

Van Cleve, K., Oliver, L.K., Schlentner, R., Viereck, L.A., Dymess, C.T., 1983. 

Productivity and nutrient cycling in taiga forest ecosystems. Canadian Journal of 

Forest Research 13, 747-766.

Viereck, L.A., Dymess, C.T., Van Cleve, K., Foote, J., 1983. Vegetation, soils, and 

forest productivity in selected forest types in interior Alaska. Canadian Journal of 

Forest Research 13, 703-720.

Wan, S., Hui, D., Luo, Y., 2001. Fire effects on nitrogen pools and dynamics in 

terrestrial ecosystems: a meta-analysis. Ecological Applications 11, 1349-1365.

Yeager, C.M., Northmp, D.E., Grow, C.C., Bames, S.M. and Kuske, C.R., 2005. 

Changes in nitrogen-fixing and ammonia oxidizing bacterial communities in soil of a 

mixed conifer forest after wildfire. Applied Environmental Microbiology 71, 2713- 

2722.



Seq. date Sequence ID clone ID pattern Ascension #s GenBank score First three BLAST hits; closest isolate
2/27/2004 1Control2003 R30 or R6 DQ776581 ^77 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A Y 819573 509 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

D Q 520355 ^54 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits

2/27/2004 10 iled 2003  W U -2 CC D Q 776514 ^68 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A Y 8 19580 432  Uncultured bacterium done, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

D Q 520309 4 2 6  Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits

2/27/2004 20 iled 2003  W U -22 EE D Q 776358 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A J313302 458 Uncultured bacterium partial nifH gene, rhizosphere of Molinia

coerulea; b

A Y 601064 4 2 6  Uncultured bacterium clone, Molecular diversity of nitrogen-fixing

bacteria from the Tibetan Plateau, China; c

D Q 821942 394 Rhodoferax antarcticus, Characterization of spatial-temporal

variability in diazotroph assem blages in the Chesapeake Bay using 

a high-density oligonucleotide nifH microarray; o

'Oo
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2/27/2004 30 iled 2003 W U -7 DD A Y 829659 547 Uncultured bacterium clone, Distribution of Extensive nifH Gene

Diversity Across Physical Soil Microenvironments; f 

A Y 223958 531 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g 

D Q 520420 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h

No isolate hits

2/27/2004 40 iled 2003  W LL-37 S D 26289 238  Uncultured soil bacterium, Rem arkable N2-fixing bacterial diversity
detected in rice roots by molecular evolutionary analysis of nifH 
gene sequences; p

AB184912 167 Uncultured bacterium, Diversity of nifH gene sequences from

diazotrophic, endophytic bacteria associated with rice roots; q 

A F331994 111 Uncultured bacterium, Preferential occurrence of diazotrophic

endophytes, Azoarcus spp., in wild rice species and land races of 

Oryza sativa in comparison with modern races; r 

U 73138 91 -7 Chlorogloeopsis fritschii, Phylogeny of cyanobacterial nifH genes:

evolutionary implications and potential applications to natural 

assemblages; s

2/27/2004 50 iled 2003 W M -1 9  V  A Y 796013 176 Uncultured soil bacterium, Culture-Independent Characterization of
the Nitrogen Fixing Population Associated with A Panamanian  
Epiphytic Bromeliad; t

D Q 338084 1f^7 Uncultured bacterium clone, Application of a nifH oligonucleotide

microarray for profiling diversity of N2-fixing microorganisms in 

marine microbial mats; u

A F 216930 163 Uncultured soil bacterium, Molecular analysis of diazotroph diversity
in the rhizosphere of the smooth cordgrass, Spartina alterniflora; v

A B191042 125 Heliobacterium gestii, NifH and NifD sequences of heliobacteria: a

new lineage in the nitrogenase phylogeny; w

2/27 /2004 60 iled 2003 W M -1 2  Y  D Q 821972 168 Uncultured bacterium, Characterization of spatial-temporal
variability in diazotroph assemblages in the Chesapeake Bay using 
a high-density oligonucleotide nifH microarray; o

40
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A Y 528678 ^68 Uncultured bacterium, Vertical distributions of nitrogen-fixing
phylotypes at Station ALOHA in the oligotrophic North Pacific 
Ocean; x

A Y 896462  168 Uncultured bacterium, Diazotrophic diversity and distribution in the
tropical and subtropical atlantic ocean; y

A Y 040514 Desulfovibrio vulgaris, Potential N2 fixation by sulfate-reducing

bacteria in an intertidal microbial mat; z

Desulfovibrio

4 /9 /2004  2Contro!2003 R-1 A D Q 776625 ^70 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776615 662 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A Y 819575 595 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

No isolate hits

4 /9 /2004  3Control2003 R-2 B D Q 776468 ^ 6  Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776523 658 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776490 658 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

No isolate hits

4 /9 /2004  4Control2003 R -3 C DQ776581 620 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere
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diazotroph community; a

DQ776321 597 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

AY819561 571 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

No isolate hits

4/9 /2004 5Control2003 R -13 E DQ776581 593 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

DQ776321 537 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A Y 819573 527 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

No isolate hits
4/9 /2004 6Control2003 R-30 J A B 027743 137 Uncultured soil bacterium, Culture-independent characterization of

a gene responsible for nitrogen fixation in the symbiotic microbial 
community in the gut of the termite Neotermes koshunensis; aa

C P 000240  125 Synechococcus sp., Effect of temperature and light on growth of

and photosynthesis by Synechococcus isolates typical of those 

predominating in the octopus spring microbial mat community of

Yellowstone National Park; bb

A B 011886 121 Uncultured soil bacterium, Phylogenetic diversity of nitrogen fixation
genes in the symbiotic microbial community in the gut of diverse 
termites; cc

Synechococcus

4/9 /2004 70 iled 2003 W LL-23 I D Q 518578 206 Uncultured microorganism, Diversity of diazotrophs in Monterey

40
O J
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Bay; dd

A Y 224016 ^ 0  Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g

D Q 098180 190 Uncultured bacterium clone, NifH gene diversity in the Chesapeake
Bay; ee

A Y 221823 ^ 9  Desulfotomaculum nigrificans, Development and Testing of a DNA

Macroarray To Assess Nitrogenase (nifH) Gene Diversity; ff 

4/9 /2004 80 iled 2003 W U -20  FF A F378716 381 Methylomonas sp., nifH sequences and nitrogen fixation in type I

and type II methanotrophs; gg

A F484674 ^79 Methylomonas rubra, Study of nucleotide sequences of nifH genes

from the representatives of methanotrophic bacteria; hh

A F378717 379 Methylomonas methanica, nifH sequences and nitrogen fixation in

type I and type II methanotrophs; gg

A B 184947 363  Uncultured bacterium, Diversity of nifH gene sequences from

diazotrophic, endophytic bacteria associated with rice roots; q
Methylomonas

5/12 /2004 90 iled 2003 W LL12 O D Q 776569 4 36  Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776396 4 1 8 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 520548 379  Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits

5/12 /2004 100iled2003 W LL14 Q A B 027743 137 Uncultured soil bacterium, Culture-independent characterization of
a gene responsible for nitrogen fixation in the symbiotic microbial 
community in the gut of the termite Neotermes koshunensis; aa

C P 000240 1^5 Synechococcus sp., Effect of temperature and light on growth of

and photosynthesis by Synechococcus isolates typical of those
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predominating in the octopus spring microbial mat community of 

Yellowstone National Park; bb

A B 011886 121 Uncultured soil bacterium, Phylogenetic diversity of nitrogen fixation
genes in the symbiotic microbial community in the gut of diverse 
termites; cc

Synechococcus

5/12/2004 110iled2003 W LL25 U A Y 221794 133 Uncultured bacterium; Vertical distribution of nitrogen-fixing
phylotypes in a meromictic, hypersaline lake; jj

D Q 337203 131 Desulfovibrio dechloracetivorans; kk

D Q 098180 131 Uncultured bacterium clone, NifH gene diversity in the Chesapeake
Bay; ee

Desulfovibrio

5/12/2004 120iled2003 W LL32 D D Q 518578 Uncultured microorganism, Diversity of diazotrophs in Monterey

Bay; dd

A Y 224016  190 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g
D Q 098180 190 Uncultured bacterium clone, NifH gene diversity in the Chesapeake

Bay; ee

D Q 337203 Desulfovibrio dechloracetivorans; kk

5/12 /2004 130iled2003 W LL34 T D Q 776569 4 3 ® Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776396 418 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 520548 379 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits

5 /12 /2004 7Control2003 R32 K D Q 520356 ^93 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
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A Y 819575 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

D Q 776347 ^87 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

No isolate hits

5/12 /2004 8Control2003 R35 L D Q 518578 226 Uncultured microorganism, Diversity of diazotrophs in Monterey

Bay; dd

A Y 224016 2(-*6 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g 

D Q 078013 ^98 Uncultured bacterium, Study of nitrogen fixation in microbial

communities of oil-contaminated marine sediment microcosms; II 

D Q 337203 109 Desulfovibrio dechloracetivorans; kk

5 /12/2004 140iled2003 W U 12 H DQ 776531 486  Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A Y 787537 3 ^9 Uncultured bacterium, Assessment of nifH gene diversity in

microbial communities and isolates of the N-ViroTech system; mm 

A Y 787545 317 Uncultured bacterium, Assessment of nifH gene diversity in

microbial communities and isolates of the N-ViroTech system; mm 

CP000271 295 Burkholderia xenovorans, Complete sequence of Chromosome 2 of

Burkholderia xenovorans; nn

5/12 /2004 150iled2003 W M 20 Z D G 142732 2 ^2 Uncultured bacterium, Spatial variability of nifH diversity of

diazotrophs in periphyton mats of Florida Everglades; oo 

A Y 787578 ^94 Uncultured bacterium, Assessment of nifH gene diversity in

microbial communities and isolates of the N-ViroTech system; mm 

D Q 520498 ^9 ^ Uncultured bacterium clone, Prevalence and identity of uncultivated

40G\
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nifH diversity in various rhizospheres; h

A E 017286 1 ^8 Desulfovibrio vulgaris, The genome sequence of the anaerobic,

sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough; pp

5/12/2004 160iled2003 W M 21 AA D Q 776439 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

D Q 776422 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

DQ 776404 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a
No isolate hits

5 /12/2004 170iled2003 W LL2 M D Q 518578 198 Uncultured microorganism, Diversity of diazotrophs in Monterey

Bay; dd

A Y 224016 ^ 2  Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g

D Q 078013 Uncultured bacterium, Study of nitrogen fixation in microbial

communities of oil-contaminated marine sediment microcosms; II

A F325803 9 5.6 Treponem a azotonutricium, Nitrogen fixation by symbiotic and free-

living spirochetes; qq

5/12/2004 180iled2003 W LL7 N A Y 829659 ^47 Uncultured bacterium clone, Distribution of Extensive nifH Gene

Diversity Across Physical Soil Microenvironments; f

A Y 223958 531 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g

D Q 520420 4 ^0 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits
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5 /30 /2005 10iled/burned2004 D Q 776358 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A J313302 440 Uncultured bacterium partial nifH gene, rhizosphere of Molinia

coerulea; b

A Y 601064 430 Uncultured bacterium clone, Molecular diversity of nitrogen-fixing

bacteria from the Tibetan Plateau, China; c

No isolate hits

5 /30 /2005 20iled/burned2004 D Q 776475 359 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a 

A B 079617 359 Bradyrhizobium sp., The nitrogen-fixing gene (nifH) of

Rhodopseudomonas palustris: a case of lateral gene transfer?; d 

A J716278 355 Uncultured bacterium partial nifH, Nickel mine spoils revegetation

attempts: effect of pioneer plants on two functional bacterial 

communities involved in the N-cycle; e

Bradyrhizobium

5/30/2005 30iled/burned2004 A Y 829659 349 Uncultured bacterium clone, Distribution of Extensive nifH Gene

Diversity Across Physical Soil Microenvironments; f 

A Y 223958 341 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g 

D Q 520454 335 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h

No isolate hits

5 /30 /2005  4oiled/burned2004 A B 079618 ^ 3 Bradyrhizobium sp., The nitrogen-fixing gene (nifH) of

Rhodopseudomonas palustris: a case of lateral gene transfer?; d 

A B 079617 161 Bradyrhizobium sp., The nitrogen-fixing gene (nifH) of

Rhodopseudomonas palustris: a case of lateral gene transfer?; d
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AJ716278 159 Uncultured bacterium partial nifH, Nickel mine spoils revegetation

attempts: effect of pioneer plants on two functional bacterial 

communities involved in the N-cycle; e 

AM 110703 ^41  Methylocystis echinoides, Diversity of endophytic bacteria

associated with pine and with pine ectomycorrhizas; i 

5/30 /2005 1Burn2004 A Y 601070 212 Uncultured bacterium clone, Molecular diversity of nitrogen-fixing

bacteria from the Tibetan Plateau, China; c 

A Y 819583 212 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

D Q 776530 196 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

A B100832 H 9  Heliobacterium modesticaldum, NifH and NifD sequences of

heliobacteria: a new lineage in the nitrogenase phylogeny; k 

5/30 /2005 2Burn2004 A Y 601070 ^13 Uncultured bacterium clone, Molecular diversity of nitrogen-fixing

bacteria from the Tibetan Plateau, China; c 

A Y 819583 613 Uncultured bacterium clone, Changes in nitrogen-fixing and

ammonia-oxidizing bacterial communities in soil of a mixed conifer 

forest after wildfire; j

D Q 776407 559 Uncultured soil bacterium, Impact of Bt-transgenic white spruce,

expressing the CrylAb toxin of Bacillus thuringiensis, on rhizosphere 

diazotroph community; a

No isolate hits

5 /30 /2005 3Burn2004 A Y 223958 194 Uncultured bacterium clone, Nitrogenase gene diversity and

microbial community structure: a cross-system comparison; g 

A Y 829659 1®^ Uncultured bacterium clone, Distribution of Extensive nifH Gene

Diversity Across Physical Soil Microenvironments; f
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D Q 520436 174 Uncultured bacterium clone, Prevalence and identity of uncultivated

nifH diversity in various rhizospheres; h
No isolate hits

5 /30 /2005 1Control2004 AJ313277 363 Uncultured bacterium partial nifH gene, rhizosphere of Molinia

coerulea; b

D Q 480932 1 Uncultured bacterium, Shifts in the nitrogen cycle gene distribution

across soil aggregate fractions following tillage; I 

AF374341 Unidentified bacterium clone, Nitrogen-fixing phylotypes of

Chesapeake Bay and Neuse River estuary sediments; m 

J01740 141 Klebsiella pneumoniae, Nucleotide sequence of the gene coding for

the nitrogenase iron protein from Klebsiella pneumoniae; n

a. Lamarche,J. and Hamelin.R.C.; unpublished (2006)
b. Hamelin,J., Fromin.N., Tarnawski,S., Teyssier-Cuvelle.S. and Aragno.M., Environ. Microbiol. 4 (8), 477-481 (2002)
c. Zhang,Y., Li,D., W ang,H., Xiao,Q. and Liu,X., FE M S  Microbiol. Lett. 260 (2), 134-142 (2006)
d. Cantera,J.J., Kawasaki,H. and Seki.T., Microbiology (Reading, Engl.) 150 (PT 7), 2237-2246 (2004)
e. Hery,M ., Philippot.L., Meriaux,E., Poly.F., Le Roux,X. and Navarro,E., Environ. Microbiol. 7 (4), 486-498 (2005)
f. Izquierdo.J.A. and Nusslein,K., Microb. Ecol. 51 (4), 441-452 (2006)
g. Zehr,J.P., Jenkins,B.D., Short,S.M. and S tew ard.G .F., Environ. Microbiol. 5 (7), 539-554 (2003)
h. Izquierdo.J.A., Lebrun,L.M. and Nusslein,K.; unpublished (2003)
i. lzumi,H.; unpublished (2005)

j. Y eager,C .M ., Northup.D.E., Grow,C.C., Barns,S.M . and Kuske,C.R., Appl. Environ. Microbiol. 71 (5), 2713-2722 (2005) 

k. Enkh-Amgalan,J., Kawasaki,H. and Seki,T., FE M S  Microbiol. Lett. 243 (1), 73 -79  (2005)

I. Izquierdo.J.A. and Nuesslein,K.; unpublished (2006)
m. Burns,J.A., Zehr.J.P. and Capone,D.G., Microb. Ecol. 44 (4), 336-343 (2002) 
n. Sundaresan.V. and Ausubel,F.M., J. Biol. Chem . 256 (6), 2808-2812 (1981)
o. Moisander.P.H., Morrison,A.E., W ard.B.B., Jenkins,B.D. and Zehr.J.P., unpublished (2006) 

p. U eda.T., Suga.Y., Yahiro.N. and Matsuguchi.T., J. Bacteriol. 177 (5), 1414-1417 (1995) 
q. Elbeltagy.A. and Ando.Y.; unpublished (2004)
r. Engelhard,M., Hurek.T. and Reinhold-Hurek,B., Environ. Microbiol. 2 (2), 131-141 (2000) 
s. Zehr.J.P., Mellon,M.T. and Hiorns.W.D., Microbiology (1996) In press 

t. W allace,D .F ., Goodfellow,M., O 'Donnell,A.G. and W ard,A.; unpublished (2004)
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u. Moisander.P.H., Shiue.L., Steward,G.F., Jenkins,B.D., Bebout.B.M. and Zehr.J.P., Environ. Microbiol. 8 (10), 1721-1735 (2006) 
v. Lovell,C.R., Piceno.Y.M., Quattro.J.M. and Bagwell,C.E., Appl. Environ. Microbiol. 66  (9), 3814-3822 (2000) 
w. Enkh-Amgalan,J., Kawasaki,H. and Seki.T., FEM S Microbiol. Lett. 243 (1), 73 -79  (2005) 
x. Church,M.J., Jenkins,B.D., Karl.D.M. and Zehr.J.P.; unpublished (2004) 
y. Langlois.R.J., Laroche,J. and Raab.P.A.; unpublished (2005) 

z. S teppe,T.F. and Paerl.H .W ., Aquat. Microb. Ecol. (2002) In press

aa. Noda.S., O hkum a,M ., Usami,R., Horikoshi,K. and Kudo.T., Appl. Environ. Microbiol. 65 (11), 4935-4942 (1999)
bb. Aliewalt,J.P., Bateson,M.M ., Revsbech,N.P., Slack,K. and W ard.D .M ., Appl. Environ. Microbiol 72 (1), 544-550 (2006)
cc. Ohkum a.M., Noda,S. and Kudo,T., Appl. Environ. Microbiol. 65 (11), 4926-4934  (1999)
dd. Achilles,K.M. and Zehr,J.P.; unpublished (2006)
ee. Zhang,R., Chen.F. and Qian,P.; unpublished (2005)

ff. Steward.G.F., Jenkins,B.D., W ard,B.B. and Zehr,J.P., Appl. Environ. Microbiol. 70  (3), 1455-1465 (2004) 
gg. Auman,A.J., Speake.C .C . and Lidstrom.M.E., Appl. Environ. Microbiol. 67 (9), 40 09 -4 016  (2001)
hh. Boulygina,E.S., Kuznetsov,B.B., Marusina,A.I., Tourova.T.P., Kravchenko.I.K., Bykova,S.A., Kolganova,T.V. and Galchenko.V.F., Microbiology (2002) In press
ii. Copeland.A., Lucas,S., Lapidus.A., Barry,K., Detter,J.C., Glavina del R io ,T .r Dalin.E., Tice,H ., Pitluck.S., Chain.P., Malfatti,S., Shin.M., Vergez,L., Schmutz,J.,
Larimer.F.,
Land,M., Hauser,L., Kyrpides,N., Anderson.l., W alker,C . and Richardson,P.; unpublished (2006) 

jj. S teward.G.F., Zehr,J.P., Jellison,R., Montoya,J.P. and Hollibaugh.J.T., Microb. Ecol. 47 (1), 30-40 (2004) 
kk. Zhao,L., Ju,X. and Sun,B.; unpublished (2005)

II. Musat.F., Harder,J. and W iddel.F., Environ. Microbiol. 8 (10), 1834-1843 (2006) 
mm. Bowers,T.H.; unpublished (2004)

nn. Copeland.A., Lucas,S., Lapidus,A., Barry.K., Detter,J.C., Glavina del Rio,T., Ham m on,N., Israni.S., Pitluck.S., Chain.P., Malfatti.S., Shin.M., Vergez,L., Schrmutz,J.,
Larimer.F., Land,M., Kyrpides.N., Lykidis.A. and Richardson,P., unpublished (2006)
oo. Jasrotia.P. and Ogram .A.V.; unpublished (2005)

pp. Heidelberg.J.F., Seshadri,R., Havem an.S.A., Hem m e,C .L., Paulsen,I.T., Kolonay.J.F., Eisen,J.A., W ard.N., Methe.B., Brinkac.L.M., Daugherty,S.C., DeBoy,R.T.,
Dodson,R.J., Durkin,A.S.,Madupu,R., Nelson,W .C., Sullivan,S.A., Fouts,D.E., Haft.D .H ., Selengut.J., Peterson,J.D., Davidsen.T.M ., Zafar,N ., Zhou,L.,Radune,D.,
Dimitrov,G.,
Hance.M ., Tran,K., Khouri,H.M., Gill.J., Utterback.T.R., Feldblyum .T.V., W all,J.D ., Voordouw,G. and Fraser,C.M ., Nat. Biotechnol. (2004) In press 

qq. Lilburn.T.G., Kim .K.S., Ostrom,N.E., Byzek.K.R., Leadbetter.J.R. and Breznak.J.A., Science 292 (5526), 2495-2498  (2001)

H-1o
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Appendix I I -  16S rDNA BLAST results BLAST results

Seq. date Sequence ID clone ID Ascension #s GenBank score First three BLAST hits; closest isolate
May-06 1 Control July2004 A F050576

D Q 995296

D Q 628962

No Isolate Hits

56

48

48

Uncultured eubacterium, Microbial diversity in a 

hydrocarbon- and chlorinated-solvent- 

contaminated aquifer undergoing intrinsic 

bioremediation; k

Uncultured actinobacterium, Lake Tanganyika 

characterized by a distinct bacterial community; I 

Uncultured actinobacterium, Culture-dependent 

and -independent molecular characterization of 

microbial communities sampled from beneath a 

high Arctic glacier (John Evans glacier, 

Ellesmere Island, Canada); m

M ay-06 2ControlJuly2004 D Q 451440

A Y 963394

A Y 673303

Acidobacteria

2642

2537

2466

Uncultured Acidobacteria bacterium, Bacterial 

Community Composition in Fushan Forest Soils 

of Taiwan; a

Uncultured bacterium, 16S rR N A gene analyses 

of bacterial community structures in the soils of 

evergreen broad-leaved forests in south-west 

China; b

Acidobacteria bacterium, Effects of growth 

medium, inoculum size, and incubation time on 

culturability and isolation of soil bacteria; c

M ay-06 3ControlJuly2004 A Y 7 9 2 3 1 1 2797 Uncultured Verrucomicrobia bacterium, Microbial 

community dynamics in a humic fake: differential 

persistence of common freshwater phylotypes; n



D Q 017930 2779 Uncultured bacterium, Bacterial Community

Composition in Central European Running 

W aters Examined by TG G E  and Sequence 

Analysis of 16S rDNA; d

A Y 211073 2393  Uncultured Verrucomicrobia bacterium, An

Anaerobic VC-Enriched Consortium Is 

Dominated By Novel Flexibacter Species; o

No Isolate Hits

May' 06 4ControlJuly2004 DQ 017938 1729 Uncultured bacterium, Bacterial Community

Composition in Central European Running 

W aters Examined by TG G E  and Sequence 

Analysis of 16S rDNA; d

A Y 425768 1709 Uncultured bacterium, Environmental

Parameters That Influence Community 

Succession and Diversity on Hawaiian volcanic 

Deposits; e

AJ582029 1701 Uncultured alpha proteobacterium, Bacteria

found in heavy metal contaminated 

environments and their application for 

bioremediation; f

No Isolate Hits

May' 06 5ControlJuly2004 AJ292676 2450 uncultured eubacterium, Combined use of 16S

ribosomal DNA and 16S rRNA to study the 

bacterial community of polychlorinated biphenyl- 

polluted soil; p

A Y 395373 2434 Uncultured gamm a proteobacterium, Major

groups of bacteria in a pasture soil;q

A Y 395360 2363 Uncultured gamm a proteobacterium, Major

groups of bacteria in a pasture soil;q ^
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No Isolate Hits

M ay-06 6Contro!July2004 D Q 017938 2696 Uncultured bacterium, Bacterial Community

Composition in Central European Running 

W aters Examined by TG G E and Sequence 

Analysis of 16S rDNA; d 

A J582029 2593 Uncultured alpha proteobacterium, Bacteria

found in heavy metal contaminated 

environments and their application for 

bioremediation; f

AM 162445 2589 Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community 

composition in an acidic Sphagnum peat bog; g 

A J563928 1877 Methylocella tundrae, NifH and NifD

phylogenies: an evolutionary basis for 

understanding nitrogen fixation capabilities of 

methanotrophic bacteria; i

May-06 7ControlJuly2004 D Q 017938 2678 Uncultured bacterium, Bacterial Community

Composition in Central European Running 

W aters Examined by TG G E and Sequence 

Analysis of 16S rDNA; d 

A J582029 2 56 9  Uncultured alpha proteobacterium, Bacteria

found in heavy metal contaminated 

environments and their application for 

bioremediation; f

AM 162445 2563  Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community 

composition in an acidic Sphagnum peat bog; g 

A J563928 186  ̂ Methylocella tundrae, NifH and NifD

phylogenies: an evolutionary basis for

i— »O4̂
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understanding nitrogen fixation capabilities of 

methanotrophic bacteria; i

МаУ“06 8ControlJuly20G4 AB 240365 Uncultured bacterium, Analysis of microbial

community structure in rhizosphere of 

Phragmites; r

A J617858 1^06 Uncultured bacterium, Succession of bacterial

community structure and diversity in a paddy soil 

oxygen gradient; s

A Y 963495 Uncultured bacterium, 16S rRNA gene analyses

of bacterial community structures in the soils of 

evergreen broad-leaved forests in south-west 

China; b

C P 000473 W SA  Solibacter usitatus, Complete sequence of

Solibacter usitatus Ellin6076; t

М аУ-06 9ControlJuly2004 AM 162445 2692 Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community

composition in an acidic Sphagnum peat bog; g

D Q 017938 2486 Uncultured bacterium, Bacterial Community

Composition in Central European Running

W aters Examined by TG G E  and Sequence

Analysis of 16S rDNA; d

D Q 125516 2407 Uncultured bacterium, Application of a High-

Density Oligonucleotide Microarray Approach To

Study Bacterial Population Dynamics during

Uranium Reduction and Reoxidation; h

AJ563928 1834 Methylocella tundrae, NifH and NifD

phylogenies: an evolutionary basis for

understanding nitrogen fixation capabilities of

methanotrophic bacteria; i g
on
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Appendix I I -  16S rDNA BLAST results, ct’d.
M ay-06 10ControlJuly2004 D Q 451510 2271 Uncultured Acidobacteria bacterium. Bacterial

Community Composition in Fushan Forest Soils 

of Taiwan; a

A Y 963419 2152  Uncultured bacterium, 16S rR N A g ene analyses

of bacterial community structures in the soils of 

evergreen broad-leaved forests in south-west 

China; b

D Q 450707 2096 Uncultured Acidobacteria bacterium, Microbial

diversity in alpine tundra wet meadow soil: novel 

Chloroflexi from a cold, water-saturated 

environment; j

A Y 673350 1650 Acidobacteria bacterium, Effects of growth

medium, inoculum size, and incubation time on 

culturability and isolation of soil bacteria; c

M ay-06 10iledBurnedJuly2004 AB 255087 2627
Uncultured bacterium, Analysis of microbial 
communities inducing concrete corrosion; u

D Q 125620 2617 Uncultured bacterium, Application of a High-

Density Oligonucleotide Microarray Approach To  

Study Bacterial Population Dynamics during 

Uranium Reduction and Reoxidation; h

A J867747 2 ^81 Uncultured bacterium, High Mountain Snow

Communities: Habitats at Lower Altitude 

Revealed More Diversity compared to that of 

Higher Altitude; v

A F376025 2545 Frateuria sp., Isolation and phylogenetic

characterization of acidophilic microorganisms 

indigenous to acidic drainage waters at an 

abandoned Norwegian copper mine; w

i— *o
ON



Appendix II -  16S rDNA BLAST results, ct’d.
M aV-06 20iledBurnedJuly2004 A B 240350 2510 Uncultured bacterium, Analysis of microbial

community structure in rhizosphere of 

Phragmites; r

A J583203 2262  uncultured Geothrix sp., Molecular analysis of

bacterial communities in ground waters of the 

deep-well injection site Tomsk-7, Siberia,

Russia; x

G F U 41563  2240  Geothrix fermentans, Phylogenetic analysis of

dissimilatory Fe(!ll)-reducing bacteria; y
Geothrix

М аУ -°6 30iledBurnedJuly2004 A B 238766 2248 Uncultured bacterium, 16S rDNA diversity of

bacteria in shallow subsurface of Sarobetsu 

Mire; z

A F524007 2079 Uncultured bacterium, Recovery of novel
bacterial diversity from a forested wetland 
impacted by reject coal; aa

D Q 088762 2048 Uncultured bacterium, Planktonic microbial

communities associated with fracture-derived 

groundwater in a deep gold mine of South 

Africa; bb

A B 231858 1045 Thermodesulfovibrio yellowstonii,

Thermodesulfovibrio aggregans and 

Thermodesulfovibrio ethanolicus sp. nov., novel 

anaerobic, thermophilic, sulfate-reducing 

bacteria isolated from thermophilic granular 

sludges; cc

М аУ-06 40iledBurnedJuly2004 AF376021 2494 Acidocella sp., Isolation and phylogenetic

characterization of acidophilic microorganisms

indigenous to acidic drainage waters at an

abandoned Norwegian copper mine; w ^o



A F253412 2347 Acidocella sp., A novel metabolic phenotype
among acidophilic bacteria: aromatic 
degradation and the potential use of these 
microorganisms for the treatment of wastewater 
containing organic and inorganic pollutants; dd

A F253413 2339 Acidocella sp., A novel metabolic phenotype
among acidophilic bacteria: aromatic 
degradation and the potential use of these 
microorganisms for the treatment of wastewater 
containing organic and inorganic pollutants; dd

Acidocella

M ay-06 50iledBurnedJuly2004 D Q 303264 2926 Uncultured bacterium, Microbial ecology of

macroscopic filaments from an extreme acidic 

environment, Tinto River; ee

A B 101444 2835 Acinetobacter junii, Coaggregation among

nonflocculating bacteria isolated from activated 

sludge; ff

D Q 337079  2823 Uncultured bacterium, The distribution of

microbial taxa in the subsurface water of the 

Kalahari Shield, South Africa; gg

Acinetobacter

M ay-06 60iledBurnedJuly2004 D Q 297970 2135 Uncultured soil bacterium, Microbial Diversity

from hydrocarbon contaminated soil; hh

A Y 960777  2 ^11 Bacterium Ellin514, Detection and Cultivation of

Soil Verrucomicrobia; ii

A J863242 2 ^9  ̂ Uncultured bacterium, Impact of flooding on soil

bacterial communities associated with poplar 

(Populus sp.) trees; jj

No Isolate Hits

M ay-06 70iledBurnedJuly2004 A M 162457 2825 Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community

composition in an acidic Sphagnum peat bog; g ^
o

Appendix II -  16S rDNA BLAST results, ct’d.



A B 240292 2694 Uncultured bacterium, Analysis of microbial

community structure in rhizosphere of 

Phragmites; r

AM  162458 2644  Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community 

composition in an acidic Sphagnum peat bog; g

No Isolate Hits

M ay-06 80iledBurnedJuly2004 D Q 129361 1754 Uncultured bacterium, Urban aerosols harbor

diverse and dynamic bacterial populations; kk

D Q 444975 Bacillus sp., Characterization of Microbial

Biodiversity in Permafrost from the Canadian 

High Arctic Using Culture-dependent and 

Culture-independent Methods; II

A B 245375 1546 Bacillales bacterium, Comparative analysis of

bacterial diversity in the soil of the ginseng field 

by molecular and cultivation-based technique; 

mm

Bacillus

M ay-06 90iledBurnedJuly2004 D Q 234187 2 9 4 6  Uncultured Comamonas sp., Community

composition of mangrove bacterioplankton 

determined using a 16S rRNA gene clone 

library; nn

AM 085471 2940 Uncultured bacterium, Characterization of

bacterial diversity in a deep sea sediment core 

from the tropic western Pacific warm pool; oo

M 11224 2938 Comamonas testosteroni, Mitochondrial origins;

PP

Com am onas
i— »o40
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Appendix II -  16S rDNA BLAST results, ct’d.
M ay-06 100iledBurnedJuly2004 DQ 207728 2972 Aerom onas hydrophila, Assessment of

parameters influencing quantitative biases of 

multitemplate PCR in molecular environmental 

microbiology; qq

A F099022 2966 Aerom onas hydrophila, Phenotypic identification,

D NA -D N A  hybridization and phylogenetic 

analysis of motile aeromonads isolated from fish 

with epizootic ulcerative syndrome (EU S) in 

Southeast Asian countries; rr

A F099021 2966 Aerom onas hydrophila, Phenotypic identification,

D NA -D N A  hybridization and phylogenetic 

analysis of motile aeromonads isolated from fish 

with epizootic ulcerative syndrome (EU S) in 

Southeast Asian countries; rr

Aeromonas

May-06 1BurnJuly2004 A B 186823 2264 Uncultured bacterium, Phylogenetic

characterization of a polychlorinated-dioxin- 

dechlorinating microbial community by use of 

microcosm studies; ss

A Y 913375 2248 Uncultured forest soil bacterium, Bacterial

diversity of a German forest soil, as assessed by 

nifH, nosZ, and SSU clone libraries and tRFLP; 

tt

A M 1 14436 2095 Uncultured alpha proteobacterium, Addition of

U(V I) to a uranium mining waste sample and 

resulting changes in the indigenous bacterial 

community; uu

A F 150802 1148 Methylosinus sp., Molecular characterization of

functional and phylogenetic genes from natural ^
O



populations of methanotrophs in lake sediments; 

vv

May-06 2BumJuly2004 A Y 917474 1443 Uncultured bacterium, Comparative 16S rRNA

Gene Sequence Analysis of Microbial 

Communities on Recent Hawaiian Volcanic 

Deposits (1982, 1979, 1974,1973, 1971, 1969,

1959, 1921, 1894, 1790 & 1700): Colonization 

and Succession of Microbes in Extreme 

Environments - Data 2003; ww  

A M 265404 ^441 Uncultured Bacterium, Bacterial Diversity of the

Soil of Trans Himalayan region as determined by 

Restriction Fragment Length Polymorphism  

Analysis of PCR-amplified 16S rRNA Genes; xx

D Q 004766 1404 Uncultured bacterium, Characterization of a

Forest Soil Metagenome Clone That Confers

Indirubin and Indigo Production on Escherichia 

coli; yy

A Y 673350 1009 Acidobacteria bacterium Ellin7184, Effects of

growth medium, inoculum size, and incubation 

time on culturability and isolation of soil bacteria; 

c

May-06 3BurnJuly2004 D Q 125701 1909 Uncultured bacterium, Application of a High-

Density Oligonucleotide Microarray Approach To  

Study Bacterial Population Dynamics during 

Uranium Reduction and Reoxidation; h 

A J536886 1836 Uncultured bacterium, Comparative molecular

analysis of bacterial diversity in soil samples of

uranium wastes by using different 16S rDNA

amplification primer pairs; zz ^
H—1
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DQ 450734 1328 Uncultured Chloroflexi bacterium, Microbial

diversity in alpine tundra wet m eadow soil: novel 

Chloroflexi from a cold, water-saturated 

environment; j

AJ242834 398 Thermophilic bacterium, Physiologycal and

molecular characterisation of an anaerobic 

thermophilic oleate-degrading enrichment 

cuture; aaa

М аУ -°6 4BurnJuly2004 D Q 404743 2595 Uncultured bacterium, Environmental whole-

genome amplification to access microbial 

populations in contaminated sediments; bbb

A Y234719 2593 Bacterium Ellin6067, Laboratory Cultivation of

W idespread and Previously Uncultured Soil 

Bacteria; ccc

D Q 833496 2589 Uncultured bacterium, Diverse bacteria detected

by 16S rRNA gene analyses in different depth of 

the sediment of Guanting Reservoir; ddd

No Isolate Hits

М аУ -°6 5BurnJuly2004 DQ 234187 2924 Uncultured Comamonas sp., Community

composition of mangrove bacterioplankton 

determined using a 16S rRNA gene clone 

library; nn

M 11224 2 9 1 6  Com am onas testosteroni, Mitochondrial origins;

PP

A B064318 2916 Com am onas testosteroni, Isolation and

characterization of a new poly(3- 

hydroxybutyrate)-degrading, denitrifying 

bacterium from activated sludge; eee

Comamonas ^

Appendix I I -  16S rDNA BLAST results, ct’d.



Appendix I I -  16S rDNA BLAST results, ct’d.
May-06 6BurnJuly2004 A Y 869674 1545 Uncultured bacterium, Microbial life in ridge flank

crustal fluids; fff

E F125396 1475 Uncultured bacterium, 16S rDNA diversity

analysis of mangrove soil; ggg 

A Y 869675 1432  Uncultured bacterium, Microbial life in ridge flank

crustal fluids; fff

A F004928 902 Dehalococcoides ethenogenes, Isolation of a

bacterium that reductively dechlorinates 

tetrachloroethene to ethene; hhh

May-06 7BurnJuly2004 D Q 303264 2889 Uncultured bacterium, Microbial ecology of

macroscopic filaments from an extreme acidic 

environment, Tinto River; ee 

A M 184300 2852 Acinetobacter junii, Occurrence and resistance

of pathogenic bacteria along the Tiete River 

downstream of Sao Paulo in Brazil; iii 

D Q 337079 2792 Uncultured bacterium, The distribution of

microbial taxa in the subsurface water of the 

Kalahari Shield, South Africa; gg

Acinetobacter

М аУ"°6 8BurnJuly2004 D Q 248284 2841 Uncultured soil bacterium, Microbial Diversity

from Carbon Tetrachloride Contaminated Soil; jjj 

A F432648 2811 Uncultured bacterium, Significant survey points

within the bacterial phylogenetic tree; kkk 

D Q 450800 2 7 8  ̂ Uncultured Gemmatimonadetes bacterium,

Microbial diversity in alpine tundra wet m eadow  

soil: novel Chloroffexi from a cold, water- 

saturated environment^

No Isolate Hits



Appendix II -  16S rDNA BLAST results, ct’d.
May-06 9BurnJuly2004 A B 240268 ^061 Uncultured bacterium, Analysis of microbial

community structure in rhizosphere of

Phragmites; r

A F432632 1987 Uncultured bacterium, Significant survey points

within the bacterial phylogenetic tree; kkk

AY234571 19>l2 Bacterium Ellin5220, Laboratory Cultivation of

W idespread and Previously Uncultured Soil 

Bacteria; ccc

A Y 673312 ^7 7  ̂ Gem m atim onadetes bacterium Ellin7146,

Effects of growth medium, inoculum size, and 

incubation time on culturability and isolation of 

soil bacteria; c

М аУ"06 10BurnJuly2004 A Y 963514 2Л38 Uncultured bacterium, 16S rRNA gene analyses

of bacterial community structures in the soils of

evergreen broad-leaved forests in south-west 

China; b

A Y 622265 2391 Uncultured bacterium, Composition and diversity

of microbial communities recovered from 

surrogate minerals incubated in an acidic 

uranium-contaminated aquifer; III

A B 240310 2339  Uncultured bacterium, Analysis of microbial

community structure in rhizosphere of 

Phragmites; r

No Isolate Hits

O ct' ° 3 20 iled 2003  W LL14 A Y 963300 991 Uncultured bacterium, 16S rRNA gene analyses

of bacterial community structures in the soils of 

evergreen broad-leaved forests in south-west 

China; b

-P̂



EF072672 Uncultured bacterium, Soil bacterial community

composition and diversity as affected by animal 

manure application in pasture and cropping 

systems of the Southern Piedmont USA; mmm  

EF032768 928 Uncultured planctomycete, Microbial diversity in

a Hawaiian lava cave microbial mat; nnn

A Y 673410 870 Planctomycetafes bacterium Eilin7244, Effects of
growth medium, inoculum size, and incubation 
time on culturability and isolation of soil bacteria; 
c

Oct-03 6Control2003 R E F123 D Q 450796 ^223 Uncultured actinobacterium, Microbial diversity

in alpine tundra wet meadow soil: novel 

Chloroflexi from a cold, water-saturated 

environment; j

D Q 125846 1096 Uncultured bacterium, Application of a High-

Density Oligonucleotide Microarray Approach To 

Study Bacterial Population Dynamics during 

Uranium Reduction and Reoxidation; h 

D Q 129258 1^90 Uncultured bacterium, Urban aerosols harbor

diverse and dynamic bacterial populations; kk

No Isolate Hits

Oct-03 70 iled2003 W U 4 A Y 940518 1156 Uncultured bacterium, Microbial diversity in

sediments of saline Qinghai Lake, China: linking 

geochemical controls to microbial ecology; ooo 

D Q 663965 Uncultured bacterium, Microbial Community

Structure in Petroleum Contaminated Sediments 

is Reflected in Geophysical Signatures; ppp 

D Q 642423 944 Uncultured bacterium, Phylogenetic diversity of

Archaea and Bacteria in the anoxic zone of a 

meromictic lake (Lake Pavin); qqq

Appendix II -  16S rDNA BLAST results, ct’d.
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No Isolate Hits

O ct-03 7Control2003 R EF14 D Q 450737 1233 Uncultured Chloroflexi, Microbial diversity in

alpine tundra wet m eadow soil: novel Chloroflexi 

from a cold, water-saturated environment; j 

D Q 663855 1203 Uncultured bacterium, Microbial Community

Structure in Petroleum Contaminated Sediments 

is Reflected in Geophysical Signatures; ppp 

A Y 917553  1005 Uncultured bacterium, Comparative 16S rRNA

Gene Sequence Analysis of Microbial 

Communities on Recent Hawaiian Volcanic 

Deposits (1982, 1979, 1974,1973, 1971, 1969, 

1959, 1921, 1894, 1790 & 1700): Colonization 

and Succession of Microbes in Extreme 

Environments - Data 2003; ww  

AJ271451 373 Natronoanaerobium halophifum, Microbial

diversity of soda lakes; rrr

Oct-03 80 iled2003 W U11 D Q 663965 1160 Uncultured bacterium, Microbial Community

Structure in Petroleum Contaminated Sediments 

is Reflected in Geophysical Signatures; ppp 

A Y 940518  1082 Uncultured bacterium, Microbial diversity in

sediments of saline Qinghai Lake, China: linking 

geochemical controls to microbial ecology; ooo 

D Q 642423 993 Uncultured bacterium, Phylogenetic diversity of

Archaea and Bacteria in the anoxic zone of a 

meromictic lake (Lake Pavin); qqq

No Isolate Hits

Oct-03 1Control2003 RE F139 D Q 450688 1269 Uncultured Acidobacteria, Microbial diversity in

alpine tundra wet m eadow soil: novel Chloroflexi 

from a cold, water-saturated environment; j

Appendix II -  16S rDNA BLAST results, ct’d.
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E F075712 1243 Uncultured Acidobacteria, Soil bacterial

community composition and diversity as affected 

by animal manure application in pasture and 

cropping systems of the Southern Piedmont 

USA; mmm

A Y 043842  ^243 Uncultured Acidobacterium, Molecular

characterization of bacterial diversity from British 

Columbia forest soils subjected to disturbance; 

sss

No Isolate Hits

Oct-03 10iled2003 W M B E F073672 1160 Uncultured Acidobacteria, Soil bacterial

community composition and diversity as affected 

by animal manure application in pasture and 

cropping systems of the Southern Piedmont 

USA; mmm

D Q 829823 1144 Uncultured bacterium, Comparison of Bacterial

Communities and Diversity of Soil from Three 

Sites at an Experimental Rice Station; ttt

D Q 663973 1144 Uncultured bacterium, Microbial Community

Structure in Petroleum Contaminated Sediments 

is Reflected in Geophysical Signatures; ppp

No Isolate Hits

Oct-03 2Control2003 REF134 A J519372 Uncultured Holophaga, Comparison of natural

bacterial communities found in uranium mining 

waste piles and mill failings; uuu

D Q 663822 Uncultured bacterium, Microbial Community

Structure in Petroleum Contaminated Sediments 

is Reflected in Geophysical Signatures; ppp

Appendix II -  16S rDNA BLAST results, ct’d.
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E F075907 Uncultured Acidobacteria, Soil bacterial

community composition and diversity as affected 

by animal manure application in pasture and 

cropping systems of the Southern Piedmont 

USA; mmm

No Isolate Hits

^ Ct 03 30 iled2003 W M 7 AM 162450 977 Uncultured bacterium, Phylogenetic analysis and

in situ identification of bacteria community 

composition in an acidic Sphagnum peat bog; g 

A Y 678225 954 Uncultured bacterium, Diversity and functional

analysis of bacterial communities associated 

with natural hydrocarbon seeps in acidic soils at 

rainbow springs, yellowstone national park; vvv 

A Y 678228 954 Uncultured bacterium, Diversity and functional

analysis of bacterial communities associated 

with natural hydrocarbon seeps in acidic soils at 

rainbow springs, yellowstone national park; vvv 

A B 166741 912 Gluconacetobacter saccharivorans,

Reclassification of Gluconacetobacter hansenii 

strains and proposals of Gluconacetobacter 

saccharivorans sp. nov. and Gluconacetobacter 

nataicola sp. nov; www
Oct-03 3Control2003 R EF137 1247 л • * u * • лA M 184300 Acinetobacter junn, Occurrence and resistance

of pathogenic bacteria along the Tiete River

downstream of Sao Paulo in Brazil; iii

AY366481 1247 Acinetobacter sp., Degradation of acyl-

homoserine lactone molecules by Acinetobacter

sp. strain C1010; xxx

Appendix II -  16S rDNA BLAST results, ct’d.
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A Y 792277 1247 Uncultured gam m a proteobacterium, Microbial

community dynamics in a humic lake: differential 

persistence of common freshwater phylotypes; n

Acinetobacter

50 iled2003 W U 14 A M 184300 1300 Acinetobacter junii, Occurrence and resistance

of pathogenic bacteria along the Tiete River 

downstream of Sao Paulo in Brazil; iii

A Y366481 1300 Acinetobacter sp., Degradation of acyl-

homoserine lactone molecules by Acinetobacter 

sp. strain C1010; xxx

A Y 792277 1300 Uncultured gamm a proteobacterium, Microbial

community dynamics in a humic lake: differential 

persistence of common freshwater phylotypes; n

Acinetobacter

° ct' 03 4Control2003 R E F136 A M 184300 1298 Acinetobacter junii, Occurrence and resistance

of pathogenic bacteria along the Tiete River 

downstream of Sao Paulo in Brazil; iii

A Y366481 1298 Acinetobacter sp., Degradation of acyl-

homoserine lactone molecules by Acinetobacter 

sp. strain C1010; xxx

A Y 792277 1298  Uncultured gamm a proteobacterium, Microbial

community dynamics in a humic lake: differential 

persistence of common freshwater phylotypes; n

Acinetobacter

° ct‘03 5Control2003 R E F12 A M 184300 1358 Acinetobacter junii, Occurrence and resistance

of pathogenic bacteria along the Tiete River 

downstream of Sao Paulo in Brazil; iii

AY366481 1358  Acinetobacter sp., Degradation of acyl-

homoserine lactone molecules by Acinetobacter

Appendix II -  16S rDNA BLAST results, c t’d.
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A Y 792277 13^8 Uncultured gam m a proteobacterium, Microbial

community dynamics in a humic lake: differential 

persistence of common freshwater phylotypes; n

Acinetobacter

° ct' 03 60 iled 2003  W U 12 D Q 787721 1156 Uncultured bacterium, Bacterial diversity and

distribution in the holocene sediments of a 

northern tem perate lake; yyy 

D Q 642339 Uncultured bacterium, Phylogenetic diversity of

Archaea and Bacteria in the anoxic zone of a 

meromictic lake (Lake Pavin); qqq 

E F034793 1051 Uncultured bacterium, Viability, activity and

diversity of the bacterial community in an Arctic 

permafrost soil from Spitsbergen; zzz  

U 41562 654 Pelobacter venetianus, Phylogenetic analysis of

dissimilatory Fe(lll)-reducing bacteria; y

° ct' 03 4 0 iled 2003  W LL3 A J292673 uncultured eubacterium, Combined use of 16S

ribosomal DNA and 16S rRNA to study the 

bacterial community of polychlorinated biphenyl- 

polluted soil; p

AM 233471 Uncultured bacterium, Molecular analysis of

bacterial communities associated with the roots 

of Douglas fir (Pseudotsuga menziesii) colonized 

by different ectomycorrhizal fungi; aaaa  

A Y 913452 Uncultured forest soil bacterium, Bacterial

diversity of a Germ an forest soil, as assessed by 

nifH, nosZ, and S SU  clone libraries and tRFLP; 

tt

Appendix II -  16S rDNA BLAST results, ct’d.
sp. strain C1010; xxx



No Isolate Hits

a. Tsai,S .-H ., Selvam.A., C hang,Y.-P. and Yang,S .-S .; unpublished (2006)
b. Chan.O.C., Yang.X., Fu,Y., Feng,Z., Sha,L., Casper,P. and Zou.X., FEMS Microbiol. Ecol. 58 (2), 247-259 (2006)
c. Davis,K.E., Joseph,S.J. and Janssen,P.H., Appl. Environ. Microbiol. 71 (2), 826-834 (2005)

d. Beier,S., W itzel,K.-P. and Marxsen.J.; unpublished (2005)
e. Gom ez-Alvarez,V., King,G.M. and Nusslein,K., Appl. Environ. Microbiol. (2003) In press

f. Sacanska.G.; unpublished (2003)
g. Dedysh.S.N., Pankratov,T.A., Belova,S.E., Kulichevskaya.I.S. and Liesack,W., Appl. Environ. Microbiol. 72 (3), 2110-2117 (2006)
h. Brodie.E.L., Desantis,T.Z., Joyner,D.C., Baek,S.M ., Larsen,J.T., Andersen.G.L., H azen ,T.C ., Richardson,P.M., Herman,D.J., Tokunaga.T.K., W an,J.M. and 
Firestone,M.K., Appl.

Environ. Microbiol. 72 (9), 6288-6298 (2006)
i. Dedysh,S.N., Ricke,P. and Liesack,W ., Microbiology (Reading, Engl.) 150 (PT 5), 1301-1313 (2004) 
j. Costello,E.K. and Schmidt,S.K., Environ. Microbiol. 8 (8), 1471-1486 (2006)
k. Dojka.M.A., Hugenholtz.P., Haack,S.K. and P ace.N .R ., Appl. Environ. Microbiol. 64 (10), 38 69-3 877  (1998)
I. De W ever,A., Van der Gucht.K., Muylaert.K., Cousin,S. and Vyverm an,W .; unpublished (2006) 
m. Cheng.S.M .H., Thesis (2005) University of Alberta
n. Newton,R.J., Kent.A.D., Triplett,E.W . and McM ahon.K.D., Environ. Microbiol. 8 (6), 956-970 (2006) 
o. Gu,A.Z., Stensel,H.D., S trand,S.E., Staley,J.T., Smidt,H. and Stahl,D.A.; unpublished (2003)
p. Nogales,B., Moore,E.R., Llobet-Brossa,E., Rossello-Mora.R., Amann,R. and Timmis.K.N., Appl. Environ. Microbiol. 67 (4), 1874-1884 (2001) 
q. Schoenborn.L., Sait,M., Hugenholtz.P. and Janssen,P.H.; unpublished (2003) 

r. Nakamura,Y., Satoh,H. and Okabe,S.; unpublished (2005)
s. Noll.M., Matthies.D., Frenzel,P., Derakshani,M. and Liesack.W ., Environ. Microbiol. 7 (3), 382 -395  (2005)
t. Copeland,A., Lucas,S., Lapidus.A., Barry,K., Detter.J.C ., Glavina del Rio,T., Ham m on,N .( lsrani,S., Dalin.E., Tice,H., Pitluck.S., Thompson,L.S., Brettin.T., Bruce,D., 
Han,C.,

Tapia,R., Gilna,P., Schmutz.J., Larimer,F., Land,M., Hauser,L., Kyrpides,N., Mikhailova,N., Janssen,P .H ., Kuske,C.R. and Richardson,P.; Unpublished (2006) 
u. Odagiri,M., lto,T., Satoh,H. and Okabe.S.; unpublished (2006) 
v. Yuhana.M.; unpublished (2004)

w. Johnson,D.B., Rolfe,S., Hallberg.K.B. and Iversen.E., Environ. Microbiol. 3 (10), 630-637 (2001) 
x. Nede!kova,M., unpublished (2003)
y. Lonergan,D.J., Jenter.H.L., Coates,J.D ., Phillips,E.J., Schm idt,T.M . and Lovley,D.R.; J. Bacteriol. 178 (8), 2402-2408 (1996)
z. Akiyama,M., Shimizu,S., Naganum a.T. and lshijima,Y.; unpublished (2005)
aa. Brofft.J.E., McArthur,J.V. and Shimkets.L.J., Environ. Microbiol. 4 (11), 764-769 (2002)
bb. Lin,L.-H., Hall,J., Onstott,T.C., Gihring.T., Sherwood Lollar,B., Boice,E., Pratt,L., Lippm ann-Pipke.J. and Bellamy,R.E.S., Geomicrobiol. J. 23 (6), 475-497 (2006) 
cc. Sekiguchi,Y., Muramatsu,M., Imachi.H., Ohashi,A., Harada.H ., Hanada.S. and Kam agata.Y.; unpublished (2005)
dd. Hallberg.K.B., Johnson,D.B. and W illiam s,P.A., Amils.R. and Ballester.A. (Eds.); B IO H Y D R O M E TA LLU R G Y  AND TH E  E N V IR O N M E N T TO W AR D THE M IN IN G  
O F THE 21 ST
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C ENTU R Y: 719-728; Elsevier, Amsterdam, Netherlands (1999) 

ee. Garcia-Moyano.A., Gonzalez-Toril,E., Aguilera,A. and Amils.R.; unpublished (2005)

ff. Malik,A., Sakam oto,M ., Hanazaki.S., Osawa.M., Suzuki,T., Tochigi.M. and Kakii.K., Appl. Environ. Microbiol. 69 (10), 6056-6063  (2003)
gg. Gihring,T., Moser,D.P. and Onstott.T.C.; unpublished (2005)
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