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Sanitary landfilling is the dominant method of solid
waste disposal in the United States, accounting for
about 217 million tons of waste annually (U.S. EPA,
1997) and has more than doubled since 1960. In spite
of increasing rates of reuse and recycling, population
and economic growth will continue to render landfill-
ing as an important and necessary component of solid
waste management. Yolo County Department of Plan-
ning and Public Works, Division of Integrated Waste
Management is demonstrating a new landfill technol-
ogy called Bioreactor Landfill to better manage solid
waste. In a Bioreactor Landfill, controlled gquantities
of liquid (leachate, groundwater, gray-water, etc.) are
added and recirculated to increase the moisture con-
tent of the waste and improve waste decomposition. As
demonstrated in a small-scale demonstration project at
the Yolo County Central Landfill in 1995, this process
significantly increases the biodegradation rate of waste
and thus decreases the waste stabilization and compost-
ing time (5 to 10 years) relative to what would occur
within a conventional landfill (30 to 50 years or more).
When waste decomposes anaerobically (in absence of
oxygen), it produces landfill gas (biogas). Biogas is
primarily a mixture of methane, a potent greenhouse
gas, carbon dioxide, and small amounts of Volatile Or-
ganic Compounds (VOC’s) which can be recovered for
electricity or other uses. Other benefits of a bioreactor
landfill composting operation include increased land-
fill waste settlement which increases in landfill capacity
and life, improved leachate chemistry, possible reduc-
tion of landfill post-closure management time, oppor-
tunity to explore decomposed waste for landfill mining,
and abatement of greenhouse gases through highly ef-
ficient methane capture over a much shorter period of
time than is typical of waste management through con-
ventional landfilling. This project also investigates the
aerobic decomposition of waste of 13,000 tons of waste
(2.5 acre) for elimination of methane production and
acceleration of waste decomposition. In the first phase
of this project a 12-acre module that contains a 9.5-
acre anaerobic cell and a 2.5-acre aerobic cell has been
constructed and filled with over 220,000 tons of munic-
ipal solid waste. Water and leachate addition began in
April 2002 and to date less than 200,000 gallons of lig-
uid has been added to the 3.5-acre anaerobic cell. The
waste filling phase of the aerobic cell was completed in
June of 2002 and a 12-inches soil cover and 12-inches
of greenwaste compost cover was placed on top of the
cell. A vacuum will be applied to the piping within the
waste to draw air through the landfill. Instrumenta-
tions have been installed to monitor the following pa-
rameters: waste temperature, moisture, leachate vol-
umes, leachate hydraulic head over the primary liner,
leachate composition, gas volumes and composition. A
supervisory Control and Data Acquisition (SCADA)
system has been installed to monitor and control the
operation of the bioreactor cells. Waste samples were
taken from each cell for laboratory testing in early June
2002.

URL: http://www.yolocounty.org/org/PPW /diwm/
bioreactor.htm
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Municipal Solid Waste (MSW) landfills have unique
features: Wastes worldwide emit biogenic methane to
the atmosphere of magnitude comparable to the total
atmospheric buildup between 1980 and 1990. Carbon
sequestered in landfills is large in geologic terms

Management of decomposition in landfilled waste
is desirable: (a) Control of waste decomposition and
methane promises over tenfold cheaper greenhouse gas
abatement compared to most other greenhouse gas
abatement strategies. This is due in part to carbon se-
questration and landfill gas energy offset of fossil fuel
consumption (b) Landfill gas energy potential world-
wide, is up to 1% of world energy. Use of landfill
gas conserves a resource otherwise wasted (c) Mone-
tary benefits of landfill life extension from decomposi-
tion and rapid volume reduction can be quite attrac-
tive This is a benefit for the US, where landfills are in-
creasingly difficult and expensive to site. (d) Landfills

containing mixed waste can be significant sources of at-
mospheric and groundwater pollutants needing control.
Control is possible from advancing landfill management
approaches (e) The stabilization of waste lessens pollu-
tant risk and needs for costly long-term landfill after-
care.

Greater control of landfill decomposition has been
advocated in the form of controlled or bioreactor land-
fills. (SWANA, 1999; Reinhart and Townsend, 1996).
Field trials are encouraging by several environmen-
tal/monetary criteria. Control of moisture and tem-
perature have given fivefold or more acceleration of
methane generation (Augenstein et al, 1998, 2000).
There has been rapid volume loss of the landfilled waste
as well, with conversion of waste organics to gas. Many
trials over years have shown potential for abatement of
pollutants in landfill leachate. Demonstration work by
the solid waste management community attests to the
benefits potential.

Increasing field demonstrations, have been accom-
panied by observation and/or solution of several issues.
As noted the heat generation in landfills may become
controlling, Heat can be dissipated, but at energy and
monetary cost. Increased waste liquid content, required
for biological activity has been a concern. Offsetting
risk is the accelerated treatment of many dissolved con-
taminants in landfill liquid with time. It has proven
possible to manage liquid flows within environmental
and regulatory constraints. There have been concerns
about containment by chemosynthetic lining of leachate
liquids draining from landfills. Yet molecular bonds of
lining under anaerobic conditions could be expected to
last for centuries (and in fact up to millenia). There is
of course no landfill experience over millenia but analo-
gous compounds of geologic relevance have shown very
desirable long term stability. Two other areas being
investigated are waste slope stability and the precipi-
tation of carbonate salts

The climate significance and geophysical issues with
landfills will be discussed, and some experimental find-
ings leading to conclusions will be reviewed
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The continued use of methyl bromide (MeBr) as
a quarantine, commodity or structural fumigant is in
question because its release to the atmosphere con-
tributes to depletion of stratospheric ozone. However,
no single alternative to the use of MeBr as a fumigant
has been identified. Nonetheless, future regulation of
the amount of MeBr released by structural and com-
modity fumigations is likely. Hence, if MeBr use is to
continue, it is imperative to lower the amount released
to the atmosphere by collecting the gas following fumi-
gation for eventual recycling or destruction. We report
here on two bioreactors that remove MeBr from waste
air streams. The bioreactors utilize the enzymatic ac-
tivity of a previously described, methylotrophic bac-
terium, strain IMB-1, to oxidize MeBr directly during
growth. The first bioreactor, operated as a closed sys-
tem, consisted of 0.5 L of growing culture of strain
IMB-1 which removed MeBr (>2,500 ppm) from re-
circulating air. Strain IMB-1 grew to high cell densities
in this bioreactor by using pulsed additions of MeBr as
its sole carbon and energy source. Bacterial oxidation
of MeBr produced COg and hydrobromic acid (HBr)
which required continuous neutralization with NaOH
for the system to operate effectively. Addition of oxy-
gen was required for long-term (>30 days) operation of
the closed-system bioreactor. Strain IMB-1 was capa-
ble of oxidizing large amounts of MeBr (170 mmol in
46 days). The second bioreactor, operated as an open
system, consisted of a 10-L flow-through fermenter, in
which strain IMB-1 oxidized a continuous supply of
MeBr (5,000 ppm in air). NaOH was added by pH stat
to maintain neutrality. Growth was continuous and 500
mmol (46 g) of MeBr was removed from the air supply
in 14 days. Bioreactors using strain IMB-1 can there-
fore be used to remove large quantities of contaminant
MeBr. Considerable range in the inlet concentration
of MeBr can be tolerated, however very high concen-
trations of MeBr (>10,000 ppm) are toxic to the or-
ganisms comprising the bioreactor. Strategies for lim-
iting the range of inlet concentrations may include load
dampening by adsorption of MeBr on solids such as ac-
tivated charcoal or zeolite, followed by desorption and
subsequent controlled introduction of MeBr, along with
a supply of air, into the bioreactor.
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Monoaromatic and polycyclic aromatic compounds

found in petroleum and its products are subject to
biodegradation in the absence of oxygen. These anaer-
obic pathways reveal novel mechanism of microbial
transformation through a series of metabolites and in-
termediates which are unique to the anaerobic degrada-
tion process. The presence of these compounds in-situ,
then conceptually can serve as indicators that anaer-
obic degradation is taking place. We have laboratory
studies and field samples which support this concept
for BTX and PAH compounds.

Environments in which these anaerobic degradation
processes have been observed include freshwater and es-
tuarine sediments, groundwater from impacted aquifers
at a former manufactured gas plant and gasoline sta-
tion, and a creosote-contaminated aquifer. Analytical
protocols were developed to detect nanomolar concen-
trations from soil slurries and groundwater samples and
microcosm studies verified their formation from field
samples and use as biomarkers of activity.

Recent studies on the mechanisms of anaerobic
naphthalene and methylnaphthalene metabolism have
identified several unusual compounds that can serve as
biomarkers for monitoring in situ PAH biodegradation.
For naphthalene these include 2-naphthoic acid (2-NA),
tetrahydro-2-naphthoic acid (TH-2-NA), hexahydro-2-
naphthoic acid (HH-2-NA) and methylnaphthoic acid
(MNA) generated by sulfate-reducing bacteria degrad-
ing naphthalene or methylnaphthalene. Groundwater
samples were analyzed from wells distributed through-
out an anaerobic, creosote-contaminated aquifer and
also from a leaking underground storage site. Samples
were extracted, derivatized and analyzed by GC/MS.
The concentration of 2-NA at each monitoring well was
quantified and correlated to the zones of naphthalene
contamination. Taken together with measurements of
the aquifer’s physical characteristics, these biomarker
data can be used to describe the extent of naphthalene
biodegradation at these site.
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Methanotrophic bacteria are one of the microbial
communities believed to be responsible for natural at-
tenuation of a trichloroethylene (TCE) plume in the
Snake River Plain Aquifer (SRPA). To better under-
stand the role that indigenous methanotrophs may have
in TCE degradation in the aquifer, groundwater was
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collected from four SRPA wells and analyzed for geo-
chemical properties and methanotroph diversity. Dis-
solved methane concentrations in the aquifer ranged
from 1 to >1000 nM. Stable carbon isotope ratios
for dissolved methane suggest a microbial source for
the methane (del 13C values of ca. -61 per mil in
three wells). The combination of 13C enriched methane
and 13C depleted-dissolved inorganic carbon in one of
the wells suggests that microbial oxidation of methane
occurs. Filtered groundwater yielded microorganisms
that were used as inocula for enrichments or were
frozen and subsequently extracted for DNA. Primers
that target taxonomic (type I and type II 16S rDNA) or
functional (mmoX and pmoA methane monooxygenase
subunits) genes were used to characterize the indige-
nous methanotrophs via PCR, cloning, and sequenc-
ing. DNA sequencing and alignment results suggest
that clones with sequences most similar to Methylocys-
tis sp. (a type IT methanotroph) and Methylobacter sp.
(a type I methanotroph) are frequently present in fil-
tered groundwater with the former often represented in
enrichment cultures as well. Methanotroph genes are
detected in the aquifer even in wells having methane
concentrations as low as 1 nM. Methanotroph presence
and a microbial origin for the dissolved methane indi-
cate that microbial cycling of this key gas may play a
role in the destruction of TCE in the aquifer.
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Cis-1, 2-dichloroethene (cDCE) was the primary
volatile organic compound (VOC) after biostimulation
of a perchloroethene (PCE) plume in a pilot test at
Kelly Air Force Base (AFB) in San Antonio Texas. A
stable natural microbial consortium, KB-1, shown in
laboratory experiments to reduce chlorinated ethenes
to non-toxic ethene was added in a pilot test area
(PTA). After the addition of KB-1 stable carbon iso-
tope values were measured for each chlorinated ethene
to verify the occurrence of reductive dechlorination
and quantify the extent of ¢cDCE degradation. Af-
ter bioaugmentation with KB-1, PCE, TCE and cDCE
concentrations declined, while VC concentrations in-
creased and subsequently decreased, as ethene became
the dominant transformation product measured. Shifts
in carbon isotopic values up to 2.7 permil, 6.4 permil,
10.9 permil and 10.6 permil were observed for PCE,
TCE, cDCE and VC respectively. These isotopic shifts
are consistent with the effects of biodegradation ob-
served during laboratory and field studies. Most no-
tably, isotopic enrichment trends characteristic of re-
ductive dechlorination were detectable in the parent
compounds before measurable concentrations of daugh-
ter products VC and ethene were produced. These re-
sults illustrate the advantage of using the more sen-
sitive compound specific isotope analysis to confirm
degradation in addition to the traditional method of
monitoring the appearance of degradation products.
Fractionation factors obtained from laboratory studies
were used in conjunction with isotope data measured in
the field to estimate the extent of cDCE degraded. It is
estimated that within a 44 day period, 37 to 48 percent
of the cDCE was reductively dechlorinated. Indepen-
dent biodegradation estimates using data from a bro-
mide tracer test, a groundwater flow model, and con-
centration analyses were all in good agreement with the
isotope degradation estimate.
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Ground water at the Fry Canyon, Utah site (pH 7;

4.8 mM alkalinity) is contaminated with uranium (to
20 mg/L) leached from tailings at a now-abandoned
ore upgrader facility. An apatite-based chemical reac-
tive barrier (PRB) was installed in the hydrologic flow
path at Fry Canyon in 1997 to determine its techno-
logical and economic feasibility for ground water reme-
diation. As part of this study, uranium (U(VI)) was
reacted with apatite materials, evaluated for use in the
PRB, under laboratory conditions. The speciation of
U(VI) was subsequently characterized by EXAFS spec-
troscopy. U(VI) speciation in pelletized bone charcoal
apatite recovered from the PRB was also characterized.
In carbonate-containing solutions and in ground water,
uranium was found to be adsorbed to the apatite mate-
rials as apatite-uranyl-carbonate (i.e., ternary) surface
complexes. In carbonate-free solutions, apatite-uranyl-
phosphate ternary complexes were found to predomi-
nate. At high total uranium concentrations, uranium
solubility was limited by precipitation of the uranyl
phosphate phase, chernikovite. Uranium solubility was
significantly enhanced in the presence of dissolved car-
bonate. In an apatite-based PRB application, close
monitoring will be required to ensure that U(VI) break-
through does not occur when adsorption equilibrium is
reached. The sorptive capacity of the PRB will be af-
fected by the dissolved carbonate concentration of the
ground water.
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In situ biological treatment strategies are currently
being used or considered to address groundwater con-
tamination at hundreds and perhaps thousands of sites
in the United States. A key to demonstrating the effec-
tiveness of biological treatment strategies at a site is es-
tablishing cause and effect relationships, which provide
evidence that the desired bioprocesses are occurring,
or are likely to occur. These methods involve directly
measuring various biochemical constituents of the bac-
teria themselves (i.e. "biomarkers”), which are indica-
tive of their metabolic processes, and therefore provide
direct, relevant information regarding the environment
in which they are growing. These biomarkers include
the presence and viability of biomass, the ability of
the organisms to degrade or transform target contami-
nant(s), the presence of nutrients to promote bacterial
growth and activity, and the oxidation/reduction (re-
dox) status of the system. Using these tools we moni-
tored an in situ biostimulation test at the field scale at
the Old Rifle Uranium Mill Tailings Remedial Action
(UMTRA) Project site, a former uranium ore process-
ing facility located approximately 0.3 mile east of the
city of Rifle in Garfield County, Colorado. The purpose
of the study was to investigate if the addition of low
concentrations of acetate (approx. 1 millimolar) as an
electron donor into the subsurface would create anaer-
obic conditions that would stimulate growth of metal
reducing bacteria capable of reducing soluble U(VI) to
insoluble U(IV). Phospholipid fatty acid (PLFA), res-
piratory quinone, and DNA data showed that addition
of acetate into the subsurface increased the microbial
biomass and altered the microbial community structure
to one that contained more anaerobic microorganisms
(i.e. Geobacter sp.) capable of the reduction of U(VI).
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In the past, studies on microbial communities in
natural environments have typically focused on either
their structure or on their metabolic function. How-
ever, linking structure and function is important for
understanding microbial community dynamics, in par-
ticular in contaminated environments. We will present
results of a novel combination of a hydrogeological
field method (push-pull tests) with molecular tools and
stable isotope analysis, which was employed to quan-
tify anaerobic activities and associated microbial di-
versity in a petroleum-contaminated aquifer in Studen,
Switzerland. Push-pull tests consisted of the injec-
tion of test solution containing a conservative tracer
and reactants (electron acceptors, 13C-labeled carbon
sources) into the aquifer anoxic zone. Following an in-
cubation period, the test solution/groundwater mixture
was extracted from the same location. Metabolic activ-
ities were computed from solute concentrations mea-
sured during extraction. Simultaneously, microbial di-
versity in sediment and groundwater was characterized
by using fluorescence in situ hybridization (FISH), de-
naturing gradient gel electrophoresis (DGGE), as well
as phospholipids fatty acid (PLFA) analysis in combi-
nation with 13C isotopic measurements. Results from
DGGE analyses provided information on the general
community structure before, during and after the tests,
while FISH yielded information on active populations.
Moreover, using 13C-labeling of microbial PLFA we
were able to directly link carbon source assimilation
in an aquifer to indigenous microorganisms while pro-
viding quantitative information on respective carbon
source consumption.
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Single-well-gas-sparge tests were performed to as-
sess the feasibility of in-situ aerobic cometabolism of
chlorinated aliphatic hydrocarbons (CAHs), such as
trichloroethylene (TCE) and cis-1,2-dichloroethylene
(c-DCE), using propane and methane as growth sub-
strates. The tests were performed in the saturate zone
at the McClellan Air Force Base, CA. The effective-
ness of gas sparging to stimulate indigenous propane-
utilizers or methane-utilizers was evaluated in stan-
dard monitoring wells. Transport characteristics of
dissolved solutes [sulfur hexafluoride (SFg or bromide
(tracer), propane or methane (growth substrate), ethy-
lene, propylene (nontoxic surrogates to probe for CAH
transformation activity), and dissolved oxygen], were
evaluated by push-pull transport tests. Mass balance
showed about 90% of the injected bromide and about
80% of the injected SFg were recovered, and the re-
coveries of other solutes were comparable with bro-
mide and SFg. The transport tests demonstrated that
bromide and SFg could be used as conservative trac-
ers for biological activity tests and that little loss of
the dissolved gaseous substrates prior to biostimula-
tion occurred. The dissolved gases were also conser-
vatively transported indicating negligible trapped gas
was present in the aquifer prior to sparging.

A series of gas-sparging biostimulation tests were
performed by sparging propane-(or methane)-oxygen-
argon-SFg gas mixture at specific depth intervals us-
ing a straddle packer. Temporal groundwater samples
were obtained from the injection well under natural
gradient drift conditions. Biostimulation was demon-
strated with repeated gas sparging tests where the time
to deplete methane and propane concentrations de-
creased compared to SFg. Gas sparging activity tests
were performed using the same procedures as the gas-
sparging biostimulation tests, except that ethylene and
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propylene were included in the sparging gas mixtures.
Propane (or methane) utilization, DO consumption,
and ethylene and propylene cometabolism were well
demonstrated. The stimulated propane- and methane-
utilizers cometabolized ethylene and propylene to pro-
duce ethylene oxide and propylene oxide as cometabolic
by-products. The results confirmed the biostimulation
of indigenous microorganisms with cometabolism abil-
ity. When acetylene was included in the sparge gas
mixture, propane and methane utilization and ethylene
and propylene transformation were effectively blocked,
indicating monooxygenase enzymes were involved
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A butane-utilizing culture able to cometabolize
chlorinated aliphatic hydrocarbons (CAHs) was bioaug-
mented into an aquifer test zone at Moffett Fed-
eral Airfield, CA. Microcosm bioaugmentation tests
conducted with groundwater and aquifer solids col-
lected from the test site indicated a strong poten-
tial for viability of the bioaugmented culture in the
site subsurface. Microcosms bioaugmented with the
butane-utilizing culture were able to degrade aque-
ous concentrations of 1,1-dichloroethylene (1,1-DCE)
up to 1 mg/L and could successfully transform mix-
tures of 1,1-DCE, 1,1,1-trichloroethane (TCA) and 1,1-
dichloroethane (DCA) when fed butane. T-RFLP anal-
yses showed the presence of bioaugmented organisms
within the microcosms throughout the 10-month test
period. An isolate from the butane-utilizing culture
was grown in batch bottles containing mineral media
and a butane-in-air headspace. Approximately 4 g dry
weight of culture was harvested and bioaugmented to
the field site. The site consisted of two parallel well
legs, each with an injection well, two fully penetrating
monitoring wells containing solid support media, three
groundwater monitoring wells and an extraction well.
One well leg was bioaugmented with the isolate and the
other was used as an indigenous control leg. A mixture
of 1,1-DCE, TCA and DCA ( 50 ug/L, 135 ug/L and 150
ug/L respectively) was continuously pumped through
both well legs with alternate pulses of dissolved oxy-
gen and butane. Fifty percent removal of 1,1-DCE oc-
curred within one day in the bicaugmented leg; how-
ever, it took about 6 days to achieve complete butane
utilization and 1,1-DCE removal to below 2 ug/L. Dur-
ing this period DCA and TCA were reduced by 70- 90
percent and 30-50 percent respectively. When the bu-
tane/oxygen pulses were changed from a 1-hr cycle to a
24-hr cycle 1,1-DCE removal fell to 50 percent and DCA
and TCA concentrations increased to influent levels.
Upon returning to short pulse cycles, 1,1-DCE removal
efficiency returned to 95 percent while DCA and TCA
were not effectively transformed. Groundwater micro-
bial samples obtained 1 m from the injection well did
not show the presence of the bioaugmented organism.
Butane uptake was observed in the non-bioaugmented
leg after about 14 days of butane addition, but no
CAH transformation was observed. Butane oxidation
without CAH transformation continued through the pe-
riod of longer pulse cycles; however, upon return to
the shorter pulse cycles 1,1-DCE removal efficiencies
similar to those obtained in the bioaugmented leg were
achieved without significant removal of DCA or TCA.
Comparison of initial groundwater microbial samples
showed no significant differences between the two legs.
Microbial analyses are ongoing and a second field sea-
son will begin in September 2002 to assess TCA trans-
formation ability upon re-bioaugmentation of the site.
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Acid mine drainage (AMD) is a serious environmen-
tal problem that occurs when pyrite (FeS2)-rich rocks
are exposed to air, water, and oxidizing agents. Pyrite
dissolution is exothermic, yielding hot, metal-rich, ex-
tremely acidic solutions. Despite the hostile nature
of AMD environments, microbial communities thrive,
and are believed to control the rates of pyrite dissolu-
tion and acid generation. Previous studies of microbial
communities within the Richmond Mine at Iron Mt.,
Redding, CA, revealed low species-level diversity and
established close connections between metabolism and
geochemistry. Thus, these communities are ideal can-
didates for culture-independent genomics-enabled anal-
yses. Samples collected from the Richmond Mine in
March 2002 were screened using quantitative fluores-
cence in situ hybridization to choose the most suit-
able target community for a genomics-enabled ecolog-
ical study. The community selected (a pink subaerial
biofilm) has low species complexity but high phyloge-
netic diversity, containing ~75% Leptospirillum group 11
(closely related to Leptospirillum ferriphilum), ~10% Lep-
tospirillum group III, and ~10% archaea that fall into
three distinct groups within the Thermoplasmatales or-
der (Ferroplasma sp., for which genome data is already
available, A-plasma and D-plasma). High through-
put sequencing of four 16S rDNA clone libraries con-
firmed the low species-level diversity in this commu-
nity and suggested that the extent of microheterogene-
ity within each of the five populations was limited.
17 unique Leptospirillum group II 16S rDNA phylotypes
(defined by one or more base change) were resolved,
with ~85% belonging to one phylotype. The remaining
~15% were very similar in sequence identity, only di-
verging by 1.2% in total. Similarly, 14 unique Leptospir-
illum group III phylotypes formed a tight cluster with
< 0.8% sequence divergence. The limited inter-species,
and significant intra-species variation in the popula-
tions should allow determination of the gene content
and metabolic pathways of the majority of community
members (especially Leptospirillum spp.), permit evalu-
ation of the genomic heterogeneity within each species
population, and potentially enable reconstruction of
genome fragments and whole genomes. We have con-
structed small (3-4 Kb; shotgun) and large-insert (>40
Kb; fosmid, BAC) libraries from community DNA. We
will use sequencing results from the small insert library
to determine whether it will be possible to reassemble
parts of genomes using shotgun data. The large insert
libraries will ensure links between genes and host or-
ganisms and provide information about gene order. Us-
ing the first 2 Mb of small insert library data we have
established reasonable coverage of the major micro-
bial groups but more data is required before the over-
all sequencing strategy can be established. Organism-
resolved metabolic pathway information will be used
to develop methods to monitor microbial activity in
the environment. Ultimately, our goal is to develop
a predictive analytical ecological model that resolves
the linkages, feedbacks, and controlling variables that
underpin acid mine drainage generation.
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A significant shortcoming of genomic methods is

that the metabolic functions of organisms cannot be

determined directly. In many cases this is because
the organism cannot be cultured, but even many cul-
turable microbes possess multiple, inducible metabolic
pathways so that doubt can remain about their role

in a specific environment. We are pursuing the mea-
13¢C in ribosomal RNA purified directly
from environmental samples as a means of identify-
ing metabolic activities. RNA is purified using newly-
developed probe-capture techniques, with the speci-
ficity of the capture process depending on probe de-
sign and potentially ranging from the domain level to
very specific subgroups. Initial efforts have focused on
capturing Bacterial and Archaeal small-subunit rRNA

surement of

at the domain level. 13C content is measured using a
moving-wire combustion system which provides accu-
rate 13 C values from as little as 25 ng of RNA. For all
organisms studied thus far, from all domains, RNA is
enriched in 13C by 1-2 permil relative to biomass. Two
cultures of E. coli produced 16S rRNA enriched in 13C
by 1 permil relative to total RNA. Bacterial RNA cap-
tured from eukaryotes hosting bacterial symbionts in-
dicates varying isotopic relationships between host and
symbiont, probably depending on details of the symbi-
otic relationship. The approach is also suitable for use
with labeling experiments. As an example, salt-marsh
sediments containing natural organic matter with §13C
= -12°/,, were incubated with diesel fuel (§13C = -
25°/50). Analyses of captured bacterial rRNA show
rapid incorporation of petroleum carbon into biomass,
accounting for 14% of bacterial RNA after one week of
incubation. No incorporation of petroleum into eukary-
otic biomass was detected.
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The Cretaceous Middendorf aquifer in South Car-

olina, which extends from the Fall Line to the offshore
reaches of the Atlantic Coastal plain, is distinctly zoned
in both the chemical composition of the groundwater
it contains and its microbial community. Groundwa-
ter flowing along the aquifer, which is confined over
much of its extent, passes through a series of redox
zones that have been inferred to represent segregation
of the aquifers microbes according to terminal electron
accepting process. The zones include ecological niches
supporting microbial aerobic respiration, denitrifica-
tion, iron reduction, sulfate reduction, and methano-
genesis. We analyzed groundwater from water supply
wells across the aquifer along the direction of ground-
water flow for chemical species that might serve as elec-
tron donor or acceptor for chemilithoautotrophic and
acetoclastic organisms in the aquifer. These chemi-
cal species included acetate, dihydrogen, dioxygen, fer-
rous iron, sulfate, sulfide, nitrate, nitrite, ammonia, bi-
carbonate, and methane. We filtered microorganisms
from water produced from these wells and then ampli-
fied their 16s rDNA genes by polymerase chain reac-
tion (PCR) using universal Eubacterium- and Archaea-
specific primers. To characterize the microbial commu-
nity at each sampling location, we analyzed the am-
plified genes by terminal restriction fragment polymor-
phorism (TRFP). Sequencing of cloned genes is cur-
rently in progress. We find that along the groundwa-
ter flow path the microbial population shifts from a
community dominated by bacteria to one dominated by
Archaea, and that the community structure is indeed
zoned by the predominant terminal electron accepting
process. This zoning, furthermore, closely reflects vari-
ation along the aquifer in the thermodynamic energy
available for inferred metabolisms of the observed mi-
crobes, as calculated from the results of the chemical
analyses. These results provide the first direct confir-
mation that the chemical zoning of groundwater flows
on a regional scale arises from the metabolisms of mi-
crobes residing in aquifers.
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The core lipids of methanogens comprise Cgg and
Cyp isoprenoid chains, linked through ether bonds to
glycerol.  Additional structural diversity is encoded
into the polar head groups that are attached to the
glycerol ether cores. These compounds are potentially
very useful as taxonomic markers in microbial mats
and other environmental samples while the nature of
the hydrocarbon chains provide a means to identify
methanogenic inputs to ancient sediments. The struc-
tural diversity of methanogen polar lipids is most valu-
able when it can be directly correlated to 16S rRNA
phylogeny. On the other hand, this diversity can also
leads to analytical challenges because there is no single
approach that works for all structural types.

While some intact methanogen lipids have been
identified using mass spectrometry and NMR spec-
troscopy, the most common means of analysing the
lipid cores involves cleavage of the ether bonds using
HI and subsequent reduction of the alkyl iodides to hy-
drocarbons with LiAlH4. One class of methanogenic
lipids, the 37-hydroxyarchaeols, escaped detection for
some years because strong acid treatments in the anal-
ysis protocols destroyed hydroxyl-containing isoprenoid
chains. We have been systematically re-examining
the lipids of methanogens, using milder procedures in-
volving weak acid hydrolysis of polar head groups,
derivatisation to form trimethylsilyl ethers and anal-
ysis by GC-MS. As well as archaeol, sn-2- and sn-
3-hydroxyarchaeol, we have tentatively identified a
dihydroxyarchaeol in several Methanococcus sp. For
Methanococcus thermolithotrophicus an analysis of the total
lipid extracts using BBr3 as an ether cleavage reagent
followed by LiBEt3zH, reduction revealed a very com-
plex mixture consisting of phytane, phytenes, biphy-
tane, biphytenes and a suite of related alcohols. The
latter compounds were analysed by GC-MS as their
trimethylsilyl ethers and found to comprise a mixture
tentatively identified as phytan-N-ol and biphytan-N-
ol where N= 3 or 7 or 11 or 15. Apart from phytan-
3-0l, these compounds appear to have been overlooked
in previous analyses of methanogen lipids. Methanopy-
rus kandleri, a hyperthermophile that is distinguished
from other methanogens by some unusual biochemi-
cal features, is also differentiated by having biphytanyl
chains with cyclopentane rings. This is a structural fea-
ture more commonly found in the Crenarchaeota. We
are applying this biomarker methodology to environ-
mental samples in studies of the spatial distribution of
methanogenesis relative to other physiologies.
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Viruses are the most common biological entities in
the oceans by an order of magnitude. Diversity of these
viruses undoubtedly plays an important role in control-
ling bacterial populations and biogeochemical cycles in
the marine environment. However, very little is known
about the diversity of marine viral communities. Here
we report the first genomic analysis of uncultured viral
communities from two nearshore marine water samples
and one marine sediment sample. In all three marine
libraries, over 65% of the sequences were not signifi-
cantly similar to previously reported sequences, sug-
gesting that much of the diversity is novel. The most
common significant hits amongst the known sequences
were to viruses. The viral hits included sequences from
all the major families of dsDNA tailed phage, as well
as some algal viruses. BLAST analysis of the sequence
data suggested fundamental differences between the vi-
ral communities. Several independent mathematical
models based on the observed number of contigs pre-
dicted that the most abundant viral genome comprised
2-3% of the total population in the water communities,
which were estimated to contain between 374 and 7114
viral types. Diversity of the sediment community was
significantly higher. The results also showed that it
would be possible to sequence the entire genome of an
uncultured marine viral community.
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Yellowstone National Park’s near-boiling silica-

depositing thermal springs have been the subject of a
handful of molecular microbial ecological studies. They
are potentially an ideal model system for studying nat-
ural microbial populations for two reasons: the popu-
lations are dominated by uncultured lineages and the
communities are very simple. In a recent comprehen-
sive study of a large number of silica-depositing springs
distributed throughout Yellowstone (Blank, Cady, and
Pace, in press), only 11 different types of organisms
were found in these environments (as measured by small
subunit ribosomal RNA analyses). Diversity was very
low: some springs only contain one organism, while
other contain several (but never more than 5). All
springs contained Thermocrinis ruber, also known as the
pink filamentous streamer bacterium.

‘When one looks at population-level diversity within
the Thermocrinis ruber species at a finer scale, on the
level of the hypervariable internal transcribed spacer
region, one finds a great deal more diversity. Some
springs contain low diversity within this clade (and
only have one ITS sequence type), while other springs
show more diversity within this clade (and have several
different ITS sequence types). Interestingly, diversity
within this clade is also observed on the morphological
level using fluorescence in situ hybridization and scan-
ning electron microscopy. It appears that the diversity
within ITS sequences may correlate with morphological
diversity, although more work will need to be done to
firmly establish these correlations.

Why are some microbial communities in these
springs diverse and others not? What does heterogene-
ity on a population level really mean? How diverse are
these populations with respect to metabolic character-
istics and fitness? How do each of these different lin-
eages or sub-species contribute to geochemical cycles
in the environment? There are many factors that can
control population diversity. The most important is
likely to be geochemistry and the availability of energy
sources and nutrients, however others could include ge-
ography, hydrodynamics, and trophic interactions. Ob-
viously, in order to answer fundamental questions re-
garding the nature of microbial populations, we must
take a comprehensive, interdisciplinary approach that
includes geochemistry as a essential component.

Similarly, as microbiologists start moving in the di-
rection of ecogenomics, where the whole genomes of
novel uncultured prokaryotic lineages are sequenced di-
rectly from the natural environment, we will need to
deal with this issue of population-level diversity. Tra-
ditionally, microbiologists have studied individual iso-
lates in the laboratory and these have served as our
knowledge base for environmental processes. However,
just as molecular microbiological studies have been
showing a great deal more uncultured diversity in the
natural microbial world, they are showing just how lit-
tle we understand about diversity on all levels. In addi-
tion to sequencing the whole genomes of single isolates,
ecogenomicists need to quantify population-level diver-
sity within the whole genome and correlate this vari-
ation with environmental parameters (including geo-
chemistry) that may be controlling the patterns of ob-
served diversity.
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The fate of atmospherically-deposited nitrogen from
industrial pollution is of major concern in the mon-
tane ecosystems bordering the South Coast California
Air Basin. Nitrogen deposition rates in the more ex-
posed regions of the San Bernardino Mountains (SBM)
are among the highest in North America often exceed-
ing 40 kg ha-1 year-1 in throughfall deposition of ni-
trate and ammonium (Fenn and Poth, 1999). Forest
ecosystems with elevated N deposition generally ex-
hibit elevated accumulation of soil nitrate, leaching
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and runoff, elevated emissions of nitrogenous gases, in-
creased nitrification, and decreased litter decomposi-
The role of nitrifying microbial popula-
tions, especially those taxonomically associated with
the beta-Proteobacteria ammonia-oxidizers (AOB), will
provide insight into nitrogen-cycling in these extremely
N-saturated environments. Using 16S ribosomal DNA-
based molecular techniques (16S rDNA clone library
construction and Restriction Fragment Length Poly-
morphism), we are comparing AOB community diver-
sity at 3 different locations along a natural atmospheric
N-deposition concentration gradient in the SBM: from
high at Camp Paviaka (CP), medium at Strawberry
Peak (SP) to low at Dogwood (DW). As observed for
wet N-deposition systems on the east coast, we hypoth-
esized a negative correlation between AOB community
diversity, abundance and function with nitrogen load-
ing in the dry N deposition system of SBM. Nitrifica-
tion potentials determined for the 3 sites along the N-
deposition gradient were in the order of CP less than SP
less than DW. Preliminary results indicate no correla-
tion between diversity of AOB and increased nitrogen
Shannon-Weiner diversity indices calculated
for ammonia-oxidizer RFLP group units were 2.22, 2.66
and 1.80 for CP, SP and DW, respectively.

tion rates.

loading.
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Wetlands produce between 55 and 150 Tg of
methane per year, or 70% of all natural methane,
and 20% of total methane (natural and anthropogenic).
Understanding inputs to the global methane cycle de-
pends on integrated in situ study of the sources and
sinks of methane, as well as the rate and magnitude of
methane production and consumption. Bear Meadows
Natural Area in central Pennsylvania (N 40° 43.796
W 077° 45.310; 554 m elevation) contains an acidic,
methane-producing, peaty bog with vegetation that is
typical of wetlands at higher latitudes. In this four
year study conducted within a cross-disciplinary train-
ing course offered by the NSF-IGERT Biogeochemi-
cal Research Initiative in Education (BRIE) program
at Penn State University, graduate students applied a
combination of geochemical and microbiological tech-
niques to explore microbial diversity and activity in
Bear Meadows sediments. The methane flux at the
peat:water interface was highly variable, from 0.01 to
over 3000 umol/m2/min in both sphagnum and sedge
vegetation. The methane released from the bog had a
carbon isotopic composition of -60 %o, typical of bio-
genic methane. Analysis of peat pore waters showed
that the most methane was produced 30 cm below the
peat:water interface, with a broad peak of methane
in pore waters from 20-40 cm. At 21 cm below the
peat:water interface, profiles of Archaeal 16S-23S ri-
bosomal RNA spacer regions revealed the presence of
populations having 92% similarity to 16S rRNA se-
quences of Methanoculleus marisnigri. Phospholipid
fatty acids (PLFA) and compound specific isotope anal-
ysis revealed other biological controls on the methane
cycle. PLFAs typical of methanotrophic bacteria were
also present within peat cores from 20-30 cm below the
water interface. The depleted carbon isotopic composi-
tion of these biomarkers (C16:1 and C18:1 fatty acids)
was - 31.4 %o and 33.8%o0, indicative of methane oxida-
tion. The presence of biomarkers of methane oxidizing
bacteria within the zone of methane production may
indicate that there is temporal or spatial heterogeneity
in oxygen concentration within the peat. This inter-
disciplinary approach helped define specific ecological
niches where novel methanogens and methane oxidizers
may be active in a typical northern wetland. Through
BRIE, on-going studies of the Bear Meadows wetland
will focus on detecting other potentially novel aerobic
and anaerobic microbes, and determining the biological
influence on methane release to the atmosphere.

URL: http://www.essc.psu.edu/BRIE
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X-ray absorption spectroscopy (XAS) of the distal
tibia of a modern deer, Odocoileus virginianus, revealed
that the energy position of the As K edge matched that
of a reference arsenic(V) model compound. Comparison
of the x-ray absorption near edge structure (XANES)
of the deer spectrum to the spectra of model As com-
pounds indicated a close match to arsenate(V), e.g.,
zinc orthoarsenate(5). This indicates that the nearest-
neighbor shell of the arsenic in the bone consists of
four oxygens in the tetrahedral arrangement typical of
arsenic(V) oxysalts.

The XANES analysis demonstrates that the arsenic
in the deer bone is not associated with an organic com-
This suggests that
the arsenic is associated with the mineral fraction of
the bone, most likely with As substituting for P at the
latter’s structural site in the hydroxyapatite. The XAS

pound as a result of methylation.

data for the deer bone were very noisy due to the low
A total of
18 scans, taking nearly a full 8-hour beam shift, were
averaged to obtain the spectrum studied. It is not clear
that the second neighbor shell can be characterized suf-

level of arsenic present, just over 1 ppm..

ficiently from these data to confirm that As substitutes
for P in hydroxyapatite.

We conducted our XAS experiments on beam line
4-3 at the Stanford Synchrotron Radiation Laboratory.
Data were collected in the fluorescence mode, using a
solid state, 13-element Ge-detector. The energy refer-
ence was As(0) metal foil run parasitically in transmis-
sion mode during collection of the bone spectra. The
edge shift seen in the experimental and As(V) model
compound relative to the energy position of the ar-
senic(0) foil is consistent with the additional energy
required to photoeject the 1-s electron of As(V), rel-
ative to that required for As(0). Arsenic content of
the deer bone was determined by inductively coupled
plasma mass spectrometry.
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X26A, National Synchrotron Light Source, was used
to quantitatively evaluate the spatial distribution of
trace metals, such as Zn and Cu, in brain tissue. X-ray
microprobe techniques offer distinct advantages over
other analytical methods by allowing analyses to be
done in-situ with little or no chemical pretreatment
and low detection limits (about 1 ppm). In the con-
text of neuroscience, SXRF can provide non-destructive
measurements of specific metal concentrations and dis-
tribution within nerve (brain) tissue. Neuronal tissue
from organisms having undergone different normal or
experimental conditions may be compared, with ana-
lytical capacities not limited by binding states of the
metal (i.e., vesicular or enzymatic), as is the case with

staining techniques.. Whole regions of tissue may be

scanned for detectable trace metals at spatial resolu-
tions of 10um or less using focused monochromatic x-
ray beams. Here special attention has been given to
zinc because it is the most common trace metal in the
brain, and levels have been increasing in the environ-
ment. In this investigation, zinc concentrations present
within the hilus of a rat hippocampus, and to a lesser
extent in the cortex, have been shown to increase fol-
lowing long-term ingestion of zinc-enhanced drinking
water that was associated with deficits in spatial mem-
ory. Concomitantly, copper concentrations in the in-
ternal capsule were comparatively lower. Other first
order transition metals, Cr, V, Mn, and Co were not
detected. In contrast, elevated levels of Zn, Cu, and
Fe have been seen in amyloid plagues associated with

Alzheimer’s disease.
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Black Carbon (BC), formed during biomass burn-
ing, is a chemically heterogeneous, biologically refrac-
tory class of carbon compounds (1, 5). BC is purely
terrestrial in origin and occurs ubiquitously in soils
and terrestrial sediments and is coupled to a com-
mon marine fate via atmospheric and fluvial transport,
potentially representing a significant reservoir of ex-
tremely slowly cycling carbon (1). However, because
of its physicochemical heterogeneity and a lack of es-
tablished analytical techniques, the geochemistry and
quantitative importance of BC in the global carbon cy-
cle remains largely undescribed. Existing methods rely
on operational definitions with clear-cut but different
boundaries inherently designed to analytically deter-
mine different parts of the BC continuum (1, 2, 3).

In a set of German chernozemic soils, BC from
biomass burning makes up 15 to 45 percent of the
soil organic carbon (SOC), as determined via UV-high
energy photooxidation combined with 13C NMR (4,
6). High resolution microscopy and spectroscopy un-
ambiguously confirmed the presence of submicron BC
particles with short-range variability in elemental com-
position, and two sometimes coexisting modifications,
i. e. amorphous char-BC from pyrolized cellulose and
graphitic soot-BC. BC, up to 3990 years older than bulk
SOC, is 1160 to 5040 carbon-14 years old, indicating
significant residence times of BC in soils.

These results suggest three major implications:
First, it seems that besides climate, vegetation and io-
turbation, fire also plays an important role in the pedo-
genesis of Chernozems (4, 5). Second, BC can be a use-
ful tracer for prehistoric human slash-and-burn activi-
ties, and thus represent a novel type of archaeological
evidence (7). Third, the concept that BC from biomass
burning is the source of the chemically stable aromatic
components of soil organic matter, and point toward
a different understanding of the large quantitative im-
portance and longevity of BC in the terrestrial system
(3, 4). BC provides a final sink for terrestrial organic
carbon, removing substantial amounts of carbon from
rapid circulation between the atmosphere, terrestrial
and marine biosphere, and thus could be important to
close the carbon budget in global biogeochemical mod-
els.
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Organic matter-mineral interactions may explain di-
verse phenomena such as sequestration of pollutants
and preservation of organic matter in soils and sed-
iments. Mineral mesopores (2-50 nm diameter) may
sequester organic matter (natural and pollutant) and
protect it from microbial and fungal enzymatic degra-
dation in soils and sediments. To test this idea, we
carried out batch aqueous experiments to examine ad-
sorption of amino acid monomers and polymers onto
synthetic mesoporous and nonporous alumina and sil-
ica with controlled intraparticle porosity with similar
surface chemistry. All amino acid monomers and poly-
mers smaller than about one-third the pore diameter
exhibited significantly greater adsorption (on a surface
area normalized basis) to mesoporous alumina (8.2 nm
mean pore diameter) and silica (3.4 nm mean pore di-
ameter) versus nonporous phases. Amino acid poly-
mers (lysozyme, albumin, g-globulin) of sizes approach-
ing and larger than the mesopores, however, exhibited
greater adsorption to the nonporous phases indicating
their exclusion from the internal surfaces of the meso-
porous minerals. Further, we observed a sharp decrease
in the surface area of the mesoporous materials after
adsorption of these proteins indicating blockage of pore
openings. These results provide a potential mechanism
for the selective sequestration of sedimentary organic
matter.

To test whether these pore-sequestered materials
are likely to be preserved, we incubate mesoporous
and nonporous minerals and sorbed organic matter
(model amino acid compounds and natural organic
matter extracts) in solutions containing bacterial or
fungal derived enzymes. The amount of degradation
of sorbed organic matter is detected by measuring sed-
iment TOC before and after the experiment while qual-
itative changes are indicated by diffuse reflectance in-
frared Fourier transform (DRIFT) spectra. We expect
that small organic compounds sorbed within pores will
be protected from degradation while organic matter
sorbed to nonporous mineral will be minimally pro-
tected. An overall bias toward the preservation of lower
molecular weight organic matter is predicted. These re-
sults highlight the importance of particle surface mor-
phology for organic matter preservation in soils and
sediments.
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We used long term long-term lab incubations and
chemical fractionation to characterize the mineraliza-
tion dynamics of organic soils from tussock, shrub, and
wet meadow tundra communities, to determine the re-
lationship between soil organic matter (SOM) decom-
position and chemistry, and to quantify the relative
proportions of carbon (C) and nitrogen (N) in tundra
SOM that are biologically available for decomposition.
Despite large losses of soil C, respiration rates gener-
ally did not decline, and SOM chemistry was relatively
unchanged after the incubation. The decomposition dy-
namics we observed suggest that tundra SOM, which is
largely plant detritus, fits within existing concepts of
the litter decay continuum. The lack of changes in or-
ganic matter chemistry indicates that this material had
already decomposed to the point where the breakdown
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