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Working Group for Microbial Community Analysis

Joel E. Kostka, Group Leader

Objectives of Working Groups

To review and analyze the extent of coordination and integration at the FRC between NABIR and other researchers, and establish working groups to promote integration. 

The lead individual for each working group will coordinate with the FRC Science Advisor to:  a) identify how the FRC can best be used to address specific research needs, b) help delineate the extent and types (e.g., geophysical methods) of field site characterization for a specific field plot that should be performed by the FRC vs. that by an individual investigator/research team, c) help delineate the extent of post-experimental monitoring that should be performed by an individual investigator/research team vs. that by the FRC, d) identify opportunities for cross-disciplinary interaction and e) help integrate interested and newly funded NABIR and other scientists at the FRC.

Background

Uranium and nitrate are the primary contaminants driving remediation strategies at the FRC. Previous studies of microbial U(VI) reduction in sediments cocontaminated with nitrate have indicated that no net U(VI) reduction occurs until nitrate is reduced.  Once nitrate is depleted, U(VI) and Fe(III) are reduced concurrently (Finneran et al., 2002a&b).  Studies with sediments as well as pure cultures also suggest that once U(VI) is reduced, it may be remobilized via biotically or abiotically-catalyzed reactions with nitrate and denitrification intermediates (Finneran et al., 2002a; Senko et al., 2002).  Thus denitrification, and other microbially-mediated nitrogen transformations, intimately affect the fate of U in anoxic subsurface environments.  Denitrification is believed to be mediated by a group of facultative anaerobes which display a wide range in phylogenetic affiliation and metabolic capabilities.  Many Fe(III)- and sulfate-reducing bacteria possess the ability to reduce nitrate, but few have been observed to carry out complete denitrification (Lovley, 2002; Widdel and Bak, 1992).  

Dissimilatory Fe(III)-reducing bacteria (FeRB) and sulfate-reducing bacteria (SRB) comprise the two major groups of microorganisms which are capable of U(VI) reduction (Lovley, 2002).   To date, members of the Shewanellae and Geobacteraceae families within the Proteobacteria have been used as model metal-reducing organisms for the development of bioremediation strategies for metal and radionuclide contaminants.  However, contamination often occurs in acidic sedimentary environments where these organisms do not appear to thrive. Thus, other model metal-reducing organisms, which are adapted to environmental extremes, would be appropriate for the development of these strategies in acidic sediments. Furthermore, as many bioremediation strategies involve the neutralization of acidic sediment prior to contaminant remediation, the ability of the neutrophilically-cultured organisms (including the known Fe(III)-reducers mentioned above) from acidic sediment to reduce large amounts of U(VI) to U(IV), could be of great importance to the determination of U(VI) bioremediation potential.

Although most previous work on U(VI)-reducing bacteria has been conducted with pure cultures in the laboratory, a few studies have been carried out using cultivation-independent techniques in subsurface sediments.  For the FeRB, members of the Geobacteraceae family of the delta Proteobacteria were most often detected in abundance from subsurface environments upon stimulation of concurrent U(VI) reduction and Fe(III) reduction through the addition of acetate as an electron donor (Holmes et al., 2002). As for the SRB, a study in a uranium-contaminated mill tailing site showed a correlation between high U concentrations and occurrence of Desulfotomaculum-related sequences, suggestive of potential in situ U biotransformation by SRB (Chang et al., 2001). 

The FRC subsurface is a challenging environment for organisms where conditions include: acidic pH, high nitrate concentrations, high concentrations of toxic metals (Al, Ni, Cu, Zn), and elevated concentrations of halogenated organic compounds.  The most abundant electron acceptors available are nitrate and Fe(III) minerals.  Iron(III) minerals in the FRC subsurface are mostly aluminosilicates and crystalline Fe oxides, but a substantial concentration of poorly crystalline Fe(III) is present and has been shown to be reduced.  Viable counts of  aerobes and anaerobes (conducted by a number of NABIR PIs) show lower numbers and decreased activity in contaminated FRC groundwater and sediments.  As determined by both cultivation and noncultivation characterization methods, the abundance/ diversity of microorganisms in FRC sediments is dependent upon geochemical parameters such as pH and nitrate concentration. A number of PIs have shown that microbial consortia enriched from FRC sediment rapidly reduce U(VI) and grow with Fe(III) minerals as the sole electron  acceptor (see progress reports below; Kostka et al., 2002; Petrie et al., 2003, in press).  Experiments at the FRC and at Uranium Mill Tailings Remedial Action (UMTRA) sites have indicated that biostimulation of U reduction by electron donor addition is a promising strategy for the remediation of U(VI) in contaminated groundwaters (Chang et al., 2001; Finneran et al., 2002a; Holmes et al., 2002; Istok et al., 2003, submitted to ES&T).  At the FRC, field biostimulation experiments have indicated that microbial activity is limited by low pH and electron donor.  Upon addition of electron donor and pH neutralization, extensive nitrate and metal reduction have been observed (Istok et al., 2003, submitted).

Microbial Community Analysis: Progress to Date

15-20 NABIR PIs were contacted; five responded so far with an update on their research related to working group topics.

The following cultivation-based and cultivation-independent research approaches were included in the inquiry: 

Construction of clone libraries 

Enrichment, purification, and characterization of microbial isolates 

Sampling methods for the monitoring of community dynamics

The list of working group members was revised to include the following 9 PI groups:

Barkay and Sobecky, Fields et al., Geesey et al., Kostka, Krumholz, Lovley, Marsh, Roden, White and Peacock 

A report on research progress was submitted by 5 of these 9 groups.  Short summaries of these progress reports, along with additional information from other groups is listed below.

Barkay and Sobecky 

Primarily cultivation-based studies were reported on thus far.  Culturable, aerobic heterotrophs were isolated from subsurface sediments collected at Areas 1, 2, 3, as well as at the background site.  The large majority of these isolates were determined to be most closely related to Gram positive Arthrobacter and Bacillus.  Research has focused on the incidence of plasmids and metal resistance (Cr, Hg, Zn) in these isolates.

Fields et al.

Group includes: M.W. Fields, S.L. Carroll, W. Wu, B. Gu, J. Zhou, J.M. Tiedje, P.M. Jardine, and C.S. Criddle.

Cultivation-independent work.  Clone libraries were generated for functional and structural genes  (dsrAB, amoA, pmoA, nirS, nirK, 16S rRNA) primarily from groundwater collected at Areas 1, 2, 3, as well as at the background site. A large dataset has been compiled, and some relationships between community composition and geochemical parameters have been observed.

The dsr clone sequences were highly divergent and most closely affiliated with Allochromatium vinosum, a phototrophic sulfur-oxidizer.  Desulfotomaculum and Desulfococcus sequences were also retrieved. 

High sequence diversity was observed at all sites for amoA, and the dominant clones were closely affiliated with Nitrospira.

The dominant pmoA sequence obtained showed the highest sequence similarity to uncultured strains, and it was 62 % similar to Methylococcus.

For nirK, the dominant clone sequence retrieved showed 83 % sequence identity to Hyphomicrobium zavarzinii, which was also detected amongst isolates cultured from FRC groundwater by Fields et al.  For nirS, the dominant clone sequences were most closely related to Alcaligenes faecalis.

Analysis of 16S rRNA gene sequences retrieved from groundwater revealed that acidic sites showed decreased diversity relative to the background site.  The clone library from the background sample was highly diverse, including sequences within all subdivisions of the Proteobacteria, Gram positive bacteria, Verrucomicrobia, and Acidobacteria.  Clones generated from contaminated groundwater were predominated by Azoarcus and Pseudomonas sequences.

Clone libraries were also generated from a denitrifying biofilm used in the fluidized bed reactor (FBR) constructed by the Criddle group.  Retrieved sequences were mostly affiliated with denitrifying beta Proteobacteria (Zooglea, Dechlorosoma, Dechloromonas).  Low G+C Gram positive organisms were also detected in the biofilm.  Fields et al. suggest that acetogenic bacteria capable of sulfate and U(VI) reduction could be important in the microbial communities of the FBR.

Culture work.  Nitrate- and Fe(III)-reducing organisms were cultivated with lactate or ethanol as the carbon substrate.  The majority of cultivated isolates were members of the beta or gamma Proteobacteria.  Some Gram positives (Sporomusa, Anaeromusa, Anaerosinus) were isolated.  Isolates from the background site were predominated by Chromobacterium or Acidovorax species.


Metal-reducing enrichments were predominated by clone sequences most closely affiliated with Gram positive organisms (Clostridium, Anaerovibrio).  One metal-reducing enrichment reduced Fe(III) oxide, while the remaining enrichments reduced soluble Fe(III) only.  


Sulfate-reducing enrichments were predominated by low G+C Gram positive sequences (Desulfotomaculum, Desulfosporosinus).  U(VI) reduction was also observed.

Geesey et al.

Group includes: B. Peyton (PI), G. Geesey, D. Cummings, and K. Reardon.

Cultivation-independent work.  Experiments primarily involved deployment of “biofilm coupons.”  These were sterile, mineral particles suspended in a well, allowing a biofilm to colonize.  Hematite coupons were used in initial experiments at wells of the background and Area 3 sites.  Coupons were incubated in the wells for 8 weeks.  Clone libraries of 16S rRNA gene sequences were generated for each coupon.  Microbial communities associated with Area 3 were observed to be less diverse (containing about one-half the phylotypes) as those of the background site.  Retrieved clone sequences were mostly associated with the beta and gamma Proteobacteria.  Sequences most closely related to Aquaspirillum and Alcaligenes were predominantly detected in the background and Area 3 libraries, respectively.  “Quick dip” control deployments of hematite coupons revealed that most clone sequences were associated with biofilm-forming organisms.

Kostka

Cultivation-independent work.  The Kostka group analyzed 16S rRNA gene sequences retrieved via direct DNA extractions from subsurface sediments of Area 1 (before and after biostimulation) and the background site.  A large diversity of 16S rRNA sequences from FRC sediment were revealed, including species from all subdivisions of the Proteobacteria, as well as low and high G+C Gram-positive species.  Phylogenies which inferred certain physiologies, such as nitrate reduction, metal reduction, dechlorination, and degradation of metal-chelator complexes and fuel hydrocarbons were identified.  Common clones detected from contaminated sediment were closely related to Methylobacterium, including a group of bacteria with the ability to degrade EDTA-metal complexes. After in situ biostimulation via push-pull tests conducted by Istok et al., clone libraries of contaminated sediments were dominated by the elta-Proteobacteria,which comprised 40% of all 16S rRNA gene sequences.  Cloned sequences within the elta-Proteobacteria were all closely related to known dissimilatory Fe(III)-reducing bacteria that are members of the Geobacteraceae family or to Anaeromyxobacter dehalogenans.  

Subsurface sediments from the background site contained a lower diversity in retrieved sequences as compared to the contaminated and biostimulated clone libraries.  Most retrieved sequences from the background site were either closely related to the eta-Proteobacteria, or were not closely related to any previously identified organisms. Additionally, to ensure retrieved sequences were not laboratory contaminants, 16S rRNA gene clones generated from sterile water extractions were used as negative controls.  About 70% of all sterile control sequences were closely related to members of the amma-Proteobacteria.  Over one third of the clones in the negative control library were greater than 98% similar to the ammaProteobacterium, Enterobacter asburiae, a species recently detected in contaminated agricultural water.  

The Kostka lab also selected groups of microorganisms identified earlier in Fe(III)-reducing enrichments from FRC sediment, Geobacter sp., Anaeromyxobacter sp., Paenibacillus sp., and Brevibacillus sp., for further study.  These microbial groups were quantified in situ using an MPN-PCR technique before and after sediment biostimulation (push-pull activity experiments conducted in the field by Istok et al.).  Quantitative PCR revealed an increase in Geobacter sp. 16S rRNA sequences after biostimulation, suggesting that members of the Geobacteraceae are likely to be important in catalyzing metal reduction in contaminated FRC sediment.  Evidence from the quantitative analysis corroborated information obtained from 16S rRNA gene clone libraries, indicating that members of the elta-Proteobacteria, including Anaeromyxobacter dehalogenans-type and Geobacter-type sequences, are important metal-reducing organisms in the FRC sediment.

Culture work.  Fe(III)- and U(VI)-reducing bacteria were enriched from the subsurface sediments of Area 1 and background sites at pH 4-5 and pH 7 (Petrie et al., 2003, in press).  Iron(III) oxide was used as the sole electron acceptor for all enrichments, and carbon substrates included acetate, lactate, glycerol, and glucose.  Cloned 16S rRNA gene sequences in contaminated sediment enrichments showed high sequence similarity to Gram-positive genera or to a single cultivated isolate from the Gram-negative, delta-Proteobacterium, Anaeromyxobacter dehalogenans.  Sequences similar to A. dehalogenans were only detected under neutrophilic culture conditions.  Anaeromyxobacter has recently been characterized as a facultative anaerobe using terminal electron acceptors such as Fe(III), nitrate (which is reduced to ammonia), fumarate, and chlorophenolic compounds for growth.  All other organisms detected from the contaminated sediments were closely related to Gram-positive genera.  Clone sequences obtained from the contaminated sediment enrichments cultured at low pH were all closely related to Paenibacillus and Brevibacillus.   Paenibacillus has been found in the sediment and can reduce nitrate and utilize acetate as a carbon source.  Brevibacillus has been found to utilize glucose as a carbon source, and is incapable of nitrate reduction.  Both organisms also form spores.  However, no published studies are available on Fe(III) reduction by Paenibacillus and Brevibacillus spp.  In neutrophilic enrichments from background sediments, the majority of culturable Fe(III)-reducers detected were closely related to the members of the Geobacteraceae family. 

Krumholz

The Krumholz group is currently preparing clone libraries of 16S rRNA gene sequences from the contaminated FRC subsurface.

Lovley

Studies focused on the subsurface sediments at Area 3 (FW 024; pH 4.1).

Cultivation-independent work.  Clone libraries of 16S rRNA gene sequences were generated.  No sequences closely related to known metal- or sulfate-reducing bacteria were observed, before or after addition of electron donors to the sediment. 

Culture work.  A variety of enrichments was initiated from FW 024 sediment.  Cultures were established at pH 4.5 and pH 7.  Oxygen, nitrate, and U(VI)-reducers were enriched at low and high pH.  Fe(III)-reducers were enriched with soluble Fe(III) at low and high pH.  Microorganisms able to reduce Fe(III) oxides only grew at high pH.  No growth was observed when enrichments were transferred to media without sediment.  Neutrophilic U(VI)-reducing enrichments contained sequences closely related to Geobacter, Geothrix, Desulfitobacterium, and Desulfosporosinus.  A pure culture, identified as Salmonella bongorii, was obtained that was capable of nitrate and U(VI) reduction.

White and Peacock

The effects of biostimulation on microbial biomass, community composition, and metabolic state were monitored by deploying solid phase microbial samplers in wells at Area 1 and the background site prior to push-pull testing by Istok et al.  Phospholipid fatty acid analysis and DGGE analysis of DNA was then performed on extracts from the samplers.  Viable biomass was higher in contaminated wells that received electron donor additions.  DGGE profiles detected sequences related to genera capable of nitrate and Fe(III) reduction.  Sequences affiliated with Geobacter were only detected in the wells that received electron donor additions, indicating that the additions stimulated the growth of metal-reducing organisms.

Challenges of the FRC Subsurface:

Low pH and high nitrate/ toxic metal concentrations

Extreme heterogeneity in subsurface sediments

Low sediment permeability

Quantification of types and activity of metal- and nitrate-reducing members of subsurface microbial communities

Case study: Microbial community analysis using quantitative PCR methods for metal-reducers associated with in situ push-pull experiments.  Geochemistry + microbial community analysis indicates clearly that sediment has undergone biostimulation from electron donor addition.  However, extent of biostimulation and which microbial groups involved varies from sample to sample.

Observations Based on Past Work at the FRC:

Information from clone libraries is conflicting as to whether microbial communities from the contaminated sites are more or less diverse in comparison to those of the pristine site.

Gram positive microorganisms and organisms capable of spore formation were substantial components of microbial communities at contaminated sites, as determined by both cultivation-based and cultivation-independent approaches. 

Many of the Fe(III)-reducers detected in contaminated sediments were closely affiliated with cultured organisms (Geobacter, Anaeromyxobacter, Desulfitobacterium) capable of coupling the reduction of nitrate or halogenated compounds to growth.  Thus, the utilization of abundant electron acceptors is likely to be catalyzed by overlapping microbial populations in the FRC subsurface.

New model Fe(III)-reducing organisms should be pursued to aid in the ongoing development of bioremediation strategies for uranium contamination in acidic subsurface sediments.  However, since pH neutralization has thus far been necessary to the successful biostimulation of metal reduction in FRC sediments, neutrophilic metal-reducers should also continue to be studied.

Quantitative and cultivation-independent studies are needed to monitor the microbial groups which catalyze nitrate and metal reduction and also other members of microbial communities that compete with metal-reducers for substrates under in situ conditions.  

Studies should consider acid tolerance and the response of microbial communities to elevated concentrations of toxic metals (Al, Ni).

Recent results indicate that after pH neutralization members of the delta Proteobacteria (Geobacter, Anaeromyxobacter) are important metal-reducers in the FRC subsurface (see reports from the groups of Kostka and White/ Peacock above).

Suggestions for Future Working Group Activities

Identify specific research objectives related to sampling groundwater, sediments, bugtraps

Develop effective sampling strategies for each

Develop better coordinated field experiments with expanded, better replicated sampling design (to combat sample heterogeneity)

Use PI coordination to increase replicability of approaches within the same field experiment

Compare microbial communities in groundwater, sediments, biofilm coupons/ microbial well samplers

Add comprehensive study of biomass in sediments and groundwater

Develop and deploy quantitative, cultivation-independent approaches in conjunction with field experiments and geochemical analysis

Goals

Bioremediation potential can best be determined through coordination of all working groups (ex. Combination of geochemical and microbiological approaches)

By getting more groups involved in each experiment, we can better determine the response of microbial communities to contaminant remediation and geochemical change

Address sediment heterogeneity

What turns on/ off microbial activity relevant to bioremediation under sediment conditions (high nitrate, low pH)?

Timetable

September-Meet at FRC workshop

October-Draft report of current and future research activities

October-Display report on FRC website for all PIs to view

November to ?-Develop a review of FRC microbial communities for publication in a refereed journal (after more research has been published)
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