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LONG-TERM GOALS  
 
The proposed effort will identify genes and ultimately physiological mechanisms and pathways that are 
expressed under in situ conditions and are critical to functioning of aquifer dwelling anaerobic bacteria 
living in contaminated systems.   
 
OBJECTIVES  
 

1. Determine which Metal-reducer specific genes are important for activities in normal and 
contaminated subsurface sediment.  To achieve these goals, we have generated a library of 
chromosomal mutants.  These are introduced into contaminated sediments, incubated, allowed to 
grow, and then reisolated.  A negative selection process allows us to determine which mutants 
have been selected against in sediments and thereby identify genes required for survival in 
subsurface sediments.   

 
2. Delineate the function of these genes through GeneBank and Clusters of Orthologous Groups 

(COGs) comparisons and analyze other sediment microorganisms to determine if similar 
genes are present in these populations.  After determining the sequence of the genes identified 
through the previous objectives, we delineate the role of those specific genes in the physiology of 
G20, MR-1 and perhaps other microorganisms.   

 

http://www.ou.edu/cas/botany-micro/faculty/krumholz.html


3.  Determine the loss in function of a select group of mutants.  Cells with mutations in known 
genes with testable functions are assayed for the loss of that function if specific assays are 
available.  Mutants with unknown loss of function and other mutants are run through a series of 
tests including motility, attachment, and rate of sulfate or iron reduction.  These tests allow us to 
categorize mutants for subsequent more detailed study.   

 
APPROACH  
 
Desulfovibrio strain G20 and Shewanella oneidensis MR-1 were used as model organisms for signature 
tagged mutagenesis (STM) to identify genes involved in sediment survival. Six thousand mutants of 
Desulfovibrio and 6,000 mutants of S. oneidensis were generated by tagged Tn10 transposons and 
assembled into pools of 60 mutants, representing the 60 unique tags in use. Each pool was incubated in 
sediments to identify potential non-surviving mutants by a microarray-adapted method we have previously 
developed. Strain G20 was incubated in sediments at room temperature for a 7-9 day incubation. For 
Shewanella, extensive studies were conducted to find a suitable sediment system to use for STM. Addition 
of lactate was found to be a minimum requirement in order for these organisms to grow and survive in Fe-
reducing sediments (subsurface sediments amended with Fe(III) oxyhydroxide).  Desulfovibrio and 
Shewanella pools were screened by reisolating cells from sediment several days following peak growth.  
Populations of Desulfovibrio increased 10 to 50-fold over their initial inoculum during the first week of 
incubation, and Shewanella increased at least 10-fold over 3 days. This growth was found necessary for 
selection of attenuated mutants in sediment.  Using our microarray hybridization technique, approximately 
3% of all mutants screened were found to be attenuated in sediment survival for both organisms. These 
potential non-survivors were then tested again in sediment individually, or with the wild type strain in 
competition experiments. Of all mutants screened, ~2% of G20 and ~1% of MR-1 mutants are confirmed 
non-survivors. The genes interrupted by transposon mutagenesis have been identified by sequencing and 
comparison to genomic databases.   
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WORK COMPLETED  
{one blank line} 
We have completed objectives 1 and 2 and generated some results on objective 3.  
Results from experiments are outlined below.   
[one blank line] 
RESULTS  
 
Random Arbitrarily primed PCR analsysis of the Response of Desulfovibrio to metals at the 
transcriptional level. 

A study was undertaken with D. vulgaris to characterize genes whose expression was increased 
in the presence of toxic metals (Cu or Hg;(Chang et al., 2003; Chang et al., 2004)).  Cells were grown 
under conditions in which growth rate was partially inhibited (50 µM of either metal) and expression 
profiles were determined using RAP-PCR.  The genes for ATP binding protein (multi-drug resistance 
protein) and an ATPase (ORF 856) were upregulated (4-6 fold with Hg and 1.4 to 3 fold with Cu) in 
metal treated cultures, suggesting that D. vulgaris uses an ATP dependent mechanism (perhaps as an 
efflux pump) for adapting to toxic metals in the environment.   
 
2. Signature Tagged Mutagenesis.  Genes identified to be required for sediment survival are 
summarized below in Tables 1&2.   
 
Table 1.  Genes required for survival in Desulfovibrio G20.  Genome is currently being annotated and 
we therefore are not able to assign specific gene names.  

Homologs (%)
Mutant JGI 

Locus Production/function 
Insertin 

point/gen
e size (bp)

D.v
u 

G. 
me 

G. 
su 

Energy production and conversion     
A3(pH11) 394520Succinyl-CoA synthetase, beta subunit 211/498 65 46 49 
D5(pB3) 394520succinyl-CoA synthetase, beta subunit 203/498 65 46 49 
A8(pF3) 393424Fe-S oxidoreductase 452/1319 81 24 23 
G2(pA11) 393485Malic enzyme 1281/1319 65 59 60 
G11(pH5) 393033Glycerol kinase 1316/1493 84 65 63 
G9(pC1) 393339pyruvate:ferredoxin oxidoreductase, alpha subunit 918/1064 77 57 53 
G7(pH10) 393340Ferredoxin 88/245 75 34 52 
C10(pG11) 394697Ni,Fe-hydrogenase I small subunit 260/953 77 37 38 
C8(pE11) 393312Iron only hydrogenase large subunit, C-terminal domain -180/1265 73 27 28 
C10(pB6) 393760Pyruvate-formate lyase 2208/2540 38 28 33 
C6(pG11) 393860Exopolyphosphatase-related proteins 386/1007 51 36 34 
Genes involved in central intermediary metabolism     
B12(pE4) 393614Prephenate dehydratase 804/1109 72 43 41 
C6(pF6) 393614Prephenate dehydratase 859/1109 72 43 41 
A2(pE11) 393313Tryptophan synthase beta chain 861/1148 81 68 32 
E2(pG11) 393294Glutamine synthetase 78/356 85 51 49 
A5(pA9) 393887Acetolactate synthase, small (regulatory) subunit -27/482 64 34 33 
G12(pD6) 395600N-acetylglutamate synthase (N-acetylornithine aminotransferase)1268/1430 65 50 48 
C10(pF5) 393905L-serine deaminase 1351/3257 42 / / 
A5(pB6) 393487NADPH-dependent glutamate synthase beta chain 1265/1391 75 33 53 



A9(pC7) 393487NADPH-dependent glutamate synthase beta chain 485/1391 75 33 53 
H8(pG2) 395328Glucan phosphorylase 43/2564 34 / / 
C10(pE3) 393028Alpha-amylase/alpha-mannosidase 973/1991 / 50 / 
E1(pF11) 395520Dihydroxyacetone kinase -75/1352 86 / / 
H8(pF5) 394200Lipoate synthase 27/845 72 52 52 

H10(pG10) 393607Adenosyl cobinamide kinase/adenosyl cobinamide phosphate 
guanylyltransferase 70/500 30 33 32 

B12(pC10) 395561Undecaprenyl pyrophosphate synthase -179/731 67 51 50 
G9(pB10) 3948211-acyl-sn-glycerol-3-phosphate acyltransferase 439/812 58 27 28 
H4(pD3) 3948211-acyl-sn-glycerol-3-phosphate acyltransferase 439/812 58 27 28 
Cell envelope biogenesis, outer membrane     
A1(pG11) 393016Glycosyltransferase 352/1928 25 / / 
D8(pA12) 395315Periplasmic protease 1111/1289 63 46 45 
A6(pA2) 395377N-acetylmuramoyl-L-alanine amidase 1546/1808 41 38 37 
H6(pH11) 393961D-alanine-D-alanine ligase and related ATP-grasp enzymes 125/1055 / 26 22 
G11(pA11) 395686N-acetyl glucosamine-1-phosphate uridyltransferase -62/1382 65 39 38 
A9(pC4) 393007Predicted sugar nucleotidyltransferases 705/746 / / / 
B2(pF1) 395210D-alanyl-D-alanine dipeptidase 53/791 / / / 
D2(pE11) 395210D-alanyl-D-alanine dipeptidase 45/791 / / / 
A3(pF6) 395090Uncharacterized protein involved in outer membrane biogenesis  462/2003 33 / 21 
B1(pF7) 395090Uncharacterized protein involved in outer membrane biogenesis 1137/2003 33 / 21 

B8(pC6) 393438
Nucleoside-diphosphate-sugar pyrophosphorylase involved in 
lipopolysaccharide biosynthesis/translation initiation factor 2B, 
gamma/epsilon subunits (eIF-2Bgamma/eIF-2Bepsilon) 731/791 

76 27 27 

A9(pB11) 395689Predicted HD superfamily hydrolase 572/1028 81 58 58 
B11(pC2) 395115predicted membrane-associated HD superfamily hydrolase 1882/2342 55 35 34 
E2(pG5) 393880Hydrolases of the alpha/beta superfamily 283/845 / 29 / 
C8(pA7) 393259Predicted Zn-dependent hydrolases of the beta-lactamase fold 331/782 73 / 26 
Nucleotide metabolism     
A1(pA10) 393287Ribonucleotide reductase, alpha subunit 92/2237 79 54 54 
D12(pF8) 393287Ribonucleotide reductase, alpha subunit 1844/2237 79 54 54 
A4(pE7) 393986Oxygen-sensitive ribonucleoside-triphosphate reductase 1095/2057 83 / / 
C12(pB6) 393986Oxygen-sensitive ribonucleoside-triphosphate reductase 736/2057 83 / / 
H7(pG4) 393986Oxygen-sensitive ribonucleoside-triphosphate reductase 692/2057 83 / / 
A9(pB11) 395689Predicted HD superfamily hydrolase 572/1028 81 58 58 
B11(pC2) 395115predicted membrane-associated HD superfamily hydrolase 1882/2342 55 35 34 
E2(pG5) 393880Hydrolases of the alpha/beta superfamily 283/845 / 29 / 
DNA replication, recombination and repair     
B12(pF11) 394028Nucleotidyltransferase/DNA polymerase involved in DNA repair 195/1424 54 26 25 
G7(pE11) 395721DNA polymerase III, alpha subunit 165/419 / / / 
A8(pF7) 394528Holliday junction resolvasome, DNA-binding subunit 353/605 71 37 38 
A12(pF10) 394084Transposase and inactivated derivatives -148/1268 26 38 30 
B4(pB9) 392855Transposase and inactivated derivatives 356/362 50 36 24 
D5(pC2) 393703Transposase and inactivated derivatives -2/404 50 36 24 
G9(pG3) 392855Transposase and inactivated derivatives 356/362 50 36 24 

C10(pF3) 394086Type I site-specific restriction-modification system, R 
(restriction) subunit and related helicases 1351/3257 20 / / 

C6(pG11) 393860Exopolyphosphatase-related proteins 386/1007 51 36 34 



Translation, ribosomal structure and biogenesis     
C6(pB7) 393050tRNA-dihydrouridine synthase 12/1088 61 41 39 
G9(pH3) 395319Ribosomal protein L11 methylase 190/851 63 37 37 
Posttranslation modification, protein turnover, chaperones     
G6(pH7) 395667Peptide methionine sulfoxide reductase 422/503 41 61 42 
B8(pF6) 395497Thioredoxin reductase 712/917 56 34 36 
B10(pF9) 393149Pyruvate-formate lyase-activating enzyme 319/716 58 / / 
B10(pF3) 394537Peroxiredoxin 432/515 82 66 63 
Secondary metabolites biosynthesis, transport and catabolism     
B12(pG11) 395334RTX toxins and related Ca2+-binding proteins 277/4274 23 26 22 
H8(pE2) 393737SAM-dependent methyltransferases 499/731 / 29 / 
A4(pH11) 393646Predicted SAM-dependent methyltransferases 851/1190 60 43 44 
D11(pC10) 393161Acetyltransferases 138/671 / 30 30 
A4(pG11) 394180Predicted thioesterase -149/2228 77 35 38 
Transporters     
E11(pD9) 393600Chloride channel protein EriC 718/1808 71 29 30 
G5(pB9) 392960Cation transport ATPase 1630/2105 45 36 37 

C10(pG3) 393410ABC-type phosphate/phosphonate transport system, ATPase 
component 272/506 81 36 41 

E2(pB11) 393067ABC-type dipeptide transport system, periplasmic component 933/1553 26 27 26 
G2(pG2) 393044ABC-type amino acid transport system, permease component 164/833 42 / 39 
G9(pB1) 395360Putative threonine efflux protein -36/1529 46 36 34 
C8(pF11) 395406Na+/proline symporter 830/1595 28 24 24 
C7(pE7) 393097Long-chain fatty acid transport protein 1056/1187 54 / / 
G11(pG11) 393097Long-chain fatty acid transport protein 715/1187 54 / / 
A9(pG2) 393213Lysine transporter from Na+/H+ antiporter family -167/1709 28 / / 
D8(pH9) 394392Methionine transporter from Na+/H+ antiporter family -273/1937 64 / / 
A6(pH4) 392846Predicted symporter 1357/1775 33 34 32 
E2(pA10) 395812Type II secretory pathway, component ExeA 1075/1163 55 49 45 

G9(pB4) 395408ABC-type antimicrobial peptide transport system, permease 
component 1046/1235 58 28 25 

A3(pE2) 393271predicted permeases 1044/1208 53 26 22 
Chemotaxis proteins     
D12(pC8) 395032Methyl-accepting chemotaxis protein 443/1817 35 31 27 
D5(pD2) 392990methyl-accepting chemotaxis protein -147/2180 41 42 44 
B2(pG1) 393818chemotaxis protein; stimulates methylation of MCP proteins 546/686 52 44 48 
Regulatory genes     
D12(pB8) 393418Signal transduction histidine kinase 925/1979 69 27 39 
G5(pA9) 394867Signal transduction histidine kinase 1404/1874 29 35 38 
H9(pF8) 392865Signal transduction histidine kinase 1962/2117 28 38 40 
C8(pC10) 395192Guanosine polyphosphate pyrophosphohydrolases/synthetases 19/2147 71 58 52 

G9(pD12) 393918Response regulators consisting of a CheY-like receiver domain 
and a winged-helix DNA-binding domain 73/1676 28 25 25 

B8(pB6) 393957Serine phosphatase RsbU, regulator of sigma subunit 211/1193 31 26 33 
G2(pC4) 393448Predicted transcriptional regulators 523/530 / / / 
C6(pB5) 393180DNA-directed RNA polymerase, subunit K/omega 85/221 84 61 59 
D12(pE9) 395152Transcriptional regulators 148/689 58 22 49 



A1(pD3) 393140Transcriptional regulator containing PAS, AAA-type ATPase, 
and DNA-binding domains 602/1901 45 42 39 

Bacteriophage genes     
C12(pG2) 393682phage-related tail protein 1772/2201 29 / / 
D11(pF11) 393694Uncharacterized protein, homolog of phage Mu protein gp30 -45/1280 56 / / 
Conserved proteins     
B11(pF2) 395048uncharacterized conserved protein 959/968 46 30 28 
B8(pA10) 393194Uncharacterized protein conserved in bacteria 115/779 65 49 49 
C6(pF11) 393200Uncharacterized conserved protein 451/668 61 / / 
A4(pH9) 393913Uncharacterized protein conserved in archaea 831/1007 60 / / 
Hypothetical proteins     
B8(pG6) / hypothetical protein Ddes02001228 39/464 / / / 
B9(pF11) 395902hypothetical protein 118/1976 / / / 
D5(pF5) 394316hypothetical protein Ddes02001240 119/434 32 / / 
E12(pC12) / hypothetical protein Ddes02002761 457/1040 / / / 
G9(pF3) 405410hypothetical protein Ddes02001127 28/293 / / / 
H4(pC4) / hypothetical protein Ddes02000152  / / / 
G9(pF5) 419478pseudo Pseudogene of VIMSS405373 with 4 gaps  / / / 
 
 
Studies with D. desulfuricans G20: 

The STM procedure first involved generating a library of 5760 G20 mutants and screening for 
potential non-survivors in subsurface sediment microcosms. After two rounds of screening, a total of 
117 mutants were confirmed to be true non-survivors (Table 1).  97 transposon insertion regions have 
been sequenced to date.  Upon further analysis of these mutants, we classified the sediment survival 
genes into COG functional categories.  STM mutant insertions were located in genes encoding proteins 
related to metabolism (33%), cellular processes (42%), and information storage and processing (17%).  
We also noted 8% of STM mutants identified had insertions in genes for hypothetical proteins or 
unknown functions. Interestingly, at least 64 of these genes encode cytoplasmic proteins, 46 encode 
inner membrane proteins, and only 7 encode periplasmic space and outer membrane associated 
proteins.  Through blast search analysis, we also showed that 81 out of 94 proteins shown to be 
important in sediment survival have homologs in D. vulgaris, 70 have homologs in Geobacter 
metallireducens, and 69 have homologs in Geobacter sulfurreducens PCA. 
  Some interesting proteins include ribonucleotide reductase and chemotaxis related proteins.  
Ribonucleotide reductase catalyzes the reductive synthesis of deoxyribonucleotides from their 
corresponding ribonucleotides, providing the precursors necessary for DNA synthesis.  Two 
ribonucleotide reductase genes (nrdE, nrdD) were found to be essential for G20 survival in the 
sediment, but not essential for growth in the lactate-sulfate medium.  Bacterial methyl-accepting 
chemotaxis proteins (MCP) respond to changes in the concentration of attractants and repellents in the 
environment. Two out of 30 MCPs of G20 were identified to be crucial for sediment survival.  Another 
chemotaxis protein stimulating methylation of MCP was also found to be important for sediment 
survival, although it does not form an operon with either of the two MCP’s identified in our STM 
screen.  Three histidine kinase defective mutants lost the ability to survive in sediment.  They may 
form part of two-component regulatory systems with chemotaxis proteins or regulate expression in 
other systems.  Many more genes have been characterized which are required for sediment survival.  
Our analyses will likely allow us to propose a detailed model for the interactions and physiological 
processes associated with radionuclide-reducing bacteria as they live and grow in aquifer systems.   



     We have also screened the STM library for mutants unable to transform U(VI).  To date, nine 
mutants have been identified which are impaired in the ability to grow in lactate-sulfate medium with 
2mM U(VI)-acetate.  Six of these mutants are completely unable to grow.  Transposon insertion sites 
have been amplified, sequenced, and studied at the bioinformatics level, revealing that several genes 
disrupted may be involved in DNA, RNA and protein maintenance.  We have identified three genes 
believed to be directly involved in DNA repair, one gene involved in rRNA methylation, which could 
stabilize rRNA under stress, and one RNA polymerase subunit which is required for RNA polymerase 
renaturation.  Several other mutated genes may be involved in redox reactions within the cell, as two 
mutations observed might be involved in molybdopterin synthesis and one mutation was in a 
hypothetical protein with a thioredoxin domain.  Orthologs to this hypothetical protein are present in 
D. vulgaris, Geobacter metallireducens and G. sulfurreducens.  We also obtained mutants in genes for 
a phosphotransacetylase, a dnaJ-like gene and a histidine kinase.  The latter two genes are known to be 
involved in stress responses.  Based on the analysis of mutants, uranium appears to exert its toxicity at 
DNA, RNA and protein levels.  Resistance to the effects of U(VI) involve either detoxification, which 
likely involves biological reduction, or repair of damaged cell material.   
 
 
Table  2.  Genes required for survival in Shewanella MR-1.  We also obtained 4 conserved hypothetical proteins 
and 2 putative hypothetical proteins. 

Mutant InvivoCI* Gene Product TIGR cellular role 
 

COG 
A12mB12 0.0031 ccmF-2 Cyt. c-type biogenesis protein CcmF Energy metabolism; electron 

transport 
O 

A10mB4 0.054 phoB PO4 regulon response regulator PhoB Two-component systems T,K 
B10mC10 0.106 recG ATP-dependent DNA helicase RecG DNA replic., recomb., & repair L,K 
A10mA9 0.011**  phosphate acetyltransferase Electron transport & fermentation C 
B2mA1 0.28** gspN General secretion pathway protein N Protein and peptide secretion and 

trafficking 
 

B9mG5 0.282  TonB-dep. receptor C-term. domain 
protein 

Unknown function: general P 

C2mD10 0.315 cysQ-1 cysQ protein Central intermediary/sulfur 
metabolism 

P,G 

B4mC10 0.53 moeA molybdopterin biosynthesis MoeA 
protein 

Molybdopterin biosynthesis H 

B5mG9 0.59  HlyD family secretion protein Transport and binding proteins R 
C2mB9 0.59 hydA periplasmic Fe hydrogenase, large 

subunit 
Energy metabolism: Electron 
transport 

C 

B12mD10 0.277 mexF RND multidrug efflux transporter MexF Toxin prod. and resistance; Transport 
and binding proteins: Unknown 
substrate 

P 

E3mA8 0.302  transcriptional regulator, TetR family Regulatory functions; DNA 
interactions 

K 

C4mA5 0.155 ilvY transcriptional regulator IlvY Regulatory functions; DNA 
interactions 

K 

B11mC7 0.061** argG argininosuccinate synthase Amino acid biosynthesis: glutamate E 
D3mG7 0.036** argH argininosuccinate lyase amino acid biosynthesis-glutamate 

family 
E 

D5mC5 0.006 gltD glutamate synthase, small subunit Amino acid biosynthesis: glutamate E,R 
B12mE2 0.706  Prophage MuSo2, tail sheath protein Prophage functions  



C9mA10 0.073** argH argininosuccinate lyase amino acid biosynthesis-glutamate 
family 

E 

E7mD4 0.232** gapA-3 glyceraldehyde 3-phosphate 
dehydrogenase 

Glycolysis/gluconeogenesis G 

A4mD11 0.594  serine protease, subtilase family Protein Degradation O 
D7mA4 0.145 leuA 2-isopropylmalate synthase Amino acid biosynthesis: pyruvate 

family 
E 

E2mG11 0.548  ISSod4, transposase Transposon functions  
* in vivo CI=sediment microcosms 
**=growth in lactate-Fe(III)citrate media is impaired (CI<0.5) 
COG functional groups.  C=energy production and conversion; E=amino acid transport and metabolism; 
G=carbohydrate transport and metabolism; H=coenzyme metabolism; K=transcription; L= DNA replication, 
recombination and repair; O= Posttranslational modification, protein turnover, chaperones; P=Inorganic ion 
transport and metabolism; R=general fxn prediction only; T=signal transduction mechanisms. 
 
S. oneidensis: 
 The ability of S. oneidensis MR-1 to reduce radionuclides, including technetium and uranium, 
has generated great interest in its use for bioremediation. Optimization of in-situ bioremediation 
processes require knowledge of the interaction between MR-1 and its natural environment.  We are 
currently using STM to examine this interaction at the genetic level in a similar manner to the studies 
discussed above with strain G20. To date, STM has revealed a number of genes critical for survival in 
sediments (Table 2).  Of approximately 5000 MR-1 transposon mutants screened in sediments, 48 
genes representing general cellular processes of DNA repair, transport, transcriptional regulation, 
energy and amino acid metabolism, as well as genes encoding phage related and transposon related 
proteins were identified as critical to sediment survival. One gene of particular interest is the mexF, 
identified as a gene involved in mutidrug resistance.  Further characterization of this mutant strain has 
been carried out.  Growth was examined in the presence of various antibiotics under a range of aerobic 
and anaerobic conditions.  While no difference was found between the mexF mutant and parental strain 
for several antibiotics, mutant growth was impaired for tetracycline and chloramphenicol 
concentrations tested.  Other STM mutants with transposon insertions in genes with potential 
detoxification functions were also tested on tetracycline and chloramphenicol, with results that were 
similar to the parental strain.  The MexF protein has been characterized in a pathogenic Pseudomonas 
strain and when overexpressed, will protect the cells from exposure to antibiotics.  We propose that 
MR-1 mexF, whose encoded protein product shares 70% identity across the amino acid sequence to 
previously characterized Pseudomonas MexF, functions in detoxification of ambient concentrations of 
naturally occurring antimicrobials encountered by this environmental bacterium. 
 
 
IMPACT/APPLICATIONS  
 
As sulfate is a dominant terminal electron acceptor within many aquifer systems, 
Desulfovibrio and rlated organisms are likely critical components of bioremediation 
processes.  Specifically, as a sulfate-reducer, Desulfovibrio generates sulfide which 
subsequently immobilizes heavy metals via formation of insoluble metal complexes.  
Furthermore, Desulfovibrio may directly reduce radionuclides in place of sulfate, thus 
converting uranium and technetium to insoluble forms.  Clearly, as the DOE is faced with 
the need to remediate contaminated sediments, understanding and eventually exploiting 
these processes will be important.   By delineating the genetic elements that provide 



Desulfovibrio the opportunity to remediate contaminants, we will be able to direct our 
efforts at developing novel systems for immobilizing these metals.   Furthermore, these 
results will allow us to probe for other sediment-dwelling microbes that may have similar 
genetic systems.  
 
Genes identified in these experiments could ultimately be used as genetic markers for 
contamination in sediments.  Identifying contaminants directly can be problematic in that 
chemical techniques typically measure total rather than bioavailable contaminant.  A 
genetic marker would require the organism only to be exposed to the contaminant.    
 
TRANSITIONS 
   
These results will be used by others to understand the genetics of sulfate 
reducing bacteria and mechanisms for natural processes.  
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