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ABC-type dipeptide/oligopeptide/nickel transport systems, permease components
Hydroxypyruvate isomerase
Glutamine synthetase
N-methylhydantoinase A/acetone carboxylase, beta subunit
Periplasmic serine proteases (ClpP class)
Serine/threonine protein phosphatase
Putative periplasmic protein kinase ArgK and related GTPases of G3E family
Methylmalonyl-CoA mutase, C-terminal domain/subunit (cobalamin-binding)
Methylmalonyl-CoA mutase, N-terminal domain/subunit
Molecular chaperone
GTPases - translation elongation factors
Nitrogenase subunit NifH (ATPase)
Nitrogenase molybdenum-iron protein, alpha and beta chains
ABC-type transport system involved in cytochrome c biogenesis, ATPase component
Ribosomal protein S1
7-keto-8-aminopelargonate synthetase and related enzymes
Response regulator containing a CheY-like receiver domain and an HTH DNA-binding domain
Predicted alternative tryptophan synthase beta-subunit (paralog of TrpB)
Homoserine acetyltransferase
cAMP-binding proteins - catabolite gene activator and regulatory subunit of cAMP-dependent protein kinases
DNA polymerase III, alpha subunit
Transposase and inactivated derivatives
Pyruvate kinase
Hydrogenase maturation factor
Polyketide synthase modules and related proteins
ABC-type nitrate/sulfonate/bicarbonate transport system, permease component
Leucyl-tRNA synthetase
Thiamine biosynthesis protein ThiC
Outer membrane protein (porin)
Predicted GTPase, probable translation factor
FOG: HAMP domain
Ribosomal protein S3
Chaperonin GroEL (HSP60 family)
F0F1-type ATP synthase, alpha subunit
F0F1-type ATP synthase, beta subunit
Isocitrate lyase
Nitric oxide reductase large subunit
TRAP-type mannitol/chloroaromatic compound transport system, periplasmic component
DNA-directed RNA polymerase, sigma subunit (sigma70/sigma32)
Succinyl-CoA synthetase, beta subunit
Glutamate synthase domain 1
Glutamate synthase domain 3
Glutamate synthase domain 2
Ribosomal protein S6
DNA mismatch repair enzyme (predicted ATPase)
ATPases with chaperone activity, ATP-binding subunit
Asp-tRNAAsn/Glu-tRNAGln amidotransferase A subunit and related amidases
RNA-binding proteins (RRM domain)
S-adenosylhomocysteine hydrolase
Site-specific DNA methylase
ABC-type molybdate transport system, ATPase component
S-adenosylmethionine:tRNA-ribosyltransferase-isomerase (queuine synthetase)
Superoxide dismutase
Protein chain release factor B
Acyl-coenzyme A synthetases/AMP-(fatty) acid ligases
Type II secretory pathway, pseudopilin PulG
NAD/FAD-utilizing enzyme apparently involved in cell division
Membrane-bound lytic murein transglycosylase
Phosphomannomutase
Asp-tRNAAsn/Glu-tRNAGln amidotransferase B subunit (PET112 homolog)
Cation transport ATPase
Electron transfer flavoprotein, beta subunit
Predicted SAM-dependent methyltransferases
Transcriptional regulator
Phosphate/sulphate permeases
Glycosyl transferases, related to UDP-glucuronosyltransferase
Type IV secretory pathway, VirB9 components
Predicted transcriptional regulators
Ribosomal protein L29
Uncharacterized conserved protein
Carbamoylphosphate synthase large subunit (split gene in MJ)
Type II secretory pathway, ATPase PulE/Tfp pilus assembly pathway, ATPase PilB
Anaerobic dehydrogenases, typically selenocysteine-containing
Pyruvate dehydrogenase complex, dehydrogenase (E1) component
Enoyl-CoA hydratase/carnithine racemase
Beta-lactamase class C and other penicillin binding proteins
ATPase components of ABC transporters with duplicated ATPase domains
Cation/multidrug efflux pump
Nitrous oxide reductase
Acyl-CoA dehydrogenases
Electron transfer flavoprotein, alpha subunit
Glucosamine 6-phosphate synthetase, contains amidotransferase and phosphosugar isomerase domains
ABC-type multidrug transport system, permease component
Predicted signal transduction protein containing a membrane domain, an EAL and a GGDEF domain
Transposase and inactivated derivatives2
Fe-S oxidoreductase
FAD/FMN-containing dehydrogenases
FOG: PAS/PAC domain
Superfamily II DNA and RNA helicases
Superfamily I DNA and RNA helicases
Gamma-glutamyltransferase
Holliday junction resolvasome, helicase subunit
ABC-type transport system, involved in lipoprotein release, permease component
Predicted signal transduction protein

USE OF METAGENOMIC AND META-TRANSCRIPTOMIC ANALYSIS TO INTERPRET 
BIOGEOCHEMICAL PROCESSES MEDIATED BY HANFORD 100H AQUIFER BACTERIA  

(LAB AND FIELD STUDIES)   
H. R. Beller*, R. Han, U. Karaoz, H. C. Lim, L. Yang, B. Faybishenko, E. L. Brodie*  

ABSTRACT 

HANFORD MICROCOSMS:  
Meta-transcriptomics reveals geochemically 
undetected microbial process 

HANFORD COLUMN META-TRANSCRIPTOMES:  
Highly expressed "hypotheticals" detected 

FUTURE DIRECTIONS 

We are developing the use of biomolecular signatures as part of the LBNL 
SFA challenge entitled “Unraveling Biogeochemical Reaction Networks 
Mediating Sustained Chromium Reduction”, which focuses on in situ 
reductive immobilization of Cr at DOE’s Hanford 100H site. By applying a 
high-throughput approach that uses metagenomic and meta-
transcriptomic data, we hope to identify highly expressed genes in a 
specific microbial community under conditions of interest, without 
requiring any a priori sequence information or assumptions about what 
processes might be occurring. A key scientific goal is to determine if 
there are diagnostic biomolecular signatures indicative of important 
aquifer biogeochemical processes that can be used to (a) help 
discriminate between direct (enzymatic) and indirect (abiotic) oxidation-
reduction processes relevant to bioremediation and (b) to inform and 
constrain reactive transport models even when geochemical field 
measurements do not reveal all relevant processes.  We have collected 
metagenome and meta-transcriptome sequence information from various 
experimental systems (including flow-through columns and batch 
microcosms inoculated with Hanford aquifer sediment or groundwater, 
bacterial isolates from the flow-through columns, and site groundwater) 
under conditions relevant to in situ chromate reduction and re-oxidation 
at Hanford 100H.  Overall, 12 metagenome and 14 meta-transcriptome 
samples were sequenced, ranging from 0.1 to 1.6 Gb of sequence data 
per sample.  This poster gives an overview of several noteworthy findings 
from these Hanford studies. 

HANFORD GROUNDWATER SAMPLES: Meta-
transcriptomes reveal in-situ conditions and 
metabolism (such as N limitation / N2 fixation ) 

Histogram of reads from denitrifying column meta-transcriptome 

Tetranucleotide frequency (TNF) clustering of T7 assembled contigs > 5kb. The red-outlined cluster contains contigs with almost identical TNFs and 
coverage (13.4X) indicating a common origin. These contigs contain >700 ORFs with almost 750 kb and include full nitrate reduction and reduced 
sulfur oxidation operons. Phylogenetically they are affiliated with alpha-proteobacteria, mostly Rhizobium.  Meta-transcriptome mapping shows that 
the complete nitrate reduction (nar) and sulfur oxidation (sox) operons of the Rhizobium-like species was expressed in the T7 meta-transcriptome. 
Sulfur oxidation was not apparent from the geochemical measurements.  

In microcosm studies designed to characterize functional changes in an aquifer-derived, 
chromate-reducing microbial community as it transitions successively through electron-
accepting conditions relevant to the Hanford subsurface, one condition tested was nitrate-
dependent oxidation of Fe(II) and reduced S compounds ("T7").  Meta-transcriptome 
sequence data revealed expression of nitrate reductase (nar) and S oxidation (sox) gene 
clusters from an alpha-Proteobacterial species, whereas routine geochemical (ion 
chromatography) data did not yield evidence of the S oxidation product.  Thus, the meta-
transcriptomic data provided insights into biogeochemical processes that would not have 
been detected by routine geochemical analysis.  

In flow-through columns containing Hanford aquifer sediment and reducing Cr(VI) under 
denitrifying conditions, meta-transcriptome data revealed complete denitrification (with 
expression of nar, nir, nor, and nos genes, as well as the highly expressed pseudoazurin), but 
the most highly expressed genes encoded proteins of unknown function.  This finding stresses 
an advantage of metagenomic and meta-transcriptomic sequencing over a priori approaches, 
namely, that sequencing can reveal important but unannotated genes/enzymes and focus 
research on such knowledge gaps.  

Metagenome and meta-transcriptome sequencing was carried out on groundwater samples 
collected during various biogeochemical regimes (e.g., denitrification, iron/sulfate reduction) 
that followed lactate biostimulation at the 100H site.  Among other findings was evidence of 
nitrogen limitation, which provided information on amendments needed to optimize in situ 
biostimulation.  

Following this biomolecular signature discovery phase that involves metagenome and meta-
transcriptome sequencing of a range of Hanford-relevant biogeochemical conditions, we are 
developing meta-transcriptome-based gene expression microarrays that we hope will 
allow us to rapidly profile the in situ gene expression of Hanford microbial communities on a 
qualitative basis (i.e., what pathways are most highly expressed?) and a semi-quantitative 
basis (using activity-signature relationships, see below). 
 
We have already begun to develop metabolic activity-signature relationships for several 
diagnostic genes (e.g., narG and nirS for denitrification; dsrA and aprB for sulfate reduction) to 
relate gene or transcript copy number to the metabolic rate of the relevant process.  The data 
below were generated in chemostat experiments with Hanford isolates: denitrifying 
Pseudomonas stutzeri strain RCH2 and sulfate-reducing Desulfovibrio vulgaris strain RCH1. 

Slope = 3E +08, r^2 = 0.996 
Slope = 3E +09, r^2 = 0.94 

narG 

nirS 
Transcript copies (no Cr) 

Transcript copies (Cr) 

Gene copies (no Cr) 

Gene copies (Cr) 

aprB 

dsrA 

Activity-signature relationships 

Hanford strain RCH2 

Hanford strain RCH1 

HS- + 1.6 NO3
- + 0.6 H+ à  

                        SO4
2- + 0.8 N2 + 0.8 H2O 

Nitrate-dependent sulfide oxidation	



Meta-transcriptome data revealed expression of gene clusters for nitrate reduction 
and S oxidation (apparently from the same α-Proteobacterial species) 

Rank ordering of transcripts from a denitrifying 
column mapping to the column metagenome 
reveals that transcripts encoding proteins of 
unknown function are among the most highly 
expressed.  This has been observed in a large 
percentage of  environmental meta-
transcriptome studies published to date, and 
suggests that a priori approaches to 
characterizing microbial community gene 
expression may be inadequate.     
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Oxidative Stress 

Denitrification 

Nitrogen fixation 

SEQUENCE DATA FROM HANFORD LAB AND 
FIELD STUDIES 

System Name Physiology Sequence type Reads after QC Bp after QC
Microcosm M2T2 Denitrifying Metagenome 1.00E+07 5.01E+08

M2T2 Denitrifying Metatranscriptome 1.95E+06 7.95E+07
T3 Fermenting/sulfate reduction Metagenome 1.12E+07 5.64E+08
T3 Fermenting/sulfate reduction Metatranscriptome 2.44E+07 1.20E+09
T5 Sulfate/iron reduction Metagenome 1.06E+07 5.32E+08
T5 Sulfate/iron reduction Metatranscriptome 2.55E+07 1.26E+09
T7 Nitrate-dependent iron/sulfur oxidation Metagenome 1.15E+07 5.79E+08
T7 Nitrate-dependent iron/sulfur oxidation Metatranscriptome 2.12E+07 1.05E+09

Flow through columns N5-3B Denitrifying Metagenome 3.55E+07 2.75E+09
S5-5B Fermenting Metagenome 1.87E+07 1.43E+09
S5-5B Fermenting Metatranscriptome 6.39E+06 3.16E+08
Col2 Denitrifying Metatranscriptome 6.24E+06 3.04E+08
Col3 Denitrifying Metatranscriptome 3.02E+07 1.48E+09
Col10 Denitrifying Metatranscriptome 9.90E+06 4.81E+08
Col11 Denitrifying Metatranscriptome 2.04E+04 9.91E+05

Groundwater from Hanford 100H PreInjection Before lactate injection Metagenome 1.56E+07 1.17E+09
PreInjection Before lactate injection Metatranscriptome 5.97E+06 2.95E+08
Day2 Denitrifying Metagenome 1.30E+07 1.30E+09
Day2 Denitrifying Metatranscriptome 3.11E+07 1.54E+09
Day4 Fermenting/Sulfate/Iron reduction Metagenome 5.34E+06 3.98E+08
Day4 Fermenting/Sulfate/Iron reduction Metatranscriptome 1.27E+07 6.27E+08
Day7 Fermenting/Sulfate/Iron reduction Metagenome 1.28E+07 1.15E+09
Day7 Fermenting/Sulfate/Iron reduction Metatranscriptome 1.66E+07 8.21E+08
Day11 Lactate depletion/re-oxidation Metagenome 2.16E+06 1.90E+08
Day11 Lactate depletion/re-oxidation Metatranscriptome 3.63E+07 9.07E+08
Day17 Lactate depletion/re-oxidation Metagenome 5.59E+05 4.16E+07
Day17 Lactate depletion/re-oxidation Metatranscriptome 2.05E+07 9.95E+08

Totals 3.96E+08 2.20E+10

Lactate fermentation to propionate 

Hanford groundwater metatranscriptome mapping (to microcosm metagenomes). Normalized read coverage 
(RPKM) of highly expressed COGs are shown. 

Time 


