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ABSTRACT 16 

 Analyses of microbial communities are made possible by the isolation of 17 

metagenomic DNA from environmental sources.  Direct access to all the genomes 18 

present in a sample enables a more complete study of microbial diversity and the 19 

discovery of native species and genes.  Low biomass samples from nitrate and heavy 20 

metal contaminated soils yield DNA amounts, which have limited use for direct, native 21 

analysis and screening.  A whole genome amplification method was validated, and used 22 

to amplify the genomes from environmental, contaminated, subsurface sediments.  By 23 

first amplifying the gDNA, biodiversity analysis, and genomic DNA library construction 24 

of microbes found in contaminated soils were made possible.  Whole genome 25 

amplification of metagenomic DNA offers access to genomic information from very 26 

minute microbial sources. 27 

 28 

INTRODUCTION 29 

 Terminal electron accepting (TEA) processes (e.g. oxygen, nitrate, iron(III), 30 

sulfate, carbon dioxide) have been found increasingly to play a critical and enabling role 31 
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in nearly all biogeochemical processes in the subsurface (Koenigsberg et al. 2005; Hazen 32 

and Tabak, 2005).  This has led to the realization that natural attenuation and 33 

bioremediation of metals, radionuclides, and organic contaminants cannot be effectively 34 

applied at many sites until we have a better understanding of the physiology, ecology and 35 

phylogeny of microbial communities at contaminated sites 10,24,36.  However, the success 36 

of many monitored natural attenuation and bioremediation approaches largely depends on 37 

our understanding of regulatory mechanisms and cellular responses to different 38 

environmental factors affecting the contaminant degradation or metal reduction activity 39 

in situ.  Microorganisms are often exposed to multiple stress conditions in situ, and the 40 

microbial community structure is most likely affected by many different abiotic and 41 

biotic variables in a non-linear fashion 37.  Given the extreme stresses and TEA 42 

limitations that the microbial community is under at these contaminated sites an accurate 43 

assessment of the microbial community structure and the ecogenomics is critical 44 

(Koenigsberg et al. 2005) 45 

 Despite the dominance of microorganisms in the biosphere, relatively little is 46 

known about the majority of environmental microorganisms, largely because of their 47 

resistance to culture under standard laboratory conditions 38.  As such, alternative 48 

approaches are required to access the large amount of information in the environmental 49 

metagenome.  Environmental sequencing projects targeted at 16S ribosomal RNA are a 50 

popular method to assess phylogenetic diversity of uncultured organisms 3,17,21.  Cloning 51 

and sequencing of PCR amplified functional genes from environmental samples are also 52 

powerful tools for investigating the ecology and role of microorganisms 4,12,25.  More 53 

recently, direct sequencing of environmental genomic DNA has furthered our 54 
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understanding of the metabolic potential of microorganisms occupying various 55 

environmental niches.  Sequencing efforts include individual large-insert bacterial 56 

artificial chromosome (BAC) clones, small-insert libraries made directly from 57 

environmental DNA, and high-throughput shotgun sequencing which provides a global 58 

view of the environmental community 12,14,23,26,32,34,35.  These techniques have advanced 59 

our understanding of the types of microorganisms and biodegradation/biotransformation 60 

capabilities found in various habitats. 61 

 To understand how biogeochemical processes affect microbial community 62 

structure and bioremediation, the U.S. Department of Energy’s (DOE) Natural and 63 

Accelerated Bioremediation Research (NABIR) program has established a Field 64 

Research Center (FRC) on the DOE Oak Ridge Reservation 65 

(http://www.esd.ornl.gov/nabirfrc/) in eastern Tennessee.  The FRC is heavily 66 

contaminated with nitrate, heavy metals, radionuclides and halogenated organics 37.  67 

Characterization of indigenous subsurface microbial populations from this site has mainly 68 

focused on microbes collected from from groundwater 18,37 or following biostimulation 69 

17,21.  However, it is recognized that the planktonic microbial population in groundwater 70 

may not be representative of the active population residing as biofilms on sediment 71 

surfaces (Haglund et al 2002). In fact the biofilm mode of growth confers resistance to 72 

environmental stresses such as heavy metals (Teitzel and Parsek, 2003). 73 

Extremely low cell densities in combination with high clay content and heavy 74 

metal/radionuclide contamination generally inhibit many standard molecular approaches 75 

including shotgun and BAC library generation. Isolation of DNA for library construction 76 

is complicated and would require large quantities of subsurface material.  The current 77 
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minimum of DNA to construct a library used for shotgun sequencing is around 0.5-4 µg 78 

of DNA which can be obtained from a minimum of 0.5 g of microbial rich material 33. In 79 

low biomass subsurface environments with cell densities as low as 104 per gram, 11-88 80 

kg of sediment would be required assuming an average cell contains 4.5 fg DNA. 81 

Considering the quantity of DNA needed for BAC library construction is 20 fold greater, 82 

it is clear that current approaches are not viable for such low biomass environments. 83 

One technique used for molecular surveys of microorganisms from environmental 84 

samples is to amplify DNA by polymerase chain reaction (PCR) using primers to highly 85 

conserved positions in specific rRNA genes 9,14.  However, low cell count environments 86 

often do not yield enough DNA for PCR 21.  In addition, DNA amplification by PCR is 87 

inherently biased because not all rRNA genes amplify with the same “universal primers”, 88 

reducing the effectiveness of this approach to survey such environments by a broad 89 

shotgun sequencing.  Therefore, new methods are required to combine environmental 90 

whole genome amplification (WGA) with library construction for metagenome analyses 91 

of low cell density environments.   92 

 Here we report the construction of whole-genome amplified environmental 93 

libraries for biodiversity assessment of low biomass contaminated subsurface sediment 94 

cores. 95 

 96 

MATERIAL AND METHODS 97 

 DNA amplification.  Genomic DNA (gDNA) was amplified by Multiple 98 

Displacement Amplification (MDA) using the GenomiPhi DNA Amplification Kit 99 

(Amersham Biosciences, Piscataway, New Jersey).  Amplification was carried out 100 
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according to the protocol with a modification in reaction incubation time.  One l of 101 

template was added to 9 l of sample buffer and heated to 95°C for 3 min to denature the 102 

template DNA.  The sample was cooled and mixed with 9 l of reaction buffer and 1 l 103 

of enzyme mix, and incubated at 30°C for 3 to 6 h.  After amplification the DNA 104 

polymerase was heat-inactivated during a 10 min incubation at 65°C.  Each sample was 105 

amplified in triplicate.  The three MDA reaction products per sample were then combined 106 

before further processing. 107 

 GeneChip analysis.  MDA genome coverage was analyzed using the Affymetrix 108 

E. coli genome GeneChip array (Affymetrix, Inc., Santa Clara, Calif.).  The chip contains 109 

7231 probe sets spanning the entire Escherichia coli genome.  The E. coli strain used was 110 

XL1-Blue MR (Stratagene, La Jolla, Calif.).  Genomic DNA extracted from an overnight 111 

E. coli culture was used as a positive control (approx how many cells?).  This was 112 

compared to MDA products amplified from gDNA extracted from two dilutions of the 113 

culture (5000 and five cells).  Cell culture concentration was estimated by a 114 

spectrophotometer reading (OD 600) and serial dilutions were made to 5000 and five 115 

cells.  Aliquots of the dilutions were grown on solid agar plates to verify cell counts.  The 116 

gDNA was extracted from the overnight culture and the dilutions by first encasing the 117 

cells in agarose, then completing the extractions as described above.  The three sets of 118 

DNA were concentrated by ethanol precipitation and fragmented with DNase I (0.6 U per 119 

µg of genomic DNA) at 37°C for 10 min.  After inactivating DNase I at 100°C for 10 120 

min, the fragmented DNA was end-labeled with biotin-ddATP and hybridized to the E. 121 

coli genome array using Affymetrix standard protocols for RNA.  The probe array was 122 

scanned twice and the intensities were averaged with a GeneArray Scanner (Hewlett-123 
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Packard, Palo Alto, CA).  Scanned images were processed and quantified using 124 

GeneChip Suite 5.0 (Affymetrix).  125 

 The data were normalized by setting the mean hybridization signal for each 126 

sample equal to 100.  The absolute call represents a qualitative indication of whether or 127 

not a transcript is detected within a sample.  These calls are determined using the 128 

following metrics: 1) the ratio of the number of positive probe pairs to the number of 129 

negative probe pairs (known as the Positive/Negative Ratio), 2) the fraction of positive 130 

probe pairs (Positive Fraction), and 3) the average across the probe set of each probe 131 

pair's log ratio of positive intensity over negative intensity (Log Average Ratio) 16. 132 

 Amplification and analysis of mixed isolates.  Eight isolates with fully 133 

sequenced genomes were chosen to represent a range of genome sizes (2.5Mb to 8.7Mb) 134 

and G/C content (32% to 72%).  The isolates were Deinococcus radiodurans ATCC 135 

13939, Desulfovibrio vulgaris ATCC 29579, Geobacter sulfurreducens ATCC 51573, 136 

Mesorhizobium loti ATCC 35173, Nitrosomonas europaea ATCC 19718, Shewanella 137 

oneidensis ATCC 700550, Staphylococcus epidermidis ATCC 35984, and Streptomyces 138 

coelicolor ATCC 10147 (ATCC, Manassas, VA).  The gDNA from the eight isolates was 139 

mixed at an equimolar ratio based on genome size.  The resulting mix had a concentration 140 

of 60 ng/µl.  A small insert library was made from four micrograms (66 µl) of the mixed 141 

DNAs, as described below.  The mix was then diluted 100-fold and 10,000-fold to 600 142 

pg/µl and 6 pg/µl, respectively.  One µl of the diluted gDNA was then amplified by 143 

MDA.  The DNA from each dilution was amplified to greater than four micrograms.  144 

Small insert libraries were created from 4 µg of the un-amplified mixed DNA and from 145 

the amplified DNA as described below.  Random clones from each of the three libraries 146 
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were end-sequenced.  Isolate representation within each library was determined by a 147 

BLASTN search of the end-sequences against the NCBI genome database. 148 

 Site and Sample description.  Soil core samples were collected from 149 

contaminated subsurface sediments at the U.S. Department of Energy NABIR FRC, 150 

located at the Y-12 plant within the Oak Ridge Reservation in Oak Ridge, TN.  151 

Approximately 10 million liters of liquid nitric acid and uranium bearing wastes were 152 

discarded at this site per year for 30 years, until it was closed in 1984.  The site 153 

groundwater plumes originate from the former waste disposal ponds at the Y-12 plant.  154 

Nine soil samples were taken from five areas surrounding the S-3 waste ponds.  The 155 

samples were from sites of varying distances to the S-3 ponds, and from core depths 156 

ranging from 3.5 - 9 m, with each sample containing different levels of contamination of 157 

U(VI), nitrate, plutonium, technetium, toxic metals (nickel, aluminum, barium, 158 

chromium, mercury), chelating agents (EDTA), chlorinated hydrocarbons 159 

(trichloroethylene and tetrachloroethylene), polychlorinated biphenyls, and fuel 160 

hydrocarbons (toluene, benzene).  A full description of the area can be obtained at the 161 

FRC website (http://www.esd.ornl.gov/nabirfrc/).  162 

 Of the nine contaminated samples, the following three were analyzed in more 163 

detail: a) FB075, Area 3, which is adjacent to the west side of the ponds, core segment 164 

depth 8.4 - 9 m; (Sample 1, Library 1) b) FB076, Area 3, core segment depth 3.9 - 4.5 m; 165 

(Sample 3, Library 3) c) FB078, Area 2, which is >200 m to the southwest of the ponds, 166 

core segment depth 6.1 -6.4 m (Sample 5, Library 5). Sediment cores were sampled with    167 

an Acker Drill Co. Holegator track drill equipped with polyurethane sleeves lining the 168 
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corer.  The cores were anaerobically sealed in argon, shipped on ice within 24 h of 169 

sampling, and DNA extractions were done on arrival in a radiation control area at LBNL. 170 

 DNA isolation.  Each soil sample was removed from the core sleeve, mixed 171 

manually, and 50 g of soil per sample was used for gDNA isolation.  High quality, high-172 

molecular-weight DNA was isolated directly from soil samples following separation of 173 

cells from the environmental matrix 1,22,27,27,28,28.  Highly purified suspensions of 174 

microbial consortia were obtained by isopycnic density gradient centrifugation with 175 

Nycodenz.  The resulting cell pellet was immobilized in an agarose plug and lysed by 176 

enzymatic and chemical digestions 30.  The isolated gDNA (all of it – how much) was 177 

then used directly in the amplification reaction, as described above. 178 

 16S rRNA gene analysis.  Bacterial 16S rRNA genes were amplified from the 179 

MDA DNA products using the universal primers 8F (5'-180 

AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') 181 

and the Roche Expand Long Template PCR system (Roche Applied Science, 182 

Indianapolis, IN).  16S clone libraries were generated using the TOPO TA Cloning kit 183 

(Invitrogen, Carlsbad, CA).  Sequencing was performed using an Applied Biosystems 184 

3730xl DNA analyzer (Applied Biosystems, Foster City, CA) and the individual clone 185 

reads assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI). 186 

 The assembled sequences were checked for potential chimeric artifacts using the 187 

Bellerophon program and the chimeric sequences were discarded (Huber et al 2004).  The 188 

final sequence datasets were aligned by Clustal W with the closest sequence relatives 189 

from ARB and GenBank databases.  The alignments were manually curated using 190 

BioEdit.  191 
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 To analyze the diversity of the different sequence libraries, a Jukes-Cantor 192 

corrected distance matrix was calculated using DNADIST (PHYLIP).  The matrix was 193 

used as input into the program DOTUR (Schloss and Handelsman, 2005) using the 194 

furthest neighbor algorithm to obtain a variety of diversity richness estimators at different 195 

genetic distance values (rarefaction curve, bias corrected Chao1 richness, abundance-196 

based coverage estimator ACE, Shannon-Weaver diversity index).  Phylogenetic analysis 197 

was conducted using PAUP* with the distance criterion (Jukes Cantor) followed by 198 

bootstrapping (1000 replicates).  Trees were visualized using Tree Explorer. 199 

 Library construction, sequencing and analysis.  Un-amplified gDNA and 200 

MDA amplified DNA was mechanically sheared and used to generate libraries in ZAP-201 

based lambda phage cloning vectors according to the manufacturer’s protocol.  Phagemid 202 

libraries were produced from the parental lambda clones through the in vivo excision 203 

properties of ZAP-based cloning vectors and used to infect E. coli host cells 29.  Average 204 

insert sizes were 2-4 KB.  Plasmid inserts from randomly picked colonies were end-205 

sequenced using an Applied Biosystems 3730xl DNA analyzer with primers T3 (5’-206 

AATTAACCCTCACTAAAGGG-3’) and T7 (5’-GTAATACGACTCACTATAGGGC-207 

3’).  The end-sequences of the random clones were analyzed against the NCBI protein 208 

database using BLASTX.  Only hits with e-values <10-9 were considered for further 209 

protein analysis.  Sequences were assembled into contigs using Vector NTI Contig 210 

Express.  For the MDA bias analysis, paired clone-end singletons were discarded. 211 

 COG analysis.  COG functional assignment of proteins predicted from DNA 212 

sequences from different genomic libraries was done using the genomic DNA sequences 213 

to blast against COG database from http://string.embl.de/, which covers 26,201 protein 214 
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families, using BLASTX.  Filtering criteria are set to get rid of the non-specific blast hits:  215 

1) If the aligned amino acid sequence length is greater or equal to 100 aa, the blast e-216 

value should be less than (10-9), 2) If the aligned amino acid sequence length is greater or 217 

equal to 30 aa but less than 100 aa, amino acid percentage of identity should be greater 218 

than 30%, and 3) If the aligned amino acid sequence length is less than 30 aa, percentage 219 

of identity should be greater than 25%. 220 

 The filtered blast results were parsed to associate the COG IDs with the individual 221 

genomic DNA sequences using a custom Perl script.  In the case of a particular sequence 222 

which has multiple hits that belong to different COG classification, we allowed multiple 223 

COG assignment only when the bit scores from the 2nd or 3rd COG classification were no 224 

less than 3-fold different than the bit score from the top COG classification. 225 

RESULTS 226 

 GeneChip analysis of E. coli MDA coverage.  The amount of E. coli gDNA 227 

extracted from both 5000 cells and five cells is very minute and can not be detected by 228 

the Affymetrix E. coli genome GeneChip following hybridization.  This low number of 229 

cells was used to simulate the low abundance of organisms found in contaminated soils.  230 

Genomic DNA extracted from an overnight E. coli culture (how much culture – or about 231 

how many cells - 109 ?) elicited positive signals for all probe sets on the E. coli 232 

GeneChip.  After amplification by MDA, gDNA extracted from both 5000 cells and five 233 

cells resulted in 99.94 percent and 99.2 percent of the probe sets called “Present”, 234 

respectively.   235 

 We also utilized the quantitative information from the GeneChip experiments to 236 

assess if there is over- or under-amplification of regions of the gDNA during the MDA 237 
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reaction.  Over- or under-amplification is defined as a detection value greater or less than 238 

three times the positive control value.  For the 5000 cell amplification, 0.4% of probe set 239 

regions was over-amplified, and 0.9 % was under-amplified.  For the five-cell 240 

amplification, 0.6 percent was over-amplified and 4.6% was under-amplified.  The 241 

amplification bias appears to be random, with regions of over- or under-amplification 242 

distributed across the entire genome. 243 

 Amplification of Mixed Isolates to test for MDA bias.  In order to have 244 

complete and adequate representation of genomes in an environmental sample, the whole 245 

genome amplification must amplify all the genomes present with minimal bias.  To 246 

determine if any MDA bias exists when amplifying from the environment, gDNAs from 247 

eight different known isolates were mixed to simulate an environmental sample.  510, 248 

421, and 359 end-sequences from the un-amplified library, 100-fold dilution amplified 249 

library, and 10,000-fold dilution amplified library, respectively, were analyzed and 250 

binned to the corresponding isolate.  The comparison of the different libraries showed 251 

that there is an MDA bias.  Blast analyses of the end-sequences from random clones from 252 

each of the three libraries revealed that Shewanella oneidensis, Nitrosomonas europaea, 253 

and Geobacter sulfurreducens were amplified preferentially.  Deinococcus radiodurans, 254 

Desulfovibrio vulgaris, Mesorhizobium loti, and Streptomyces coelicolor all had less 255 

representation in the amplified DNA library compared to the un-amplified DNA library, 256 

with S. coelicolor having the least representation.  Staphylococcus epidermidis showed 257 

no bias between un-amplified and amplified DNA.  However, in this small sample set of 258 

sequences, all isolates were represented in the MDA amplified libraries regardless of bias 259 

(Table 1). 260 
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Microbial diversity analysis of the soil libraries.  DNA was isolated from soil 261 

sample cores according to the described protocol.  Three different samples were used for 262 

further studies: Samples FB075 (sample 1), FB076 (sample 3), and FB078 (sample 5).  263 

Extractions from sample 1 and sample 3 resulted in DNA concentrations, which were not 264 

sufficient to obtain 16S rRNA gene PCR products.  The only sample that contained a 265 

sufficient level of DNA template for 16S rRNA gene PCR was sample 5 (<5 ng/l).  A 266 

native 16S rRNA library (native library 5) was constructed from this sample.  In addition, 267 

the DNA from this sample was amplified by MDA with greater than 6 g DNA yield.  A 268 

16S rRNA library was constructed from the amplified product (amplified library 5).  The 269 

same MDA amplification method was used on the DNA obtained from sample 1 and 3 to 270 

successfully yield greater than 6 µg DNA each, even though PCR attempts were negative.  271 

16S rRNA libraries were constructed from these amplified products (amplified library 1, 272 

amplified library 3). 273 

To compare the microbial diversity before and after MDA, 47 16S rRNA gene 274 

clones from the native library 5 were sequenced and compared to 125 16S rRNA gene 275 

clones derived from the amplified library 5.  Microbial diversity between deep (8.4-9 m, 276 

sample 1) and shallow (3.9-4.5 m, sample 3) soil samples from Area 3 was analyzed by 277 

comparing the 16S rRNA libraries from amplified samples 1 and 3.  To estimate the 278 

microbial diversity within these samples, rarefaction curves using a 2% difference in SSU 279 

rDNA were used for species separation.  The two libraries prepared from sample 5, native 280 

and amplified, indicated a significantly higher diversity of the amplified library (149 281 

species versus 88 species for the native library – mention Chao1?), with upper estimates 282 
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reaching an excess of 200 species.  The Shannon-Weaver index value also indicates 283 

higher species diversity in the amplified library prepared from sample 5 (Fig.1, Table 2). 284 

 Rarefaction curves calculated for the 2% distance shows signs of leveling of the 285 

number of novel OTUs (species) identified by increasing sequence sampling of sample 3 286 

and especially sample 1.  The Chao 1 estimator predicts a minimum number of 24 species 287 

(17 to 92 at the 95% confidence interval) for sample 1 and 45 species (33 to 102 at the 288 

95% CI) for sample 3, similar estimates being obtained using ACE (Table 2).   289 

 The taxonomic diversity at higher levels is revealed by the phylogenetic trees 290 

constructed based on the sequences from the three different samples as well as the 291 

histogram figure summarizing the diversity at phylum or class level for each 16S rRNA 292 

library (Figs. 2, 3, 4).  The availability of sequences from both native and amplified 293 

community gDNA for sample 5 allowed us to investigate possible biases introduced by 294 

the amplification step.  In general, there is good agreement between the taxonomic 295 

groups identified in the two samples with some differences, especially for groups that 296 

have low representation (e.g. alpha proteobacteria, Verrucomicrobia and some of the 297 

uncultured groups).  Overall, however, no single phylum appears to be strongly 298 

dominating compared to the other sample (what does “other sample” refer to here?).  299 

Acidobacteria and the candidate division OP11 are over represented in both samples in 300 

terms of species. 301 

 Sample 3, while of higher diversity in comparison to sample 1, reveals a relatively 302 

even distribution of species across several major phyla, including proteobacteria, 303 

actinobacteria, planctomyces, verrucomicrobia, and the candidate division OP11.  In 304 

sample 1 however, there is a dominance of gamma proteobacteria (~35%), equally 305 
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distributed between a close relative of Pseudomonas synxantha (>50% of sequences) and 306 

a Legionella-type species.  The next most represented groups (25% each) are 307 

Cytophaga/Bacteroidetes, represented by 27 sequences and approximately 4 species-level 308 

OTUs and beta proteobacteria (several taxa including Spirillum, Aquaspirillum and 309 

Cenibacterium relatives). (do any of the clones correspond to sequences found at the Oak 310 

Ridge FRC before?) 311 

 Partial end sequencing and COG analysis of environmental clones from 312 

genomic libraries 1, 3, and 5.  Although a 16S rRNA gene PCR product was 313 

successfully amplified from the sample 5 gDNA, the amount of gDNA obtained was not 314 

sufficient for phagemid library construction.  Extracted DNA from all three samples was 315 

amplified by MDA to create a sufficient quantity of DNA (2 µg) to construct genomic 316 

libraries.  To check the quality and diversity of environmental libraries 1, 3 and 5, 317 

constructed from amplified DNA, 960, 864, and 864 random clones from each were 318 

sequenced, respectively.  A total of 4021 sequences of 400 nt or longer were generated 319 

from both ends of the clones.  Of these sequences, 2759 (68.6%) showed similarities to 320 

known genes in the database.  Further analysis showed that 2180 (54.2%) sequences had 321 

similarity to bacterial proteins, 133 (3.3%) to archaeal proteins, and 51 (1.3%) to 322 

eukaryal proteins.  A contig assembly of the end-sequences was used to analyze the 323 

extent of MDA bias on the amplified DNA used to construct the libraries.  If a high 324 

proportion of sequences form contigs, a bias in amplification of these sequence regions is 325 

possible.  Libraries 1, 3, and 5 had 370 sequences that formed 101 contigs, 152 sequences 326 

that formed 53 contigs, and 141 sequences that formed 54 contigs, respectively (Table 3).   327 
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The size of the largest contig formed in library 1, 3, and 5, was 1799 nt, 2373 nt, and 328 

2749 nt, respectively. 329 

In order to explore the possible functions of the predicted proteins from the 330 

sequences collected in each soil library, COG (cluster of ortholog) analysis with the 331 

random sequence reads was performed.  More than half of the sequences from each 332 

library showed homology to the entries in the STRING COG database.  For example, for 333 

library 1, among the 1394 random sequences, 1154 of them were assigned to 674 distinct 334 

COG IDs.  For library 3, among the 1118 sequences obtained, 782 of them were assigned 335 

to 561 distinct COG IDs.  For library 5, among the 1509 sequences obtained, 1126 of 336 

them were assigned to 800 COG IDs.  As shown in Fig. 5 (Table 4?), the 3 environmental 337 

libraries contain similar distribution for most of the COG functional categories, except 338 

for carbohydrate transport and metabolism and secondary metabolites biosynthesis, 339 

transport and catabolism, which are significantly lower in library 5.   The COG IDs 340 

which are present at higher frequencies in each library mostly belong to hypothetical 341 

proteins.  In library 1, the top 5 most frequent COGs are COG3762: hypothetical protein 342 

(35), COG0642: sensor histidine kinase (27), COG0438: hypothetical protein PF1364 343 

(19), COG0745: putative two-component regulator (17), and COG3696:cation efflux 344 

system protein (16).  In library 3, the top 3 most frequent COGs are COG0642: sensor 345 

histidine kinase (14), COG0463: putative glycosyl transferase (14), and KOG1869: 346 

annotation not available (14).  In library 5, the top 5 COGs which are present most 347 

frequently are COG0642: sensor histidine kinase (32), KOG1869: annotation not 348 

available (24), KOG1216: annotation not available (16), COG0457: tetratricopeptide 349 
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repeat domain 13 (15), and KOG2146: Ser/Arg-related nuclear matrix protein (plenty of 350 

prolines 101-l; Ser/Arg-related nuclear matrix (14) (Table 4). 351 

DISCUSSION 352 

 The economics of sequencing is rapidly changing, due to the improvement of 353 

tools for sequencing and assembly.  This has provided a significant boost to the field of 354 

environmental genomics 15.  Shotgun sequencing provides a wealth of biomarkers that 355 

can be used to assess the phylogenetic diversity of a sample with more power than 356 

conventional PCR-based rRNA studies allow 35.  In addition, the direct sequencing of 357 

environmental samples has provided valuable insights into the lifestyles and metabolic 358 

capabilities of uncultured organisms occupying various environmental niches 33.  359 

Information derived from comparative metagenomic analyses could be used to predict 360 

features of the sampled environments such as elemental recycling, conversion of 361 

biomass, bioremediation, and stress response 15.  So far however, only environments with 362 

relatively high biomass such as biofilms, open ocean water, agricultural soils and forest 363 

soils have been studied 32-35.  Samples with extremely low cell counts such as 364 

contaminated subsurface sediment cores are usually not accessible for an environmental 365 

sequencing study.  A significant, and typically impractical, amount of contaminated 366 

sediment would be necessary to isolate enough DNA for traditional library construction, 367 

and in the case of radionuclide contaminated soils, would pose the added problem of 368 

secondary waste generation.  Possible solutions include the development of new methods 369 

to decrease the amount of DNA needed for library construction or methods to amplify 370 

environmental DNA to obtain enough for library construction.  PCR-based methods have 371 
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been used for whole genome amplification, however they exhibit a high amplification 372 

bias and do not amplify genomes in their entirety 5,13. 373 

 φ 29 DNA polymerase is an enzyme which is widely used for Rolling Circle 374 

Amplification of plasmids and circular DNA templates 6,8.  The strand displacing enzyme 375 

has proof reading activity, is extremely sensitive and has been shown to amplify DNA up 376 

to 70kB 2.  This polymerase has also been used for whole genome amplification of 377 

bacterial isolates 8,20.  To evaluate φ 29 DNA polymerase MDA for whole genome 378 

amplification from low biomass samples we first performed MDA on as few as five E. 379 

coli cells.  Gene chip data demonstrated that 99.2% of the E. coli genome was detectable 380 

showing no significant hot spots (areas of over- or under-representation).  Previous 381 

analysis of Xyella fastidiosa libraries constructed from amplified and un-amplified 382 

genomic DNA also showed similar genome coverage from both DNA sources 8.  383 

However, the mixing of eight sequenced bacterial strains, normalized according to their 384 

genome size, revealed preferred amplification of certain strains.  This bias is not thought 385 

to be based on genome accessibility due to G+C content or secondary structures 2,13.  The 386 

introduction of this bias could be due to stochastic effects of amplifying from very low 387 

concentrations of template 20.  Another possibility could be the differential cloning 388 

efficiency of the amplified DNA in comparison to the un-amplified DNA.  Analysis of 389 

the library constructed from the un-amplified DNA also demonstrated some bias, 390 

possibly introduced through different cloning efficiencies, which can be affected by G+C 391 

content, repeats native to the genome sequence, and toxicity, among others.  However, 392 

even from the limited number of MDA- amplified library clones sampled by sequencing, 393 

clones from all the bacterial strains could be identified within the constructed library. 394 
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 It has been demonstrated that core samples obtained from the NABIR site are 395 

very low in bacterial cell counts 17.  Most of the microbial diversity studies on samples 396 

from these sites have been performed on groundwater or on biostimulated samples 18,21,37.  397 

One study that attempted 16S rRNA PCR from DNA extracts of contaminated sediments 398 

was unsuccessful 21.  In the current study, a 16S rRNA gene PCR product from native 399 

gDNA was obtained only from one sample out of nine.  Therefore, we used this sample to 400 

study the bias on microbial diversity introduced through MDA.  The comparison of the 401 

microbial diversity of the native and amplified 16S rRNA library showed relatively small 402 

changes within the taxonomic groups.  Distinguishing traditional taxonomic units (e.g. 403 

species) based on rRNA gene sequences is controversial (Mircea).  Typically, 2-3% 404 

difference at the level of SSU rDNA is used to define operational taxonomic units (OTU) 405 

equivalent to bacterial species, while 5% could be used to distinguish genera (Mircea).  406 

The rarefaction curves calculation used for these samples revealed a higher proposed 407 

species count for the MDA amplified library (149 vs. 88 species).  This can be due to a 408 

more sensitive amplification of underrepresented species through the MDA process in 409 

comparison to the PCR amplification directly from environmental DNA.  This might be 410 

in agreement with Gonzalez et al. (11) who demonstrated a more effective amplification 411 

of species through MDA combined with 16S rRNA specific PCR, versus direct 16S 412 

rRNA specific amplification from environmental samples.  The differences between the 413 

taxonomic groups identified in the two libraries, which occur for groups that have low 414 

representation (e.g. alpha proteobacteria, Verrucomicrobia and some of the uncultured 415 

groups), may be due to limited sequence sampling, especially for the native DNA library.  416 
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The sequence quality of the 16S rRNA amplified library was, in general, good, and there 417 

was no evidence for chimera formation introduced through the MDA amplification. 418 

 The16S rRNA library from sample 3, while of lower diversity, reveals a relatively 419 

even distribution of species across several major phyla, including proteobacteria, 420 

actinobacteria, planctomyces, verrucomicrobia and the candidate division OP11.  The 421 

lower diversity in library 1 compared to library 3 could be explained by the increased 422 

depth of sample 1 and differences in the contamination composition.  However, we 423 

cannot exclude that the extremely low amount of DNA obtained from these samples 424 

biases the total number of predicted species.  Both Library 1 and Library 3 contain 425 

sequences closely related to Pseudomonas synxantha, which is a known reducer of 426 

Cr(VI) as well as a hydrocarbon degrader, pointing toward a potential involvement in 427 

bioremediation 19,31.  Overall, our data shows that MDA can be used to obtain enough 428 

DNA from low biomass samples to evaluate their microbial diversity.  For samples 1 and 429 

3, microbial diversity could be analyzed only after MDA.  Trace amounts of DNA 430 

template in an environmental sample may not be enough to generate a 16S rRNA gene 431 

PCR product, and PCR may also be inhibited by chemical inhibitors found in the soils.  432 

Only after first MDA amplifying the gDNA in the soil samples is PCR possible11. 433 

 A shotgun sequencing approach was used to further test the quality of the libraries 434 

constructed from MDA amplified gDNA.  The amplification of environmental DNA 435 

through MDA is a very powerful technology.  Because the extreme sensitivity of this 436 

method is problematic, reactions must be performed under exceptionally clean 437 

conditions.  In addition, it is important to perform negative control experiments, which 438 

help to evaluate potential contamination of the reagents through foreign DNA. 439 
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 From our validation of the MDA protocol, we have observed very high genome 440 

coverage from an isolate, and a biased but representative (can something be both biased 441 

and representative at the same time? – do you mean genome coverage of each organism 442 

was similar but relative abundances were biased) DNA library from a mix of known 443 

genomes.  From the sampling of sequences of library clone ends, a number of sequences 444 

were assembled into contigs (sequences that formed paired clone-end singletons were 445 

discarded).  The fact that contigs were revealed within a shallow sampling of library 446 

sequences might suggest that there is some bias introduced by MDA.  The assembled 447 

sequences possibly represent the gDNA areas of over-amplification.  The great majority 448 

of the contigs were comprised of only two sequences.  While some contigs were 449 

comprised of more than two sequences, the longest of these contigs contained 10 450 

sequences and was 2700 nt long (data not shown).  This indicates that while there is some 451 

bias introduced, the bias is random (as observed in the GeneChip data) and there is no 452 

major area of over-amplification.  To further decrease the effect of MDA bias on library 453 

cloning, each sample was amplified in triplicate.  Each sample’s amplified products were 454 

then mixed before any further processing or analysis.  In this way, any random bias in 455 

one reaction should be balanced out by the random biases in the other two reactions, the 456 

end-result being representative genome coverage.  Only by further sequencing to a far 457 

greater depth can areas of under-amplification be analyzed.  Analysis by BLAST showed 458 

that 31.4% of the environmental library sequences had no sequence similarity to any of 459 

the known proteins in the database (e-values >10-14).  These sequences are common in 460 

normal MDA-independent genomic libraries (data not shown) 32 and could contain non-461 

coding, intergenic regions, or possibly novel genes.  The sequences that are found in 462 
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MDA libraries could also be the result of MDA artifacts such as primer-derived 463 

multimers (similar to PCR primer-dimer artifacts), and direct and inverted sequence 464 

repeats.  Because the sensitivity of the MDA reaction is known to create DNA products 465 

even in the absence of added cells 20, it can be expected to find sequences with low 466 

sequence-similarity and sequences containing combinations of sequence-repeats in MDA 467 

amplified libraries.  The data from the limited number of clones sequenced reveals 468 

diverse environmental libraries that can be readily screened for native or novel 469 

sequences.  Analysis of the environmental amplified-DNA libraries showed that 80.5% 470 

(but there were 31.4% with no similarity? – I only counted 58.8% between the bacterial, 471 

archaeal and eukaryal) of the sequences had significant similarities to known protein-472 

encoding genes. 473 

 The similarity of the COG analysis from Area 3 (Libraries 1 and 3) suggests the 474 

environment may influence the “functional” profile of a community, which had been 475 

hypothesized previously 33.  The significance of the sensor histidine kinase and two-476 

component regulator COGs present in all contaminated sediments examined and their 477 

relationship to stress response is being analyzed further.  Overall, the sequence analysis 478 

demonstrates that MDA introduces some artifacts but allows the creation of libraries for 479 

shotgun sequencing from these extremely low biomass-containing samples.  Further 480 

studies are needed to reveal if it would be possible to contig whole pathways or genomes, 481 

although significant information about the environment can be obtained by identifying 482 

environment-specific genes 33.  Our limited sequencing analysis of these contaminated 483 

environments is not intended to define the soil metagenome, but to give insight to the 484 

possibilities provided by WGA using φ29 DNA polymerase.  By amplifying the extracted 485 
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DNA from a sample, it is now possible to access the genome information from 486 

contaminated environments that was not previously accessible.  Downstream analysis 487 

could involve functional screening for active clones or sequence-based screening using 488 

probes homologous to known genes. 489 

 Genomic analyses of uncultured microbes can provide significant insight into the 490 

biological properties of individuals within microbial populations 7.  By examining 491 

convergent and divergent sets of proteins and regulatory elements, within niches and 492 

across niches, we can better understand subsurface mobilization and immobilization of 493 

radionuclides and metals.  This will help to manipulate, stabilize, and predict long-term 494 

stability of these contaminants and their relative risk. 495 

 496 
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FIGURES 509 

TABLE 1.  Amplification of mixed isolates to test for MDA bias 510 

 511 

Number of 

Sequences
a %

Number of 

Sequences
%

Number of 

Sequences
%

Deinococcus radiodurans 3.3 66 47 9.2% 5 1.2% 12 3.3%

Desulfovibrio vulgaris 3.8 60 44 8.6% 5 1.2% 8 2.2%

Geobacter sulfurreducens 3.8 61 29 5.7% 54 12.8% 58 16.2%

Mesorhizobium loti 7.6 62 123 24.1% 15 3.6% 12 3.3%

Nitrosomonas europaea 2.8 50 4 0.8% 42 10.0% 46 12.8%

Shewanella oneidensis 5.1 45 97 19.0% 277 65.8% 192 53.5%

Staphylococcus epidermidis 2.5 32 26 5.1% 21 5.0% 30 8.4%

Streptomyces coelicolor 8.7 72 140 27.5% 2 0.5% 1 0.3%

Total 510 421 359

TABLE 1. Comparison of random end sequences of pre- and post-MDA libraries

  a. Classification of sequences to their respective isolate determined by BLASTN searches against the NCBI genome 

database

Pre MDA 1e-2 dilution, post MDA 1e-4 dilution, post MDA

Isolate Size (Mb) % G+C

 512 

 513 

Figure 1.  Rarefaction curves for SSU rRNA genes from amplified samples 1, 3 and 5 and 514 

native sample 5, at 98% sequence identity level 515 

  516 

Figure 2. Phylogenetic tree of SSU rRNA genes from sample 1, calculated using Jukes-517 

Cantor corrected distances. For comparison, the closest relatives (known species and 518 

environmental sequences) were included in the analysis. The numbers in circles indicate 519 

multiple independent clones with highly similar sequences (>99%) to the sequence 520 

indicated on the tree. Numbers at nodes indicate bootstrap support (if <50, indicated by a 521 

small circle). 522 

  523 

Figure 3. Phylogenetic tree of SSU rRNA genes from sample 3, calculated using Jukes-524 

Cantor corrected distances. For comparison, the closest relatives (known species and 525 

environmental sequences) were included in the analysis. The numbers in circles indicate 526 
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multiple independent clones with highly similar sequences (>99%) to the sequence 527 

indicated on the tree. Numbers at nodes indicate bootstrap support (if <50, indicated by a 528 

small circle). 529 

  530 

Figure 4. Phylogenetic tree of SSU rRNA genes from sample 5, calculated using Jukes-531 

Cantor corrected distances. Sequences obtained using non-amplified DNA material are 532 

indicated by filled circle, sequences obtained from MDA-amplified DNA are indicated by 533 

open circles. For comparison, the closest relatives (known species and environmental 534 

sequences) were included in the analysis. The numbers in circles indicate multiple 535 

independent clones with highly similar sequences (>99%) to the sequence indicated on 536 

the tree. Numbers at nodes indicate bootstrap support (if <50, indicated by a small circle). 537 

  538 

 539 

 540 

Figure 1.  Rarefaction curves for SSU rDNA sequences at 98% identity level 541 

 542 
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 544 

TABLE 2. 545 

Number of sequences Chao estimates (95% confidence) ACE estimate Shannon diversity index

1 83 24 (17..92) 27 2.30 (2.12..2.49)

3 80 45 (33..102) 47 3.10 (2.91..3.29)

5 amplified 125 149 (107..248) 163 4.10 (3.95..4.25)

5 native 47 88 (41..330) 82 3.21 (2.97..3.46)  546 

Figure. 2: Phylogenetic Tree of Sample 5- amplified and un-amplified. 547 

Figure 3: Phylogenetic Tree of Sample 1. 548 

Figure 4: Phylogenetic Tree of Sample 3. 549 

 550 
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Library 1 % 3 % 5 % Total %

Number of clones sequenced 960         864         864         

Sequences generated 1,920      1,728      1,728      

Quality Sequences
a

1,394      100         1,118      100         1,509      100         4,021      100         

Sequences that form contigs 370         26.5        152         13.6        141         9.3          663         16.5        

Number of contigs assembled 101         53           54           208         

Sequences with similarities <e-10
b

977         70.1        703         62.9        1,079      71.5        2,759      68.6        

sequences with similarities <e-15 854         61.3        603         53.9        931         61.7        2,388      59.4        

Highest similarity to bacterial gene <e-10 880         63.1        629         56.3        671         44.5        2,180      54.2        

Highest similarity to archaeal gene <e-10 12           0.9          43           3.8          78           5.2          133         3.3          

Highest similarity to eukaryotic gene <e-10 12           0.9          18           1.6          21           1.4          51           1.3          

  a. Sequences >400nt in length

  b. e-values from BLASTX searches against the NCBI protein database

TABLE 3.  Statistics on library end-sequences

 551 

TABLE 4: COG Analysis 552 

Functional Classification Library 1 Library 3 Library 5 
  # seq % # seq % # seq % 
Amino acid transport and metabolism 64 0.041 47 0.041 76 0.058 
Carbohydrate transport and metabolism 186 0.118 186 0.162 73 0.056 
Cell cycle control, cell division, chromosome partitioning 16 0.010 11 0.010 21 0.016 
Cell motility 4 0.003 4 0.003 7 0.005 
Cell wall/membrane/envelope biogenesis 117 0.074 90 0.079 122 0.093 
Coenzyme transport and metabolism 68 0.043 23 0.020 31 0.024 
Defense mechanisms 42 0.027 28 0.024 43 0.033 
DNA replication, recombination and repair 86 0.054 61 0.053 84 0.064 
Energy production and conversion 215 0.136 164 0.143 86 0.066 
Function unknown 118 0.075 48 0.042 68 0.052 
General function prediction only 120 0.076 101 0.088 130 0.100 
Inorganic ion transport and metabolism 89 0.056 57 0.050 44 0.034 
Intracellular trafficking, secretion, and vesicular transport 13 0.008 12 0.010 15 0.011 
Lipid transport and metabolism 36 0.023 12 0.010 22 0.017 
Nucleotide transport and metabolism 30 0.019 21 0.018 47 0.036 
Posttranslational modification, protein turnover, chaperones 189 0.120 148 0.129 199 0.152 
RNA processing and modification 1 0.001     3 0.002 
       
Secondary metabolites biosynthesis, transport and catabolism 26 0.016 21 0.018 13 0.010 
Signal transduction mechanisms 80 0.051 31 0.027 90 0.069 
Transcription 37 0.023 29 0.025 47 0.036 
Translation, ribosomal structure and biogenesis 43 0.027 52 0.045 84 0.064 

Total # sequenced 1580   1146   1305   

 553 

 554 
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