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Effect of probe-target sequence identities on hybridization signal intensity.
Symbols correspond to different naphthalene pathway genes.
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2398777: catechol 1,2-dioxygenase

11323312: dibenzothiophene desulfurization enzyme ( DszD )
21322689: mercuric reductase

11991169: 4 -chlorobenzoate Co -A ligase

4584854: 4 -chlorobenzoate CoA ligase

5824143: alkane -1 monooxygenase

18369658: benzoyl CoA reductase subunit

11967269: 3 -oxoadipate enol -lactone hydrolase
14335415: dibenzothiophene desulfurization enzyme ( dszA)

1841362: aniline dioxygenase

4827073: cis-naphthalene dihydrodiol dehydrogenase

3641341: lactone -specific esterase

2935025: protocatechuate dioxygenase
3402306: catechol 2,3-dioxygenase

20373111: meta cleavage compound hydrolase (dioxin)

14585958: protocatechuate 3,4- dioxygenase

21115304: cation efflux protein

16943679: cyclopentanone 1,2-monooxygenase

2828018: naphthalene 1,2 dioxygenase
1477923: dinitrotoluene dioxygenase

4220429: aldolase

3337416: salicylaldehyde dehydrogenase

4220434: fumarylpyruvate hydrolase

4234998: naphthalene dioxygenase

18643025: nitrobenzene dioxygenase
1773277: nitrotoluene dioxygenase

4220432: glutathione S -transferase

3894249: phenol hydroxylase

18307552: naphthalene dioxygenase

4220435: maleylpyruvate isomerase
4234963: naphthalene dioxygenase

2828016: salicylate 5-hydroxylase

8118287: cis-naphthalene dihydrodiol dehydrogenase

4220433: gentisate 1,2 -dioxygenase

17942397: dinitrotoluene dioxygenase

2828015: salicylate 5-hydroxylase
2463460: 4 -Hydroxybenzoyl -CoA reductase

12667043: 3 -hydroxybenzoate CoA ligase

1040685: benzoate -CoA ligase

12655805: benzoyl -CoA oxygenase

2190573: cyclohex -1 -ene-1 -carboxylate CoA ligase

2599295: 2,4 -dichlorophenol hydroxylase
21322691: mercuric reductase

18150574: naphthalene -inducible monooxygenase

4160661: protocatechuate 3,4-dioxygenase

4096595: protocatechuate 3,4-dioxygenase

3892461: catechol 2,3-dioxygenase

151385: naphthalene dioxygenase
151455: phenol hydroxylase

22252965: naphthalene dehydrogenase

3402328: catechol 2,3-dioxygenase

7619822: phenanthrene dioxygenase (Fd)

2429345: tellurite resistance protein
3059185: 2,3 -dihydroxybiphenyl 1,2 -dioxygenase

4584855: 4 -chlorobenzoyl CoA dehalogenase

13516851: 4 -Chlorobenzoate -CoA ligase

Hierarchical cluster analysis of soil microbial communities in four different

contaminated soils based on hybridization signal intensity ratios for the
genes showing SNR > 3.  Soil TFD-NP represents TFD soil after exposure

to naphthalene vapor.

Introduction

The recent development of microarrays as powerful, high-throughput

genomic technology has spurred investigators toward their use for the

study of various biological processes.  However, adapting microarrays for

use in environmental studies presents great challenges in terms of

design, use and data analysis.  The genes encoding functional enzymes

involved in various biogeochemical cycling (e.g. nitrogen, carbon and

sulfur) and bioremediation processes, are very useful as signatures for

monitoring the potential activities and physiological status of the microbial

populations that drive these environmental processes.  Both

oligonucleotides and DNA fragments derived from functional genes can

be used for fabricating functional gene arrays (FGAs).  However,

microarrays containing large DNA fragments as probes are generally

constructed from polymerase chain reaction (PCR)-amplified DNA.

Obtaining all the diverse environmental clones and bacterial strains

required as templates for this amplification from their various sources is

virtually impossible.

To circumvent this problem, FGAs containing synthetic

oligonucleotides (oligos) have been developed for use.  The main

advantage of oligo FGAs is that construction is much easier than DNA-

based FGAs, because the probes can be directly designed and

synthesized based on sequence information from public databases.

Therefore, comprehensive arrays representing the extreme diversity of

known environmental sequences can be constructed.  This poster details

results from use of a 50mer FGA that indicates the array has potential as

specific, sensitive, and potentially quantitative parallel tools for

characterizing the composition, structure, activities and dynamics of

microbial communities in natural environments.  Based on these results a

much more comprehensive 50mer FGA of several thousand gene probes

is being designed and tested in our laboratory.

-0.65 ± 0.130.66 ± 0.100.62 ± 0.140.57 ± 0.140.66 ± 0.13Family or
higher

0.75 ± 0.150.71 ± 0.070.70 ± 0.070.71 ± 0.070.67 ± 0.160.70 ± 0.09Genus

0.79 ± 0.550.75 ± 0.110.82 ± 0.060.76 ± 0.000.70 ± 0.180.73 ± 0.13Species

0.95 ± 0.030.99 ± 0.010.93 ± 0.060.91 ± 0.050.93 ± 0.040.93 ± 0.03Strain

pmoAamoAnifHnirKnirSdsrAB

Sequence similarities (%) ± standard deviation†
Phylogenetic
hierarchies

†Average and standard deviation of similarity values of six gene groups at different phylogenetic levels.

Table 1. Sequence similarities of dsrAB, nirS, nirK, nifH, amoA and pmoA genes in GenBank.
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Hybridization free energy between probes of varying similarity to target genes.

CommOligo Probe Design Software

Features

 Using novel global alignment algorithms.

 Designing unique probes for a single target.

 Designing group-specific probes for a group of highly homologous sequences.

 Considering probe mismatch position with non-targets.

 Choosing desirable regions for probe design.

 Considering all possible probe candidates and selecting optimal oligonucleotides.

 Potentially designing oligonucleotides for environmental studies (FGA, etc.).

Abstract

To effectively monitor microbial  populations involved in various important processes, a

50-mer-based oligonucleotide microarray was developed based on known genes and

pathways involved in: biodegradation, metal resistance and reduction, denitrification,

nitrification, nitrogen fixation, methane oxidation, methanogenesis, carbon polymer

decomposition, and sulfate reduction.  This array contains approximately 2000 unique and

group-specific probes with <85% similarity to their non-target sequences.  Based on artificial

probes, our results showed that at hybridization conditions of 50°C and 50% formamide, the

50-mer microarray hybridization can differentiate sequences having <88% similarity.

Specificity tests with representative pure cultures indicated that the designed probes on the

arrays appeared to be specific to their corresponding target genes.  Detection limits were

about 5–10ng genomic DNA in the absence of background DNA, and 50–100ng (~1.3 °ø  107

cells) in the presence background DNA.  Strong linear relationships between signal intensity

and target DNA and RNA concentration were observed (r2 = 0.95–0.99).  Application of this

microarray to naphthalene-amended enrichments and soil microcosms demonstrated that

composition of the microflora varied depending on incubation conditions.  While the

naphthalene-degrading genes from Rhodococcus-type microorganisms were dominant in

enrichments, the genes involved in naphthalene degradation from Gram-negative

microorganisms such as Ralstonia, Comamonas, and Burkholderia were most abundant in

the soil microcosms (as well as those for polyaromatic hydrocarbon and nitrotoluene

degradation).  Although naphthalene degradation is widely known and studied in

Pseudomonas, Pseudomonas genes were not detected in either system.  Real-time PCR

analysis of 4 representative genes was consistent with microarray-based quantification (r2 =

0.95).  Currently, we are also applying this microarray to the study of several different

microbial communities and processes at the NABIR-FRC in Oak Ridge, TN.  One project

involves the monitoring of the development and dynamics of the microbial community of a

fluidized bed reactor (FBR) used for reducing nitrate and the other project monitors microbial

community responses to stimulation of uranium reducing populations via ethanol donor

additions in situ and in a model system.  Additionally, we are developing novel strategies for

increasing microarray hybridization sensitivity.  Finally, great improvements to our methods of

probe design were made by the development of a new computer program, CommOligo.

CommOligo designs unique and group-specific oligo probes for whole-genomes, meta-

genomes, and groups of environmental sequences and uses a new global alignment

algorithm to design single or multiple probes for each gene or group.  We are now using this

program to design a more comprehensive functional gene array for environmental studies.

Overall, our results indicate that the 50mer-based microarray technology has potential as a

specific and quantitative tool to reveal the composition of microbial communities and their

dynamics important to processes within contaminated environments.
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Design and Analysis of 50mer FGA

 A comprehensive 50-mer-based oligonucleotide microarray was

developed based on most of the known genes (2,402) and pathways
involved in biodegradation and metal resistance.

 The FGA contained 1,662 unique and group-specific probes with < 85%

similarity to their non-target sequences.

 The FGA was tested for specificity, sensitivity, and linearity of signal

intensity using serial dilutions of Thauera aromatica K-172 genomic DNA
against a background of 1 g S. oneidensis MR-1 genomic DNA as a

negative control.

 Hybridization conditions were 50°C and 50% formamide.

The FGA was used to analyze three different soils: 1) TFD –

contaminated with 27.5 mg of polyaromatic hydrocarbons (PAHs) kg-1

and also various metals ; 2) PCT18 – contaminated with 3.3 mg PAHs
kg-1; and 3) IDT - 3.0 mg of BTEX (benzene, toluene, ethylbenzene, and

xylene), 17 mg of Pb, and 6.3 mg of Cr kg-1.  A non-contaminated forest
soil was used as the control.

FGA Specificity

 The FGA differentiated sequences having < 88% similarity.

 The intersecting vertical line indicates the threshold value of
cross hybridization signal at 88% sequence homology.

 The intersecting horizontal line indicates the suggested - G°65 value

(30 in this case) under which little cross-hybridization occurred.
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 The FGA detection limit was about 50–100 ng of pure culture
genomic DNA or 1.3 _ 107 cells in the presence background DNA.

 Based on the FGA’s ability to differentiate sequences that are < 88% similar, it
should be possible to detect genes at the species level (~70-80% similarity).

 There was a strong linear relationship between FGA signal
intensity and target DNA concentration (r2 = 0.95–0.99).

Quantitative relationship of the FGA-based hybridization with dilutions

of T. aromatica K-172 genomic DNA in presence of background DNA.
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FGA Analysis of Contaminated Soils
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FGA Analysis of a Fluidized

Bed Reactor Community

 A 1400-L fluidized bed reactor 

(FBR) is being used to denitrify 
FRC groundwater.

 Ethanol added as electron donor.

 Occurrences of bulking sludge 

interrupted operation of FBR.

 Samples from before, during, and 
after bulking event were analyzed 

using the FGA.

 Samples were also assayed for total 

carbohydrate and protein content.

 Microorganisms were visualized with

staining and confocal microscopy.

FBR

Clustered Cells in

Bulking Sludge

Bulking Sludge

Concentrations of nitrate, carbohydrate, and protein in FBR.  Timepoints

tested by FGA and microbial analyses are indicated along with two
occurrences of bulking sludge.

 Visual and microscopic

analyses suggested the
bulking was due to

Zoogloeal clustering.
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Hierarchical cluster analysis of FBR microbial communities before, during,

and after bulking sludge occurrence.  An uncontaminated forest soil is
included for comparison.
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 FGA analysis did not detect significant changes in

the FBR microbial community during the bulking
occurrence.

 However, current methods may not detect shifts in
subdominant populations (< 1% of total community).

 Denitrification genes were dominated at all time
points by a nitrate reductase (nasA) similar to

Klebsiella oxytoca and a nitrous oxide reductase
(nosZ) similar to Paracoccus pantotrophus.

 Several sulfur reduction genes were also detected.

 This research suggests the bulking was probably caused

by chemical factors, possibly micronutrient deficiencies,
and not changes in microbial community structure.

 Carbohydrate and protein levels decreased following the

bulking sludge event but this may have been due to other
factors such as reduced levels of nitrate in the influent.

Control

Spots

FGA Analysis of FRC Groundwater after

Biostimulation with Ethanol

 FRC groundwater contaminated with high levels of uranium

(~ 50 mg l-1) and nitrate (~ 4000 mg l-1) was biostimulated
by the addition of ethanol as an electron donor.

 Samples were collected and analyzed using the FGA.

 Genes for
dissimilatory sulfate

reductase (dsrAB),
nitrate reductase

(narG) and nitrite
reductase (nirS) were

detected (indicated by
arrows).

 Spot color scales with

hybridization signal
intensity (blue=low,

green=med, red=high).

 Several genes related to naphthalene degradation were
clustered together and they were abundant in the

naphthalene-amended soil.

 These genes also appeared to be present at very low
levels in all three soils which is not surprising since at least

two of these soils contained low levels of PAHs.

Development of New FGA

 Based on the results highlighted in this poster, we are currently designing a 

more comprehensive 50mer FGA that contains several thousand probes.

 A new software program, CommOligo, has also been developed that greatly 

improves the quality of designed probes.

 These results indicate that the 50mer FGA has potential as specific, sensitive,

and potentially quantitative parallel tools for characterizing the composition, 
structure, activities and dynamics of microbial communities in natural 

environments.

 Development of the new, expanded FGA should further enhance the 

application of this technology to the investigation of critical environmental issues.

 In comparison to other probe design programs, CommOligo designed more gene-
specific and less non-specific probes for tested gene sets.

 CommOligo also designed group-specific probes for highly homologous sequences.
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FUNCTIONAL CAT/GENE # GENES # UNQ # GRP # REJ % INCL FUNCTIONAL CAT/GENE # GENES # UNQ # GRP # REJ % INCL

Nitrogen Cycling Other Processes

Denitrification Sufur reduction

nitrite reductase (nirS) 411 140 129 142 65.5 sulfite reductase (dsrA) 524 245 183 96 81.7

nitrite reductase (nirK) 952 139 132 681 28.5 sulfite reductase (dsrB) 385 162 159 64 83.4

nitrous oxide reductase (nosZ) 273 117 94 62 77.3 adenosine phosphosulfate (apsA) 80 71 3 6 92.5

nitrate reductase (narG) 544 196 227 121 77.8 subtotal 989 478 345 166 83.2

nitrate reductase (nasA) 120 57 55 8 93.3

nitric oxide reductase (norB) 68 46 13 9 86.8 Methane oxidation/reduction

nitrate reductase (narB) 34 10 22 2 94.1 particulate methane monox 503 67 102 334 33.6

nitrate reductase (napA) 145 56 81 8 94.5 soluble methane monox 204 36 106 62 69.6

subtotal 2547 761 753 1033 59.4 methyl coenzyme M reductase 670 402 184 84 87.5

subtotal 1377 505 392 480 65.1

Nitrification

ammonium monoox. (amoA) 1243 49 349 845 32.0 Carbon polymer degradation

hydroxylamine oxidored. (haoR) 15 2 12 1 93.3 laccase 190 97 79 14 92.6

subtotal 1258 51 361 846 32.8 chitinase 413 248 100 65 84.3

cellulase/endoglucanase 567 417 80 70 87.7

Nitrogen Fixation beta-mannosidase 73 66 4 3 95.9

dinitrogenase (nifD) 124 32 74 18 85.5 subtotal 1243 828 263 152 87.8

dinitrogenase reductase (nifH) 2038 435 549 1054 48.3

subtotal 2162 467 623 1072 50.4 Metal resistance (eg. As, Cd) 2263 1302 604 357 84.2

Grand Total 10581 4341 2980 3260 69.2

Genes and probes to be included in new FGA

 Additional genes (> 5000 sequences) including organic remediation and carbon fixation genes are currently in the design phase.


