APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 2010, p. 1088-1094

0099-2240/10/$12.00  doi:10.1128/AEM.02749-09

Vol. 76, No. 4

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Development of a Common Oligonucleotide Reference Standard for
Microarray Data Normalization and Comparison across Different
Microbial Communities”

Yuting Liang,"**} Zhili He,"*{ Liyou Wu,"* Ye Deng,"* Guanghe Li,’ and Jizhong Zhou'**
Institute for Environmental Genomics and Department of Botany and Microbiology, University of Oklahoma, Norman, Oklahoma 73019';

Jiangsu Polytechnic University, Jiangsu 213164, China®; Department of Environmental Science and Engineering,
Tsinghua University, Beijing 100084, China>; Virtual Institute for Microbial Stress and Survival*f; and
Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720°

Received 12 November 2009/Accepted 13 December 2009

High-density functional gene arrays have become a powerful tool for environmental microbial detection and
characterization. However, microarray data normalization and comparison for this type of microarray remain
a challenge in environmental microbiology studies because some commonly used normalization methods (e.g.,
genomic DNA) for the study of pure cultures are not applicable. In this study, we developed a common
oligonucleotide reference standard (CORS) method to address this problem. A unique 50-mer reference
oligonucleotide probe was selected to co-spot with gene probes for each array feature. The complementary
sequence was synthesized and labeled for use as the reference target, which was then spiked and cohybridized
with each sample. The signal intensity of this reference target was used for microarray data normalization and
comparison. The optimal amount or concentration were determined to be ca. 0.5 to 2.5% of a gene probe for
the reference probe and ca. 0.25 to 1.25 fmol/pl for the reference target based on our evaluation with a pilot
array. The CORS method was then compared to dye swap and genomic DNA normalization methods using the
Desulfovibrio vulgaris whole-genome microarray, and significant linear correlations were observed. This method
was then applied to a functional gene array to analyze soil microbial communities, and the results demon-
strated that the variation of signal intensities among replicates based on the CORS method was significantly
lower than the total intensity normalization method. The developed CORS provides a useful approach for

microarray data normalization and comparison for studies of complex microbial communities.

Microarray-based technology has become a robust genomic
tool to detect, track, and profile hundreds to thousands of
different microbial populations simultaneously in complex en-
vironments such as soils and sediments. For example, Geo-
Chip, a comprehensive functional gene array, has been devel-
oped for investigating biogeochemical, ecological, and
environmental processes (12, 18, 23, 27, 29, 32). Although a
massive amount of microarray data can be generated rapidly,
one of the bottlenecks in using microarrays for environmental
microbial community studies is the lack of an appropriate
standard for data comparison and normalization (6). Cur-
rently, it is difficult to compare microarray data across different
sites, experiments, laboratories, and/or time periods (10). This
limits the power of the technology to address ecological and
environmental questions.

In pure culture-based functional genomics studies, genomic
DNAs (gDNAs) have been used as a common reference for
hybridizations in which the same amount of gDNAs are used to
cohybridize with each target cDNA sample and then to nor-
malize different target cDNAs based on the gDNA standard (4,
5,8,9,19, 21, 23). Several normalization methods such as scale
normalization, quantile normalization, and Lowess normaliza-
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tion have been used for gene expression studies (2). Using the
gDNA standard method can minimize or eliminate differences
in target cDNA quantity, spot morphology, uneven hybridiza-
tion, labeling, and sequence-specific hybridization behaviors
(5), and this allows the comparison of microarray data across
different sites, laboratories, experiments, and/or times. The
main rationale for gDNA as a common reference is that it
provides complete coverage for all genes represented on the
array because the DNA composition from a particular organ-
ism should be identical across different treatment samples even
though RNA expression is different (8). However, this ap-
proach is not applicable to microbial community studies be-
cause not all communities have identical DNA compositions.
Pooling of equal amounts of gDNA or RNA from every target
sample to make a common sample could be used as an alter-
native reference for cohybridization (1, 22). However, the dis-
advantage of the sample pooling approach is that samples do
not provide large amounts of DNA or RNA in a reliable and
reproducible way. For example, groundwater samples usually
have a very low biomass and thus would not provide enough
DNA for pooling. In addition, the sample pool itself is unchar-
acterized, and gene abundance may be diluted out so that
insufficient DNA is present to result in a positive signal some
array features, especially for those genes in low abundance.
Moreover, a new sample pool would be required for every new
experiment, making comparison across experiments difficult.
Thus, other approaches need to be developed for microbial
community studies.
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TABLE 1. Microarrays and samples used in this study”

Reference
. Probe type Surface coating and . . probe (amt . . Normalization
Array (oligonucleotide) specification Intrareplicate [%] of test Test targets/samples method(s)?
probes)
Pilot array 50-mer 30 functional genes Six replicates on 10, 5, 2.5, 1, gDNAs of D. vulgaris, R. LIV
derived from D. a slide 0.5, 0.25, palustris, and S. oneidensis
vulgaris, R. palustris, 0.1, and
and S. oneidensis 0.05
D. vulgaris whole- 70-mer OREFs for the genome of  Duplicates on a 2.5 RNAs and gDNA of wild 1L, 11, IV
genome array D. vulgaris slide type D. vulgaris and Afur
Hildenborough mutant
GeoChip 50-mer 37,000 gene sequences for No intrareplicates 2.5 Microbial gDNAs from L1V
more than 290 gene environmental soil samples
families of oilfield

“ For the CORS sequence, the reference probe was 5'-CCGCACCTCGGACCGCACACAATCGTTTGAGGACGTGTAGCTGTGCTGGC-3'. The reference

target was complementary to the probe with Cy3 labeled at the 5’ end.

1, mean signal intensity normalization; II, dye swap normalization; ITI, gDNA normalization; IV, CORS normalization. See Materials and Methods for additional

details.

Dudley et al. (7) used a 25-mer oligonucleotide that matched
a small portion of the parental EST clone vector contained in
every PCR product printed on the array for normalization of
pure culture RNA expression. Although the oligonucleotide
generated a stable hybridization signal on every array feature,
this method requires a universal sequence tag as a “capture”
sequence, limiting its general use in microbial community stud-
ies. Thus, in the present study, we developed a common oligo-
nucleotide reference standard (CORS) approach by co-spot-
ting a common oligonucleotide with each array feature to
improve the accuracy and comparability of microarray data for
microbial community studies. This method was evaluated by
using a pilot array, a whole-genome array, and a functional
gene array, and all results demonstrate that the developed
CORS is a reliable and reproducible method for microarray
data normalization and comparison for microbial community
studies.

MATERIALS AND METHODS

Bacterial strains and environmental samples. Shewanella oneidensis MR-1
was from our laboratory culture collection and Rhodopseudomonas palustris
CGAO009 was provided by Caroline Harwood, Department of Microbiology,
University of Washington (Seattle, WA). Desulfovibrio vulgaris Hildenborough
(ATCC 29579) was obtained from the American Type Culture Collection (Ma-
nassas, VA). The D. vulgaris Afur mutant was constructed with a marker-ex-
change method for gene deletion as described previously (3). S. oneidensis was
grown in Luria-Bertani broth, and R. palustris was grown in nutrient broth.
Wild-type D. vulgaris and the Afur mutant were grown in LS4D medium con-
taining 5 WM FeCl, instead of 60 uM FeCl, (3). Cells were harvested at the
exponential phase and frozen at —80°C.

To evaluate the performance of the CORS for microarray data normalization
and comparison in microbial community analysis, soil samples obtained from
Dagqing oilfield in northeast China were used. The oilfield was explored in the
1960s and has the largest production of crude oil among all oilfields in China.
Some sites in the Daqing oilfield were contaminated as a result of oil exploration,
production, maintenance, transportation, storage, and accidental release. Soil
samples were collected to a depth of 10 cm in September 2006 from both
contaminated and uncontaminated sites to compare the response of the micro-
bial communities to crude oil contamination. Soil samples were sealed in sterile
sampling bags and transported to the lab on ice. The physical and chemical
properties were measured immediately as described previously (18).

Nucleic acid extraction and purification. The gDNAs of the pure cultures were
isolated as previously described (31) and treated with RNase A (Sigma, St. Louis,

MO). Soil community DNAs were isolated and purified as described previously
(30). The molecular weights of all DNA samples were checked by using agarose
gels stained with ethidium bromide and quantified by using Quant-It PicoGreen
(Invitrogen, Carlsbad, CA).

RNA of wild-type D. vulgaris and the Afur mutant were isolated by using
TRIzol (Invitrogen) and purified with the RNeasy minikit (Qiagen, Valencia,
CA) and an RNase-free DNase set (Qiagen). All DNA and RNA samples were
stored at —80°C.

Oligonucleotide reference probe design and microarray construction. To
avoid confusion, the following terms were used in the present study. (i) Test
probes or gene probes refer to oligonucleotide probes targeting specific genes on
an array. (ii) Test samples or targets refer to genomic DNAs or total RNAs from
pure cultures or microbial communities (environmental samples) used for array
hybridizations. (iii) Reference probe refers to the common oligonucleotide probe
that is mixed at a certain proportion with each gene probe. (iv) Reference target
refers to the labeled oligonucleotide that is complementary to the reference
probe and is spiked into each sample. (v) Finally, for the co-spot the reference
probe is mixed with each gene probe at a certain proportion and the mixture of
both probes is printed on an array for each array feature.

The reference probe (50-mer) was randomly designed to have ~50% G+C
content and compared to all sequences in current databases to make sure that
the sequence would not have any cross-hybridization with other sequences. The
reference target (50-mer) was labeled with Cy3 at the 5" end during synthesis
(Table 1).

Three types of arrays were used in the present study (Table 1). (i) A pilot array
was constructed to determine the optimal amount and/or concentrations of
reference probe printed on the array and the reference target spiked into the
sample target. The pilot array was constructed with 30 gene probes (50-mer
oligonucleotide: dnakK, gimsS, murA, murL, nadE, nusG, proS, recA, rpoB, and
rpsK of D. vulgaris, R. palustris, and S. oneidensis); a detailed description of test
probe design is described elsewhere (13, 17). To determine the optimal amount
of reference probe, reference probe was spiked into gene probes at various
proportions of 10, 5, 2.5, 1, 0.5, 0.25, 0.1, and 0.05% and coprinted on the pilot
array with six replicates. (ii) The D. vulgaris Hildenborough whole-genome mi-
croarray was used to evaluate the performance of this method in detecting the
difference in gene expression between the D. vulgaris wild type and the Afur
mutant in comparison with other normalization methods. The D. vulgaris mi-
croarray (70-mer oligonucleotide) was constructed to cover all open reading
frames (ORFs) for this organism as described previously (11, 20), with the
addition of the reference probe (2.5% of gene probe) co-spotted on each array
feature. (iii) GeoChip 3.0, an updated version of GeoChip 2.0 (12), was used to
test the applicability of the developed CORS approach for studying microbial
communities in natural settings. GeoChip 3.0 contains 24,676 probes co-spotted
with the reference probe (2.5% of a gene probe). It covers ~37,000 gene se-
quences from more than 290 gene families.

Preparation of fluorescently labeled DNA and RNA. The gDNAs of pure
cultures were fluorescently labeled with Cy5 or Cy3 using a BioPrime DNA
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labeling kit (Invitrogen). The gDNA was mixed with 15 pg of random primer,
denatured by boiling for 5 min at 98°C, and then fluorescently labeled at 37°C for
3 hin a reaction solution containing 50 pM dATP, dCTP, and dGTP and 20 pM
dTTP (USB Corp., Cleveland, OH); 1 mM Cy5 or Cy3 dUTP (Amersham
Pharmacia Biotech, Piscataway, NJ); and 40 U of Klenow fragment (Invitrogen).

For environmental soil DNA samples, an aliquot of 100 ng of DNA from each
sample was amplified in triplicate using the TempliPhi kit (Amersham Bio-
sciences, Piscataway, NJ) in a modified buffer containing single-stranded binding
protein (200 ng/pl) and spermidine (0.04 mM) to increase the sensitivity of
amplification and incubated at 30°C for 3 h (28). All amplified DNAs were
labeled with Cy5 as detailed above.

RNA of wild-type D. vulgaris and the Afur mutant was labeled with Cy3 or Cy5
as described previously (11). RNA (10 pg) was mixed with 10 pg of random
primers and incubated at 70°C for 10 min and then fluorescently labeled in a
reaction solution containing 10 mM dATP, dCTP, and dGTP and 0.5 mM dTTP
(USB Corp.); 1 mM Cy5 or Cy3 dUTP (Amersham Pharmacia Biotech); 40 U of
RNase inhibitor (Gibco-BRL/Invitrogen); and 200 U of Superscript RNase H-
reverse transcriptase in 1X first-strand buffer, followed by incubation at 42°C for
2 h. All of the labeled products were purified with a QIAquick PCR purification
kit (Qiagen) and dried.

Microarray hybridization, scanning, and image processing. Labeled products
were resuspended in hybridization solution containing 50% formamide, 15X SSC
(volivol; 20X), 3% sodium dodecyl sulfate (volivol; 10%), 7% herring sperm
DNA (10 mg/ml), and 0.8% dithiothreitol (vol/vol; 0.1 M) and brought to a final
volume of 40 wl with manual hybridization and 130 pl with automatic hybrid-
ization.

The hybridizations with the pilot array were carried out manually at 45°C
overnight as detailed described previously (23). The hybridizations with the D.
vulgaris whole-genome array and GeoChip were carried out on a HS4800 Hy-
bridization Station (Tecan US, Durham, NC) at 45 and 42°C, respectively, for
10 h. All hybridizations were performed in triplicate.

Microarrays were scanned on a ScanArray 5000 microarray analysis system
(Perkin-Elmer, Wellesley, MA) with 95% laser power and 68% photomultiplier
tube gain for Cy5 and 74% for Cy3. Signal intensities were measured with
ImaGene 6.0 (Biodiscovery, Inc., El Segundo, CA) by averaging the intensities of
every pixel inside the target region (segmentation method). The mean signal
intensity was determined for each spot, and the local background signals were
subtracted automatically from the hybridization signal of each spot. Any spots
with a signal-to-noise ratio (SNR) of <2.0 were defined as empty spots (14),
while poor spots were defined as spots whose signals could not be accurately
quantified due to their irregular shapes and/or contaminations. All empty, poor,
and outlier spots were removed from subsequent analysis. Any gene with more
than one of three of positive probe spots was considered positive.

Microarray data analysis. To evaluate the performance and effectiveness of
the developed CORS method for data normalization and comparison, the fol-
lowing four normalization methods were used in the present study: mean signal
intensity, dye-swap normalization, gDNA reference, and CORS.

(i) Mean signal intensity normalization. The hybridization signal was normal-
ized by the mean signal intensity across all genes on the array. The across-array
mean was calculated based on all intensities on the arrays after the removal of
empty and poor spots and outliers. Then, a ratio was calculated for each positive
spot by dividing the signal intensity of the spot by the mean signal intensity to
obtain the normalized ratio.

The mean signal intensity x; of the jth replicate in the ith sample was calcu-
lated as follows:

k
X;= Ex,,-,/k (I, 1+ -k detected genes)

=1

The maximum mean signal intensity x,,,, of all replicates in all samples was
calculated as follows:

Xpar = Maxi_(Maxj_ (x) G, 1---n;j,1---m)
The normalize factor N; was calculated as follows:
Ny = XX pa
This method was used for the pilot array and GeoChip. The average signal
intensities across all of the genes were expected to be approximately equal if the

same amount of DNA was used for amplification (if needed), labeling, and
hybridization (27).
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(ii) Dye swap normalization. Ratios were calculated for the sample pair. Any
two of the total replicates were normalized and final ratio values were obtained
by taking the median value of all normalized ratios as described previously (22).
This method was used for the D. vulgaris whole-genome array only.

(iii) Genomic DNA normalization. The ratio r; of each gene pair (i, j) among
replicates was calculated as follows:

ry = logy ((eily)/(xily;))

where x; and x; are the signal intensities for the ith and jth (i # j) genes from the
target DNAs, and y; and y; are their corresponding signals from the hybridization
with gDNAs. Genes with two of three or more positive spots of the total number
of spots among replicates were considered positive. This method was used only
for the D. vulgaris whole-genome array only.

(iv) CORS normalization. For this method, target DNA was labeled with Cy5
and the reference target was labeled with Cy3. First, normalization among
technique replicates was performed by the greatest mean intensity of the Cy5
target signal as described in section i above. Then normalization was performed
among samples using the CORS as follows.

The mean signal intensity x; of the CORS of the jth replicate in the ith sample
was calculated as follows:

m k
E me/k
j=1\i=1
=k 1)

The greatest average intensity x,,,,, across all samples of the CORS was calcu-
lated as follows:

Xax = Maxi_(Iy) G, 1+ -+ n)
The normalization factors N; was calculated as follows:
Nij = XiilXax

Ratios from two dyes were calculated for each spot with the reference target
signal as the denominator. The method was used for all three arrays and not
limited to a set of experiments as long as same amount of reference probe and
reference target were used for all experiments.

All correlation analyses and the paired Student ¢ test were performed with SPSS
13.0 (SPSS, Inc., Chicago, IL). A Mantel test was performed to infer the correlation
between soil hydrocarbon concentrations and the functional genes involved in or-
ganic contaminant degradation based on Euclidean distance with PC-ORD (MjM
Software, Gleneden Beach, Oregon). The P value of the standardized Mantel sta-
tistic () was calculated from 999 Monte Carlo randomizations.

RESULTS

Determination of the optimal amounts or concentrations of
the reference probe and target. The ideal reference amounts
should give detectable and uniform signals on every array fea-
ture without affecting the signal intensities of the real sample.
To determine the optimal amounts or concentrations of refer-
ence probe and target, different concentrations of reference
target (12.5, 1.25, 0.625, 0.25, 0.125, 0.0625, 0.025, and 0.0125
fmol/ul) were spiked into samples (500 ng of gDNA equally
mixed from D. vulgaris, R. palustris, and S. oneidensis) and
cohybridized with the pilot array. The pilot array contained the
reference probes with proportions of 10, 5, 2.5, 1, 0.5, 0.25, 0.1,
and 0.05% relative to the gene probe. The signal intensities of
the CORS increased linearly with the reference target concen-
trations (> > 0.9) (Fig. 1). The average SNR and percentage
of positive spots (SNR > 2.0 without saturation) at each ref-
erence probe and target amount or concentration were calcu-
lated (Table 2). In the middle-range amount or concentrations
of reference probe and target, the signal on each array feature
was effectively detected without saturation, and the signal in-
tensity of samples appeared not to be affected by the reference
probe and reference target tested (Fig. 1). Therefore, the op-
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FIG. 1. Signal intensities of the reference target (ca. 0.0125 to 12.5
fmol/pl) cohybridized with 500 ng of gDNA target of an equal mixture
of D. vulgaris, R. palustris, and S. oneidensis. The amounts of the
reference probe ranged from ca. 0.05 to 10% of a gene probe. Error
bars showing the standard deviations are presented.

timal amount of the reference probe was found to be in a range
of 0.5 to 2.5% of the gene probe and the reference target
concentration to be 0.25 to 1.25 fmol/pl (Table 2). The
amounts or concentrations of the reference probe and target
used in individual experiments can be adjustable for the array
type and size based on the above ranges.

Reduction in experimental variations with the CORS
method. Variations across microarray hybridizations are rela-
tively high, and this is due to many factors such as irregular
spot size and morphology, uneven hybridization, boundary ef-
fects of the slides, high local or global background, and fresh-
ness of reagents. Using the CORS is expected to reduce these
variations during hybridization. To evaluate the effectiveness
of the CORS in reducing these variations, the pilot array con-
taining gene probes from D. vulgaris, S. oneidensis, and R.
palustris was used. Various amounts of gDNA (1,500, 300, 75,
and 15 ng) from an equal mixture of the three bacteria were
labeled with CyS5, spiked with a 1.5-fmol/pl concentration of
reference target, and hybridized with the pilot array. The hy-
bridization signals of these 30 functional genes among inter-
and intrareplicates were normalized by using the mean signal
normalization method and the CORS approach. The varia-
tions of the normalized hybridization signals with the CORS
method were significantly lower than those with the mean
signal normalization method (Fig. 2) with the paired Student ¢
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FIG. 2. Box plots of variations of hybridization signal intensities
among inter- and intrareplicates. A reduction of variations was ob-
served when the CORS method was used for normalization compared
to the mean signal intensity (mean) as evidenced by the paired Student
t test with P < 0.001 for 1,500, 300, and 75 ng of gDNAs and P < 0.05
for 15 ng of gDNAs of equal mixtures of D. vulgaris, R. palustris, and
S. oneidensis.

test (P < 0.001 for 1,500, 300, and 75 ng of gDNA targets; P <
0.05 for 15 ng of gDNA target), suggesting that the CORS
method is effective in reducing experimental variations.
Quantitative capability with CORS. The quantitative capa-
bility of 50-mer oligonucleotide microarrays for detecting mi-
crobial functional genes has been reported (23). The quanti-
tative relationship between the normalized hybridization signal
intensity and the original DNA concentration was further eval-
uated. Two normalization methods were compared: mean sig-
nal intensity normalization and the CORS normalization. The
signal intensity was linear (7 = 0.95~0.99) for all detected
genes (dnaKk, gimS, murA, murL, nadE, nusG, proS, recA, rpoB,
and rpsK from D. vulgaris, R. palustris, and S. oneidensis) over
a range of 15 to 1,500 ng of genomic DNA using the mean
signal intensity normalization method, and 7* = 0.96 to 0.99
when the CORS normalization method was used. These results
demonstrate that the CORS method could accurately estimate
the relative abundance of target genes in a wide range.
Analysis of gene expression with D. vulgaris wild type and
Afur mutant. Although the CORS method was primarily de-
veloped to normalize functional gene abundance data (DNA)
for microarrays used to study microbial communities, it is im-
portant to compare this method with other traditional normal-
ization methods, which are primarily used to normalize expres-
sion data (RNA) of pure culture data. The gDNA method has
been widely used for microarray data normalization and com-
parison, and the dye swap method has been considered a tra-
ditional approach for two-dye microarray data normalization

TABLE 2. Average SNR of reference probe and target”

Reference probe

Reference target concn (fmol/ul)

amt (%) 125 1.25 0.625 0.25 0.125 0.0625 0.025 0.0125
10.00 1155(80.1)  672(99.1)  523(989)  195(100)  122(100)  4.67(96.4)  2.16(39.1) 0.9 (6.6)
5.00 97.0(91.4)  523(100)  36.5(100)  15.5(100) 59(97.8)  4.7(918) 1.1 (9.5) 0.8 (7.3)
250 64.8 (97.8) 36.1 (100) 28.8 (100) 12.1 (100) 6.9 (98.1) 3.1(71.0) 1.5 (21.5) 0.7 (18.9)
1.00 356(100)  18.1(100)  15.4 (100) 6.8 (94.4) 2.6(39.0) 2.0 (35.8) 0.7 (4.7) 0.5 (2.0)
0.50 23.9(100)  13.8 (100) 8.7 (99.4) 4.9 (83.0) 2.1(6.2) 1.3 (14.5) 0.6 (3.1) 0.5 (0.4)
0.25 13.8 (100) 7.6 (95.0) 4.9 (89.7) 2.7 (44.0) 1.1(9.7) 0.9 (6.8) 0.4 (0) 0.4 (0.2)
0.10 6.2 (91.2) 3.4 (54.7) 2.3 (40.3) 13 (15.4) 0.7 (3.8) 0.6 (3.1) 0.4(02) 0.4 (0.4)
0.0 3.3(67.7) 1.7 (19.7) 12(162) 0.8 (12.2) 0.4 (0.4) 0.4 (1.2) 0.3 (0) 0.3 (0)

“ The percentages of good spots (SNR = 2 without saturation) are indicated in parentheses. The optimal amounts and concentrations of reference probe and target
are indicated in boldface.
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FIG. 3. Quantitative analysis of relationships for expression ratios
of all genes (Afur mutant RNA/wild-type RNA of D. vulgaris) between
different normalization methods. (A) Dye swap versus CORS;
(B) gDNA versus CORS.

in pure culture studies. To evaluate the accuracy of the devel-
oped CORS normalization, it was compared to the gDNA and
dye-swap methods.

The gene expression of the wild type and Afur mutant of D.
vulgaris Hildenborough was analyzed after the raw data was
normalized by three (gDNA, dye swap, and CORS) different
methods. Scatter plots of gene expression ratios (mutant RNA/
wild-type RNA) for the CORS normalization against the
gDNA and dye swap methods indicated high correlations be-
tween the CORS and the other two methods (Fig. 3). The
Pearson correlation was 0.908 for the dye swap method versus
the CORS method (Fig. 3A) and 0.976 for the gDNA method
versus the CORS method (Fig. 3B). All of these correlations
were statistically significant (P < 0.001). Good linear relation-
ships were also observed by using nonparametric Spearman
rank correlation (data not shown). The results indicate that the
CORS method performed equally well compared to two es-
tablished methods.

We also compared the positive spots detected by the gDNA
method and the CORS approach using the D. vulgaris whole-

APPL. ENVIRON. MICROBIOL.
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FIG. 4. Ratios (Afur mutant RNA/wild-type RNA of D. vulgaris) of
gene expression obtained from three normalization methods, dye
swap, gDNA, and CORS.

genome microarray (9). In total, 3,586 genes were printed on
the microarray in duplicate (7,172 spots). Both gDNA and the
CORS approach detected almost all of the array features,
98.3% for gDNA and 98.2% for the CORS. Consequently,
almost all information from the expressed genes was obtained
when gDNA or the CORS was used as a reference with 94.1 or
96.2% spots detected for the mutant, respectively, and 99.2 or
98.5% for the wild type, respectively. Therefore, the CORS
method represented a high coverage on the reference channel.

We selected 20 genes known to be affected by a fur mutation
for further analysis. All of these genes showed a high correla-
tion of gene expression based on the three normalization
methods (Fig. 4). For example, it has been reported that three
feoAB genes were highly induced in the Afur mutant of D.
vulgaris (3). In the present study, the log, (mutant/wild-type
ratios) of feoAB genes with the CORS method were 2.12, 1.78,
and 1.84 for feoB (ORF03249), feoA (ORF03251), and feoA
(ORF03253), respectively (Fig. 4), similar to a previous study
(3). All of these analyses clearly show that very similar results
were obtained with the three different normalization methods
and that gene expression profiles normalized by the CORS
method were significantly correlated to those from another two
commonly used normalization methods.

Application of the CORS method to analyze functional gene
array data from environmental microbial communities. To
further determine the applicability of the developed CORS
method for microarray-based analysis of complex environmen-
tal microbial communities, microbial communities of high-,
low-, and no-contamination soil samples were analyzed with
the new version of GeoChip (GeoChip 3.0). Variations of
three replicates for each gene were significantly lower after
normalization by the CORS method (Fig. 5), P < 0.001 for all
of the samples based on the paired Student ¢ test. Thus, the
developed CORS method significantly reduced the variation
among replicates.

Samples from different sites could be compared in a more
accurate way after normalization by the CORS method. Changes
in soil microbial functional genes with crude oil contamination
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FIG. 5. Box plots of variations of hybridization signals among rep-
licates of high-, low-, and no-contamination soil microbial communi-
ties. A reduction in variation was observed when GeoChip data were
normalized with the CORS method compared to the conventional
mean signal intensity (mean) method as evidenced by the paired Stu-
dent ¢ test with P < 0.001.

were further studied using the CORS normalization method. The
functional genes involved in organic contaminant degradation
showed significant correlations with hydrocarbon concentrations
based on the Mantel test (P < 0.05). A high abundance of
alkane degradation genes such as alkB encoding alkane hy-
droxylase, alkH encoding aldehyde dehydrogenase and alkK
encoding acyl-coenzyme A synthetase were detected across all
samples. These genes were mainly derived from common gen-
era such as Pseudomonas, Mycobacterium, Rhodopseudomonas,
Burkholderia, Bacillus, and Ralstonia. The alk gene abundance
was 31.0% higher in the high-contamination soil than in the
no- and low-contamination soils. Aromatic hydrocarbons were
another major component of crude oil. Functional genes in-
volved in biphenyl degradation detected in the soil samples
were bphA, bphC, and bphD derived from Rhodococcus,
Pseudomonas, Xanthobacter, and Burkholderia spp. The naph-
thalene catabolic genes nagG represented the highest abun-
dance in high-contamination soils and were mainly from
Roseovarius, Pseudomonas, Bordetella, Silicibacter, Ralstonia,
Bradyrhizobium, and Mycobacterium spp., as were another two
naphthalene catabolic genes, nagl and nagK, from Polaromo-
nas, Pseudomonas, Sphingomonas, and Burkholderia spp. For
organic contaminant degradation, catechol is a key dihydroxy-
lated intermediate in the PAH catabolic pathways. Crude oil
also stimulated the abundance of functional genes encoding
catechol 1,2-dioxygenase and catechol 2,3-dioxygenase, which
were mainly derived from Arthrobacter, Burkholderia, Mycobac-
terium, Nocardia, Pseudomonas, Ralstonia, and Rhizobium spp.
These results showed that the high abundance of genes encod-
ing enzymes degrading various organic chemicals was in good
agreement with high organic contamination in the soils, and
this also suggests that the CORS method is suitable for the
comparison and normalization of functional gene-based mi-
croarray (e.g., GeoChip) data for complex environmental mi-
crobial community studies.

DISCUSSION

Recently, functional gene-based microarrays have been
widely used for the detection, identification, and characteriza-
tion of microbial communities in natural environments, but
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data normalization and comparison for these microarrays re-
main challenging due to the extremely high diversity and com-
plexity of environmental samples. In the present study, we
developed a CORS method to address this challenge. This
method was evaluated by using different types of microarrays,
and the results demonstrated that this CORS method per-
formed well in comparison with other commonly used normal-
ization methods.

The CORS method presented here was developed to allow
microbial community microarray data to be normalized and
compared across different samples, experiments, time points,
and/or laboratories. Although functional gene arrays, such as
GeoChip, have been applied for detecting and monitoring mi-
crobial communities, data normalization and comparison are
difficult mainly due to the lack of a common reference. Cur-
rently, microarray data are normalized by a few methods, such
as dye swap (16), gDNA (26), and mean/total signal (27).
However, most of these methods are only suitable for pure
cultures since they have the identical composition of nucleic
acids from each organism. For environmental samples, the
compositions of microbial communities are generally un-
known, so it is extremely difficult, even impossible to use
gDNAs as a common reference for a microbial community.
The mean/total signal intensity normalization method has been
used for analysis of functional gene array data (27), but it is
limited to normalize signals among the replicates of a biolog-
ical sample, or similar biological samples from different exper-
iments or time points, which are analyzed at the same time. For
the CORS method developed here, the reference probe and
target are synthesized oligonucleotides, and their quality and
amounts can be accurately controlled and optimized. Com-
pared to the mean signal intensity normalization method, this
method can greatly reduce hybridization variations and nor-
malize the signal intensity of any environmental samples in a
more flexible and accurate way. The CORS method is also
more convenient and time-saving, and only requires small
amounts of the reference probe and the reference target in
comparison with the lambda DNA method. For the CORS
method, if the same amounts of the reference probe and ref-
erence target are used, their signal intensities are expected to
be the same across different hybridizations no matter what
samples are analyzed, where those samples come from, and
which laboratories conduct those experiments. Therefore, the
CORS can be used as a common reference for normalization
and comparison of functional gene array data in the analysis of
microbial communities.

Several other characteristics also make the CORS method at-
tractive for microarray data analysis. First, the reference probe is
co-spotted with gene probes on each array feature so that the
variations generated from microarray fabrication processes can
be minimized (25). Second, since the reference probe is expected
to have the same hybridization characteristics as gene probes on
the same array, biases from uneven hybridization are expected to
be minimized or eliminated if the signal ratio of each gene probe
to the reference probe is used. Third, the CORS method can be
used for quality control of experiments as the reference probe is
expected to give relatively uniform signals for all spots. For ex-
ample, a failure of depositing probes on the array and artifacts
during hybridization (e.g., air bubble) could be easily tracked
from the reference channel (15). In addition, since both reference
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probe and target are used in a very low amounts, this method
costs much less in comparison with other common references,
such as genomic DNA and sample pooling since those ap-
proaches used 50% of the hybridization resources to produce a
control or common reference signal (24). Finally, an oligonucle-
otide reference probe or target can be synthesized in large scale
and thus sufficient for a long-term use in different experiments
and laboratories.

Although the developed CORS is a useful way to compare and
normalize microarray data across different environmental sam-
ples, some limitations remain. For example, as the oligonucleo-
tide target is artificially prelabeled, it can only minimize the vari-
ations during the hybridization process. Variations from sample
amplification and labeling do exist. Thus far, there is no satisfac-
tory solution to these problems. Another limitation is that this
method requires a mixture of the reference probe and a gene
probe to co-spot for each feature, however, this strategy would be
difficult to implement in in situ-synthesized oligonucleotide arrays.
Synthesis of the reference probe randomly across the array sur-
face may allow for the use of the CORS for these types of arrays,
although this has not been tested.

In conclusion, the developed CORS method is a useful ap-
proach for the normalization and comparison of functional
gene array data from different samples, experiments, time
points, and/or laboratories. It performs equally well in com-
parison with other commonly used normalization methods
when tested with pure culture arrays. Thus, this method can be
adapted for normalizing and comparing the data of other types
of spotted arrays in general, especially for arrays used to study
microbial communities since the more commonly used normal-
ization methods will not work with such complex samples.
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