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To quantify target genes in biological samples using DNA microarrays, we employed reference DNA to
normalize variations in spot size and hybridization. This method was tested using nitrate reductase (nirS),
naphthalene dioxygenase (nahA), and Escherichia coli O157 O-antigen biosynthesis genes as model genes and
lambda DNA as the reference DNA. We observed a good linearity between the log signal ratio and log DNA
concentration ratio at DNA concentrations above the method’s detection limit, which was approximately 10 pg.
This approach for designing quantitative microarrays and the inferred equation from this study provide a
simple and convenient way to estimate the target gene concentration from the hybridization signal ratio.

DNA microarrays provide a powerful tool for the parallel
analysis of many genes. Most DNA microarray studies con-
ducted so far evaluate gene expression (cf. references 13, 22,
and 23) by competitive hybridizations between different pop-
ulations of mRNA expressed under different culture condi-
tions. The relative extents of hybridizations of target genes to
probes on the microarray provide information on the degree of
expression of genes of interest. Recently several research
groups applied the DNA microarray-based approach to other
fields, such as single nucleotide polymorphism and mutation
detection (9, 12), sequencing (2, 6), genetic linkage analysis
and population genetics (5, 6, 8), comparative genomics (2,
17), and identification of bacterial species (7). However, the
quantitative characteristics of microarray hybridization, other
than competitive hybridization, have not been investigated.
Studies on the quantitative properties and kinetics of microar-
ray hybridization are needed to fully evaluate the potential
uses of the DNA microarray method.

DNA microarray technology holds promise for microbial
ecology (20), for example, detecting and quantifying different
gene families involved in biogeochemical cycling, biodegrada-
tion, and pathogenesis in a high-throughput manner. However,
the approaches used for gene expression analysis or other
previously reported applications are inappropriate for the ti-
tration of genes or DNA sequences in environmental samples,
because the probe sizes (printed spots) vary and evenness of
hybridization cannot be assured. Hence, interpretation of hy-
bridization profiles obtained from one-color hybridization
(similar to conventional Southern hybridization) is not accu-
rate. On the other hand, gene expression analysis, which uses
two-color competitive hybridization, is not affected by the
above two factors, since it uses the ratio values from the com-
petitive hybridizations of each probe. However, DNA microar-
ray hybridization to quantify the amount of a gene requires
direct binding of the target sequence to the probe DNA rather
than competitive hybridizations, and the extent of this direct

binding should be normalized against the concentration vari-
ations in the probe DNA and the spatial variation in the extent
of hybridization. An alternative approach with a different mi-
croarray design and hybridization scheme is required to quan-
tify target genes in biological samples. This need led us to
develop the new format described below.

Test genes. We used three model genes: heme-containing
nitrite reductase (nirS), naphthalene dioxygenase (nahA), and
Escherichia coli O-antigen biosynthesis gene, as representatives
of genes involved in biogeochemical cycling, biodegradation,
and pathogen detection, respectively. nirS (900 bp), nahA (700
bp), and O-antigen gene (500 bp) were amplified from Pseudo-
monas stutzeri ATCC 14405, Pseudomonas putida G7 DSM
4476, and Escherichia coli O157:H7 ATCC 33150 by PCR
according to the methods of Braker et al. (3), Herrick et al.
(14), and Maurer et al. (16), respectively.

A fragment (500 bp) of lambda DNA (GenBank accession
no. J02459) encoding capsid component (6135 to 7160), DNA
packaging (7202 to 7600), and head-tail joining (7612 to 7965)
was PCR amplified with primer pairs F (GAT GAG TTC GTG
TCC GTA CAA CT) and R (GGT TAT CGA AAT CAG
CCA CAG CG). Vector pSP72 (Promega, Madison, Wis.) was
digested with the restriction enzyme EcoRI. The yeast gene
ACT (for actin; GenBank accession no. L00026) was PCR
amplified with primer pairs ACT1F1 (GAT GGA GCC AAA
GCG GTG A) and ACT1R1 (GCG CTT GCA CCA TCC
CAT T). The yeast gene STE (for pheromone receptor; Gen-
Bank accession no. M12239) was PCR amplified with primer
pairs STE3F1 (CCC CTT CAA AAT TGG AGC TTG C) and
STE3R1 (CCC CCT TTA GCA TGG CAT TCA). PCR prod-
ucts and restriction enzyme digests were purified with the QIA-
quick PCR purification kit (Qiagen, Valencia, Calif.) and
quantified with PicoGreen (Molecular Probes, Eugene, Ore.).
Other details were done according to the method of Cho and
Tiedje (7).

Microarray fabrication. Each of the amplified model genes
was mixed with an equal amount of the lambda DNA fragment
(Fig. 1a). The mixtures were then resuspended (200 ng/�l) in
3� SSC buffer (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) and printed (ca. 1 nl/spot, five replicate spots/each
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model gene) on CMT-GAPS amino silane coated slides (Corn-
ing Inc., Corning, N.Y.) with microspotting pins (TeleChem,
Sunnyvale, Calif.). pSP72 vector and the yeast gene ACT were
spotted as positive and negative control spots, respectively, and
the yeast gene STE was spotted as the internal standard (IS).
After drying, the slides were processed using the succinic an-

hydride blocking method according to the manufacturer’s pro-
tocol and stored at room temperature until use.

DNA labeling and hybridization. Each model gene (100 ng,
50 ng, 10 ng, 5 ng, 2 ng, 1 ng, 500 pg, 200 pg, 40 pg, 4 pg, 800
fg, 400 fg, or 80 fg) was diluted (total, 1 �g) in mouse genomic
DNA (Sigma, St. Louis, Mo.). The dilution series of model

FIG. 1. (a) Schematic diagram showing microarray design and hybridization procedure. (b) Representative scanning image of microarray. A
sample containing 10 ng of each model gene was used for the microarray hybridization. Pseudo-colors indicate the ratio (R) between Cy3 channel
and Cy5 channel (green, R � 1; yellow, R � 1; red, R � 1).
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genes (test DNAs) was labeled with FluoroLink Cy3-dCTP
(Amersham Pharmacia, Piscataway, N.J.) by random priming
(High Prime; Roche, Indianapolis, Ind.) and used as sample
DNAs. pSP72 vector (10 ng) was included in Cy3-labeling
reaction as a positive control. Lambda DNA (1 �g) was labeled
with FluoroLink Cy5-dCTP (Amersham Pharmacia, Piscat-
away, N.J.) by random priming (High Prime; Roche) and used
as reference DNA for hybridization signal ratio calculation
(Cy3-Test/Cy5-Ref). The yeast gene STE (10 ng) was included
in each labeling reaction as an internal standard (Cy3-IS and
Cy5-IS) for labeling efficiency correction.

The arrays were prehybridized in prehybridization buffer
(3.5� SSC, 0.1% sodium dodecyl sulfate (SDS), 10 mg of
bovine serum albumin/ml) for 20 min at 65°C, hybridized with
approximately 1 �g of Cy3- and Cy5-labeled DNA mixture
(1:1) in hybridization buffer (3� SSC, 0.1% SDS, 0.5 mg of
yeast tRNA/ml) at 65°C overnight and then washed once with
primary wash buffer (0.1� SSC, 0.1% SDS) at room temper-
ature for 5 min and twice with secondary wash buffer (0.1�
SSC) for 5 min.

Scanning. Hybridized arrays were scanned with a GenePix
4000 laser scanner (Axon, Foster City, Calif.). Laser lights of
wavelengths at 532 and 635 nm were used to excite Cy3 dye and
Cy5 dye, respectively. Fluorescent images were captured in
multi-image tagged image file format and analyzed with Ge-
nePix Pro 3.0 software (Axon). Microsoft EXEL, SYSTAT
(SPSS, Chicago, Ill.), and SigmaPlot (SPSS) were used for
statistical analysis and data presentation. Other details on mi-
croarray hybridization, scanning, and data processing were car-
ried out as described previously (7).

All experiments were performed in duplicate. Since each
array contained five replicate spots for each model gene, hy-
bridization signal ratios were obtained from 10 replicate spots
(Fig. 1b). Hybridization signals from the Cy5 channel enabled
us to examine the quality of microarray fabrication and hybrid-
ization, since all spots contain � DNA. Almost all spots satis-
fied our quality control criterion, i.e., that �90% of pixels of
the spot should show �2 � standard deviation [SD] � back-
ground signal in the Cy5 channel. Negative control spots
showed � 2 � SD � background signal in both the Cy5 and
Cy3 channels. The standard deviation of Cy5 channel signal
was ca. 25% of mean signal (within a slide) and ca. 50% of
mean signal (slide-to-slide variation). By using our normaliza-
tion approach, the standard deviation was �10% of the mean
value (within a slide as well as between slides).

Quantification by hybridization signal ratio. Hybridization
signal ratios (R) between model DNAs and reference DNAs
were calculated (Cy3-Test/Cy5-Ref) and corrected with the
correction factor (c � Cy5-IS/Cy3-IS) from the internal stan-
dard (yeast gene STE) (corrected signal ratio R� � c � [Cy3-
Test/Cy5-Ref]). The ratio of Cy5 incorporation to Cy3 incor-
poration (Cy5-IS/Cy3-IS) during the DNA labeling was 1.01 	
0.05 for all experiments, and it was consistent with our previous
result (7). All positive control spots gave significantly high
hybridization signal ratios (1.22 	 0.26), and negative control
spots showed no hybridization signals in both Cy3 and Cy5
channels.

Corrected hybridization signal ratios (R�) were plotted
against the weight ratios of model genes to reference DNA (�
DNA) in the Cy dye-labeled DNA mixtures (sample DNA)

(Fig. 2). The weight ratio of model gene to reference DNA
[(fx/f�) � 100] also reflects the weight percentage of the model
gene in the sample DNA. Since it is unlikely that �10% of
total environmental DNA is comprised of a single gene, model
gene weight ratios of �0.1 were not examined. The lower
detection limit was in the range of 1 to 10 pg for the three
model genes. Good linearity between log (hybridization signal
ratio, R�) and log (model gene weight ratio, fx/f�) was observed
above the detection limit. Regression analyses resulted in an
equation, log (R�) � 
 log (fx/f�) � �, describing the linearity
(Table 1). This inferred equation allows calculation of the
amount of target gene (fx) from the hybridization signal ratio
(R�), when 
 and � values are obtained from a standard curve.

FIG. 2. Relationship between hybridization signal ratios and
weight fraction of model genes, nirS (a), nahA (b), and E. coli O157
O-antigen biosynthesis gene (c). The solid and dotted lines indicate the
regression curve and 95% prediction interval, respectively. Error bars
indicate SDs.
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 and � values should be a function of a hybridization constant,
which is affected by genome complexity, base composition,
ionic strength, etc. (4).

Quantification by hybridization kinetics. We considered an
alternative way to estimate the target gene concentration using
hybridization kinetics. Southern-type hybridization kinetics can
be described by H � C (1 � e�k F t), where H is the amount
(fraction) of DNA hybridized; F is the amount of target DNA
to be measured; C is the amount of DNA preimmobilized on
the spot (F �� C); k is the hybridization constant; and t is the
hybridization time (15). In the case of microarray hybridiza-
tion, we used the extent of hybridization of the model gene x,
Hx (Cy3 channel), as Hx � Cx (1 � e�kxFxt), and the extent of
hybridization of � DNA, H� (Cy5 channel), as H� � C� (1 �
e�k�F�t). Under the same hybridization conditions, kFt is re-
duced to k�F. Since the amount of model gene in the spot i is
the same as the amount of � DNA in the spot i, Cx � C�. The
hybridization signal ratio (R�) equals Hx/H� � (Cx/C�) [(1 �
e�kxFxt)/(1 � e�k�F�t)] � (1 � e�kx�Fx)/[(1 � e�k�� F�)]. Hence,
the hybridization signal ratio in the microarray hybridization is
a function of Fx (amount of target gene in the sample), since
the amount of � DNA (F�) is known and constant. Hybridiza-
tion constants for nirS and nahA, which were calculated by
regression analysis using a two-parameter exponential model,
y � a(1 � e�bx), where a � 1/(1 � e�k� F�); b � kx�, were 0.004
(r2 � 0.85) and 0.004 (r2 � 0.68), respectively. The hybridiza-
tion constant, k�, for the O-antigen synthesis gene could not be
calculated due to the low r2 value (0.09). Using the hybridiza-
tion constants for each model, the concentration of model
genes in the sample DNA can be estimated by interpolating the
hybridization signal ratio, R�.

We compared the estimated model gene concentrations by
using two different approaches, our inferred equation and the
hybridization kinetics. In Fig. 3, a diagonal line (dotted) indi-
cates perfect estimation. Both methods resulted in good ap-
proximations to true values, but the estimates by hybridization
kinetics tended to diverge more with decreasing target gene
concentration than those by our equation. This could be due to
two possible reasons. The regression analyses might not give
accurate values for the hybridization constants due to the
low r2 values (0.68 to 0.85). Secondly, the existing hybridiza-
tion kinetic model may not correctly explain the microarray
hybridization. All hybridization kinetics are based on solution
hybridizations, but adjustments even for membrane hybridiza-
tion kinetics are not established. Studies on the kinetics of
DNA hybridization on microarrays are needed to provide the
background for quantification as well as gene expression.

Since a microarray can contain thousands of genes for quan-
tification, it is not practical to do regression analyses for each

gene by using hybridization kinetics. However, the high linear-
ity of our inferred equation suggests that two or three concen-
tration standards may give reasonable estimates for 
 and �
values, enabling massively parallel quantification.

Environmental detection limit. To test microarray quantifi-
cation with environmental DNA, we extracted DNAs from
sediment (Red Cedar River, East Lansing, Mich.) and soil
(Kellogg Biological Station, Hickory Corners, Mich.) using a
soil DNA isolation kit (MoBio, Solana Beach, Calif.) and la-
beled the DNA as described above. Assuming that one cell has
a single copy of nirS and that PCR can detect one copy of nirS
in the environmental DNA, PCR amplification of nirS with the
most-probable-number approach showed that both the sedi-

TABLE 1. Regression analysis of model gene concentrations versus
hybridization signal ratios from microarray hybridization

[log (R�) � 
 log (fx/f�) � �]a

Model gene Coefficient of
determination (r2)


, regression
coefficient (slope)

�, constant
(y-intercept)

nirS 0.97 0.63** 1.33**
nahA 0.96 0.66** 1.50**
O-antigen biosynthesis 0.86 0.48** 0.76*

a Asterisk, P � 0.05; double asterisk, P � 0.001.

FIG. 3. Relationship between estimated model gene concentration
and actual concentration of model genes, nirS (a), nahA (b), and E. coli
O157 O-antigen biosynthesis gene (c). Closed circle, calculated by log
(R�) � 
 log (fx/f�) � �, in this study; open circle, estimation by hy-
bridization kinetics. The solid line indicates the regression curve, and
the diagonal dotted line indicates a 1:1 relationship. Error bars indi-
cate standard deviations. No error bars are shown when smaller than
symbols.
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ment and soil samples contain approximately 105 cells (and
copies of nirS)/g (wet), which is consistent with real-time PCR
data (11). The microarray, however, did not detect nirS se-
quences in either the sediment or soil samples. Even when 105

cells of denitrifying P. stutzeri were spiked into the soil, the
hybridization signal was not detected. This high detection limit
agrees with what is to be expected. Considering the genome
size of Pseudomonas (5 Mbp) (10, 19), 10 pg of nirS (the
detection limit) (Fig. 2) roughly corresponds to 50 ng of deni-
trifying P. stutzeri genome. This amount is 1/20 of the total
DNA load (1 �g/40 �l) per slide for microarray hybridization.
Hence, only when genomes with P. stutzeri-like nirS sequences
contribute more than 1/20 of the environmental DNA ex-
tracted can they be detected. Since soil DNA (or environmen-
tal DNA) contains DNA originating from a huge diversity of
bacteria plus fungi, archaea, protozoa, plant debris, and mi-
croinvertebrates, the quantitative detection of particular genes
by microarray using current technology is problematic.

The detection limit of conventional membrane hybridization
(dot blotting) using either radioactive labeling or fluorescent
dye labeling is generally femtogram quantities. This discrep-
ancy in the detection limits of membrane hybridization versus
microarray hybridization can be explained by the differences in
the amount of DNA (probe) immobilized on the substrata
(membrane, �1 �g/dot; glass slide, �10 to 20 pg/spot) and the
corresponding limit in loading capacity. Voordouw et al. (21)
showed that the detection limit in the Southern-type DNA
hybridization is dependent on and proportional to the amount
of DNA immobilized on the substrata. The 105-fold difference
in the amount of DNA immobilized on the two substrata likely
explains the 105-fold difference in the detection limit between
conventional membrane hybridization and microarray hybrid-
ization.

There are three possible solutions for improving the detec-
tion limit of microarray hybridization. First, increase the
amount of DNA (probe) immobilized on the microarray sub-
stratum. This requires the development of better chemistry for
microarray fabrication or novel substrata to bind larger
amounts of probes on the microarray. Second, develop a mi-
croarray signal detection system with higher sensitivity. Third,
develop a procedure that can selectively enrich bacterial ge-
nomes or genes of interest from the environmental samples,
for example the use of magnetic or biotinylated probes (1, 18).
Once the detection limit issue is solved, the microarray-based
method should be a powerful tool for massively parallel anal-
yses of important genes and microbes in the environment.

Use of the test gene-� DNA mixture as probes on the mi-
croarray provided the standardization that allowed the mi-
croarray to quantify target genes. Cy5 channel signals from
each spot, which were generated by hybridizations of � DNAs
in the probe spots to the Cy5-labeled � DNA in the sample
DNA-reference DNA mixture, standardize Cy3-channel sig-
nals as hybridization signal ratios. Regardless of the variations
in the amount of DNA spotted on the microarray and spatial
variations in the extent of microarray hybridization, these stan-
dardized Cy3 channel signals were then comparable to each
other, providing quantitative measures of the extent of hybrid-
ization between target genes in probes and samples. This stan-
dardization is necessary to avoid errors originating from the
probe concentration and the spatial variations. Another advan-

tage of using this reference DNA approach is that gene ex-
pression profiles under many different conditions can be com-
pared and analyzed simultaneously. Currently, only pairwise
comparison of expression profiles under two conditions and
using two different dyes is possible. However, using our ap-
proach, each mRNA population from many culture conditions
is labeled with one dye and hybridized to the microarray after
being mixed with reference DNA labeled with another dye.
The resulting hybridization signal profile (titration of specific
mRNAs) then can be compared to many other profiles gener-
ated in the same manner.

This study shows that by using reference DNA, microarrays
can accurately quantify genes in DNA samples, but the detec-
tion limit with current technology limits environmental appli-
cations.
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