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ABSTRACT

We derived a theoretical model that ex-
plains certain biases observed in the two-
color microarray hybridization experiments
reported in the literature. We show that true
competition is achieved only when the hy-
bridization kinetics of the two differentially
labeled probes are the same. If the hy-
bridization kinetics of the two differentially
labeled probes is different, which can occur
when the labeling and hybridization condi-
tions for the two probes are dissimilar, then
differential expression observed becomes a
function of the amount of the target (i.e.,
DNA spotted on the slide). We use this mod-
el to validate the microarray methodology
by determining the differential expression of
four select Arabidopsis genes and two hu-
man genes (β-actin and GAPDH) as a func-
tion of the amount of target arrayed. We
show through both modeling and experi-
ments that the rate constants for Cy5- and
Cy3-labeled probes are the same under our
experimental conditions. Therefore, the tar-
get concentrations need not greatly exceed
the probe concentration. It is obvious from
the data presented that a simple treatment
of an individual hybridization rate calcula-
tion does not fully describe what is occuring
in today’s complex, multispecies experi-
ments. The method of validation is easily
implemented to ensure data reliability by
two-color microarray.

INTRODUCTION

Despite the growing popularity of
two-color cDNA microarrays, little
data are available in the literature re-
garding the potential biases of the two-
color method. The biases can arise
from unequal hybridization kinetics of
the two differentially labeled probes
and can produce false differential ex-
pression results. Indeed, a recent publi-
cation reports that the differential ex-
pression of three yeast gene fragments
deviated from expected values as much
as 40-fold, depending on target concen-
trations (21). This observation casts se-
rious doubt on the assumption that the
kinetics of the two differentially la-
beled probes is equal because the un-
derlying sequences are identical. It also
raises a question as to whether the two-
color method is truly competitive in
every microarray experiment. To un-
derstand the theoretical basis of the bi-
ases that have been observed, we de-
rived a kinetic model that can explain
the bias. Although the kinetics of nu-
cleic acid hybridization in the conven-
tional single-color methods, such as re-
verse dot blots, has been well described
(4,8,9), the theory cannot be applied di-
rectly to the two-color methodology
because there is a competitive compo-
nent. Using our derived model, we also
have developed a simple method to val-
idate the microarray methodology. 

KINETIC MODELING

The two-color competitive hy-
bridization reaction can be described

by the following scheme:

where T denotes the target, P1 and P2
are differentially labeled probes from
test and reference samples, respective-
ly, and H1 and H2 are the respective
hybridization products of P1 and P2.
The rate of product formation is given
in Reference 4:

[Eq. 1]

[Eq. 2]
where k1 and k2 are the rate constants,
C0

T, C0
P1, and C0

P2 are the initial con-
centrations of target and two probes, re-
spectively, CH1 and CH2 are the con-
centrations of H1 and H2 at time t,
respectively. The ratio of d CH1 and
dCH2 is thus

[Eq. 3]

Solving Equation 3, we obtain
[Eq. 4]

where , which was obtained

using initial conditions (t = 0, CH1 =
CH2 = 0). CH1 and CH2 cannot be
solved explicitly due to the nonlineari-
ty of Equation 4. However, if we as-
sume that hybridization reaction is gen-
erally carried out until equilibrium or 

[Eq. 5]
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then this leads to a significant simplifi-
cation of Equation 4. 

There are several possible scenarios
which we discuss individually.

(i)When C0
T >> C0

P1 + C0
P2, then

because C0
P1 - CH1 = C0

P2 - CH2 and
C0

T -  CH1 - CH2 ≠ 0.
That is, the ratio of the concentra-

tions of the products directly reflects
the ratio of the concentrations of the
probes.

(ii) When C0T < C0P1 + C0P2, then

[Eq. 6]
because, to satisfy Equations 1, 2, and
5, the following must be true:

[Eq. 7]

Equation 6 can be further simplified
under the following two possible sce-
narios.

(iia) When k1 = k2, then Equation 6
becomes

[Eq. 8]

Solve Equation 8 for CH2, and we
have

[Eq. 9]

Substitute Equation 9 into Equation
7, and we obtain

[Eq. 10]

Therefore, the concentration ratio of
the products is equal to the initial con-
centration ratio of the probes.

(iib) When k1 ≠ k2, then Equation 4
becomes

[Eq. 11]

where a = k1/k2. Equation 11 is con-
strained by Equation 7 and can only be
solved numerically.

To visualize how k1 and k2 affect
differential expression (i.e., the ratio
CH1:CH2), we plotted Figure 1. We can
see that when k1 ≠ k2, the differential
expression decreases or increases as the
target amount is increased. Only at a
sufficiently high target amount does the
differential expression become inde-
pendent of target amount, as is the case
when k1 = k2.

Based on the theoretical analysis
above, we can see that, to achieve reli-
able differential expression results
without regard to hybridization kinet-
ics, we could use a large excess of tar-
gets. Indeed, that is what has often been
assumed (20). However, to the best of
our knowledge, no data have been re-

ported that this assumption is satisfied.
To the contrary, our calculation demon-
strates that this assumption is not al-
ways true. Consider, for example, a
spotting solution containing 100 ng/µL
DNA (7) and a spotting volume of 5 nL
(7,17): the maximum amount of DNA
arrayed is 0.5 ng. The efficiency of tar-
get DNA binding to poly-L-lysine-coat-
ed glass surface is 20%–50% (unpub-
lished data). If we assume 50% binding
and 100% availability for hybridization
(both of which are definitely overesti-
mates), then 0.5 ng cDNA corresponds
to approximately 2.5 × 108 molecules/
spot (5). For probes, most microarray
experiments use 1–5 µg mRNA or 50-
200 µg total RNA (6,7,10,13,15,16),
which corresponds to 1–5 × 106 cells
(12) or about 7.5 × 107 copies of low
abundant mRNAs (1). The total amount
of one mRNA probe in two-color hy-
bridization is thus 1.5 × 108 copies. For
intermediate and high abundant mRNA
probes, the number is even higher,
ranging from 3 × 109 to 1.2 × 1011

copies (1). Assuming good mixing dur-
ing hybridization, these calculations
show that the target amount is not, in
fact, much in excess compared to the
amount of probe. According to our
model, data obtained under this condi-
tion would not be reliable if k1 ≠ k2,
which can occur as shown in Reference
21. How do we determine whether k1 =
k2? One method suggested by our mod-
el is to determine the differential ex-
pression of known genes as a function
of the target amount (Figure 1).

MATERIALS AND METHODS

Arrays 

The microarrays were constructed
by arraying PCR-amplified cDNA
clones on poly-L-lysine-coated glass
microscopic slides. Human cDNA
clones were purchased from Research
Genetics (ResGen; Invitrogen, Carls-
bad, CA, USA), and Arabidopsis
clones were obtained from Incyte
Genomics (Palo Alto, CA, USA). We
selected four Arabidopsis clones and
two human clones [β-actin and glycer-
aldehyde-3-phosphate dehydrogenase
(GAPDH)] as control targets. The four
Arabidopsis clones represent chloro-
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Figure 1. Theoretical prediction of the effect of the target amount on differential expression (ratio
of hybridization products) at various a values (a > 1, k1 > k2; a = 1, k1 = k2; and a < 1, k1 < k2).



phyl a/b binding protein, ribulose-1,5-
bisphosphate, and cellulose synthase
Arabidopsis thaliana genes. There is no
significant homology among their se-
quences and to human gene sequences,
as determined by screening the se-
quences against the nonredundant data-
base using the BLAST 2.0 sequence
alignment program (2). No cross hy-
bridization of the human cDNA and
Arabidopsis clones was further con-
firmed experimentally (data not
shown). Spotting solutions were made
from six 2-fold dilution series of the
stock solutions (approximately 0.2
µg/µL for the Arabidopsis clones and
0.8 µg/µL for the two human clones).
The amount of target arrayed ranged
from 0.031 to 1 ng for the Arabidopsis
clones (or on a molar basis, 1 × 10-4 to
3.6 × 10-3 pmol for Figure 2, #1, 2 ×
10-4 to 6.3 × 10-3 pmol for #2, 1 × 10-4

to 3.5 × 10-3 pmol for #3, and 1 × 10-4

to 3.2 × 10-3 pmol for #4) and from
0.125 to 4 ng for human clones. The
clones were spotted onto the slide (ap-
proximately 5 nL), using a GMS 417
Arrayer (Genetic MicroSystems,
Woburn, MA, USA), in at least tripli-
cate for each of the four quadrants. The
preparation of the cDNA clones, print-
ing, and post-processing of slides was
carried out using the protocol similar to
the one given in Reference 16.

Probe Samples, Hybridization, and
Detection 

Arabidopsis probes were made as
follows. The clone inserts were ampli-
fied by PCR, cloned into a pSP64
poly(A) expression vector, transformed
into JM 109 Competent Cells (Pro-
mega, Madison, WI, USA), and tran-
scribed in vitro using RiboMax SP6
RNA polymerase (Promega). The
length of the Arabidopsis probes ranged
from 480 to 911 nucleotides, and the
GC content ranged from 41% to 50%.
In addition, two sources of human RNA
were used. One was isolated from a
melanoma cell line UACC-903 and one
was from skeletal muscle. The purified
RNA was quantified using the spectro-
scopic method. Complex mRNA (2 µg)
or total RNA (100 µg) was used, into
which Arabidopsis probes were spiked.
The amounts spiked were 1 ng (3.6 ×
10-3 pmol) for #1; 6 ng (3.8 × 10-2

pmol) for #2; 20 ng (7.0 × 10-2 pmol)
for #3; and 24 ng (7.6 × 10-2 pmol) for
#4 (Figure 2). The sample was then
split equally into two, one labeled with
Cy5 and the other with Cy3. Labeling
was done using SUPERSCRIPT II First-
Strand Synthesis System for RT-PCR
(Invitrogen) and Cy5-dUTP and Cy3-
dUTP (Amersham Biosciences, Piscat-
away, NJ, USA). Labeled Cy5 and Cy3
probes were combined and purified
with a PCR purification kit (Qiagen,
Valencia, CA, USA) and concentrated
using an Amicon® 30 kit (Millipore,

Bedford, MA, USA). Hybridization
was performed in 11.25 µL hybridiza-
tion solution containing 20 µg
poly(dA), 12 µg yeast tRNA, 0.3%
SDS, 3.4x SSC, and 20 µg Cot I DNA
at 65°C for 18 h. After hybridization,
the slides were washed, dried, and
scanned using a ScanArray® 5000 (GSI
Lumonics, Billerica, MA, USA).

Image and Data Analysis

Images were processed using Matar-
ray image-quality assurance software
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Figure 2. Spot intensities of four Arabidopsis clones as a function of the amount of target arrayed. Cir-
cles are the experimental data (each data point is the average of 12 spots). The fitted curves are the results of
the analysis of the experimental data using Equations 1, 2, and 11. (a) Cy5 intensity. (b) Cy3 intensity.



developed in this laboratory (18). Signal
and background values for Cy5 and Cy3
dyes and a composite quality score were
obtained for each spot. All spots pre-
sented here passed our stringent filters.
The mean signal intensity of the spots
was used to calculate the global mean
for each clone, which was represented
by at least 12 spots on each slide. The
global mean was used in all plots.

RESULTS 

Determination of the Relationship
between k1 and k2

The relationship between rate con-
stants of hybridization for Cy5- and
Cy3-labeled probes (i.e., whether k1 =
k2) was determined by using the inten-
sity ratio as a function of target amount.
The observed Cy5/Cy3 intensity ratio
for the four Arabidopsis clones and two
human clones (β-actin and GAPDH) is
nearly constant over the range of target
amount (data not shown), suggesting k1
= k2 for these clones.

Figure 2, a and b, shows the individ-
ual intensities of Cy5 and Cy3 as a
function of target amount. The solid

lines are a least-square fit to the experi-
mental data using our model (Equa-
tions 1, 2, and 11), by minimizing

and 

simultaneously, where and 

are the experimentally measured Cy5
and Cy3 intensity values, respectively.
The fitted a (=k1/k2) values for each of
the clones are 2.5, 2.71, 3.27, and 3.33,
respectively, with a mean value of 2.95
± 0.41. Note that since the fitted a was
estimated from the intensity rather than
the concentration and that intensity val-
ues are different for Cy5 and Cy3 be-
cause of different quantum yield and
extinction maximum, the estimated a
should be close to the ratio of the prod-
uct of quantum yield and the extinction
maximum for Cy5 and Cy3, which is
around 3 (3,19). Therefore, our esti-
mates are in excellent agreement with
the theoretical prediction. It should also
be noted from Figure 2, a and b, that
clone #3 had a much stronger intensity
than #4, although #4 was spiked at a
higher amount. This could be due to
differences in the sequence of the
clones that lead to differences in the la-
beling and/or hybridization efficiency. 
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Figure 3. The observed intensity ratio as a function of the target amount at various input ratios.
The slides contained 320 spots of a single clone (β-actin gene). Skeleton muscle mRNA was labeled and
combined at ratios shown. Each data point is the average of 64 spots ± SD.



Effect of Relative Abundance on
Differential Expression

To determine the impact of the rela-
tive abundance of one dye-labeled
probe over the other on hybridization
kinetics, we varied the input ratios of
Cy5:Cy3 labeled probes. Skeletal mus-
cle mRNA was quantified, divided, and
labeled with either Cy5 or Cy3. The la-
beled probes were combined at prede-
termined Cy5:Cy3 ratios (4:1, 2:1, 1:1,
and 1:2, respectively), while the Cy3-
labeled probe was kept constant at 0.25
µg and hybridized to four arrays con-
taining 320 spots of a single cDNA
clone (β-actin) with five 2-fold dilution
series. There is a good correlation be-
tween the observed intensity ratio and
the input ratio, with a Pearson correla-
tion coefficient of 0.998. Moreover, the
observed ratio is independent of the
amount of target arrayed in all four in-
put ratios (Figure 3).

DISCUSSION

Unlike high-density synthetic oligo-
nucleotide arrays in which only one la-
beled probe is used for each slide (14),
cDNA microarrays typically involve the
co-hybridization of two differentially
labeled probes that are both competing
for the cognate target element. The two-
color strategy has added more power to
the microarray methodology because,
by comparing two samples in a single
hybridization, the distracting effect of
many variables such as the labeling
method, hybridization conditions, target
features, and the sequence of the gene
can be minimized or even eliminated
(17). However, the reliability of the data
is highly dependent on the validity of
the probe competition. Our kinetic
model (see Figure 1) indicates that to
achieve a bona fide competition, the two
probes should ideally be indistinguish-
able kinetically (i.e., k1 = k2). If k1 ≠ k2,
the amount of target should be in large
excess over the amount of probe used.
We have shown both through modeling
and experiments that the rate constants
for Cy5- and Cy3-labeled probes are the
same under our experimental condi-
tions. Therefore, the target concentra-
tions need not greatly exceed the probe
concentration. The validation method

proposed should give us more confi-
dence than the single-point method, in
which one spikes several control genes
at predetermined ratios and determines
differential expression at a single-target
concentration (11).
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