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Abstract

Gene expression proWling on microarrays is widely used to measure the expression of large numbers of genes in a single experiment.
Because of the high cost of this method, feasible numbers of replicates are limited, thus impairing the power of statistical analysis. As a
step toward reducing technically induced variation, we developed a procedure of sample preparation and analysis that minimizes the
number of sample manipulation steps, introduces quality control before array hybridization, and allows recovery of the prepared mRNA
for independent validation of results. Sample preparation is based on mRNA separation using oligo(dT) magnetic beads, which are sub-
sequently used for Wrst-strand cDNA synthesis on the beads. cDNA covalently bound to the magnetic beads is used as template for sec-
ond-strand cDNA synthesis, leaving the intact mRNA in solution for further analysis. The quality of the synthesized cDNA can be
assessed by quantitative polymerase chain reaction using 3�- and 5�-speciWc primer pairs for housekeeping genes such as glyceraldehyde-
3-phosphate dehydrogenase. Second-strand cDNA is chemically labeled with Xuorescent dyes to avoid dye bias in enzymatic labeling
reactions. After hybridization of two diVerently labeled samples to microarray slides, arrays are scanned and images analyzed automati-
cally with high reproducibility. Quantile-normalized data from Wve biological replica display a coeYcient of variation 645% for 90% of
proWled genes, allowing detection of twofold changes with false positive and false negative rates of 10% each. We demonstrate successful
application of the procedure for expression proWling in plant leaf tissue. However, the method could be easily adapted for samples from
animal including human or from microbial origin.
  2005 Elsevier Inc. All rights reserved.
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The hybridization of nucleic acid microarrays has become
a standard method to generate gene expression proWles. The
major advantage over classical methods such as Northern
blotting is the multiparallel analysis of expression for a large
number of genes in one experiment (see [1–3] for reviews).
Expression proWles are used to identify phenotypically inXu-
ential candidate genes or to map metabolic or regulatory net-
works. In a candidate gene approach, samples from diVerent
treatments or diVerent genotypes are compared to identify
diVerentially expressed genes. Various strategies for candi-
date gene identiWcation have been described such as the use
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of Wxed fold change thresholds or statistical tests such as gen-
eral-linear-model-based t tests [4–7]. The statistical test gen-
erates a p value that indicates the probability to falsely
declare a signiWcant change in gene expression (false posi-
tives; type I error). However, with increasing stringency of
the tests (p < 0.05), the probability to overlook existing
changes (false negatives; Type II error) increases to unaccept-
ably high values. This problem results from the high variabil-
ity of replicate data, reaching 100% for expression levels of a
substantial portion of genes in independent replicates [8], and
the low number of experimental replica usually applied. The-
oretical power analysis for t tests indicates that more than
70% of the genes showing two fold up-regulation will be
overlooked when the selection criterion p < 0.05 is employed
on a dataset with a sample size of Wve and a CV of 100% [9].
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In many studies, the number of replicates is even lower than
Wve (Stanford microarray database, TIGR Solanaceae data-
base), further increasing the type II error rate. This weakens
the applicability of microarray expression proWling especially
in cases where the false negative rate is as critical as the false
positive rate. This is the case, e.g., for network mapping,
where the statement ”no connection” cannot be made with
conWdence when the type II error is large.

One possibility to solve this problem is the application of
statistical tests that are less sensitive to high noise and low
replication than the t test, such as the PRIM method [9] or
the widely used signiWcance analyses of microarrays
method [7]. In addition, experimental reproducibility can be
optimized to reduce variation between replicates.

The variability of replicate microarray data is the sum of
biological, technical, and so-called residual variability [10].
Biological variability of replicate samples originates from
diVerences in gene expression in diVerent biological samples,
e.g., due to subtle diVerences in growth conditions. Technical
variability is introduced during slide production, RNA isola-
tion, cDNA synthesis and labeling, and image analysis.
Mixed-model analysis of variance showed that technical vari-
ance can be as large as or even larger than the biological vari-
ance for microarray data [11,12]. Therefore, reducing
technical variability has a major impact on the number of rep-
licates required to detect a given change of gene expression.

The aim of the method presented in this paper is to reduce
technical variability during the preparation of labeled cDNAs
for hybridization by introducing quality control steps and by
optimizing image analysis. We could decrease the sum of
technical and biological variance to less than 45% in normal-
ized data for 90% of the genes represented on the commercial
tomato cDNA chip that we used for expression proWling.

Feasibility of the method is demonstrated by the identiW-
cation of drought-regulated genes in potato leaves. In addi-
tion, expression proWling using tomato and tobacco leaf
samples hybridized to the same microarray slides also
yielded useful results (data not shown). For application of
the method to animal, including human, or microbial sam-
ples, adaptation of the tissue homogenization and lysis pro-
cedures may be required. All following biochemical
reactions would be the same and can be directly applied.

Another important aspect of this method is that the iso-
lated mRNA is not lost during cDNA synthesis but can be
recovered and used again for cDNA synthesis or for an
independent conWrmation of the results of expression pro-
Wling. In the case of very small or unique biological sam-
ples, this may be the only possibility for an independent
conWrmation of results.

Materials and methods

cDNA synthesis and labeling

Approximately 200 mg of potato leaf tissue was trans-
ferred into a 2-ml microcentrifuge tube and snap-frozen in
liquid N2. The sample was homogenized in a ball-mill
(Retsch, Haan, Germany) for 90 s at 25 Hz. After adding
1.5 ml lysis buVer (100 mM Tris–HCl, 500 mM LiCl, 10 mM
EDTA, 1% (w/v) lithium-dodecylsulfate (LiDS),1 pH 8.0),
the sample was homogenized for another 60 s. After centri-
fugation, mRNA was isolated from 750 �l of the superna-
tant using Dynabeads Oligo(dT)25 (Dynal, Oslo, Norway)
that had been equilibrated in lysis buVer. Samples were
incubated with the beads for 5 min at room temperature
with gentle mixing. The beads were separated from solution
on a magnetic sample holder and washed twice with 1 ml
wash buVer A (10 mM Tris–HCl, 150 mM LiCl, 1 mM
EDTA, 0.1% LiDS, 0.05% Tween 20, pH 8.0). Beads were
transferred into fresh microcentrifuge tubes using a mag-
netic PickPen (BioNobile, Turku, Finland) and then
washed twice with 500 �l of wash buVer B (10 mM Tris–
HCl, 150 mM LiCl, 1 mM EDTA, 0.05% Tween 20, pH 8.0)
and once with 250 �l SuperScript II buVer (Invitrogen).
Reverse transcriptase was added to the samples and they
were incubated for 1 h at 42 °C. The beads were separated
on a magnet and the supernatant was discarded. The beads
were washed twice with 250 �l SuperScript II buVer with
0.05% Tween 20 (Invitrogen) with transfer of the beads into
a fresh microcentrifuge tube using the PickPen. Subse-
quently, the mRNA was eluted with 20 �l of 10 mM Tris–
HCl (pH 8.5) by incubation for 2 min at 95 °C. The beads
were separated on a magnet and the supernatant containing
the mRNA was transferred to a fresh tube. After repeating
the elution procedure, the beads were washed twice with
250 �l TE (pH 8.5).

As a quality control of the synthesized cDNA we deter-
mined the 3�/5� ratio by quantitative PCR using primers for
GAPDH (GAPDH 5� forward: 5�-AAGGACAAGGCTG
CTGCTCAC; reverse: 5�-AACTCTGGCTTGTATTCAT
TCTCG; GAPDH 3� forward: 5�-TTCAACATCATCCCT
AGCAGCACT; reverse: 5�-TAAGGTCGACAACAGAA
ACATCAG). Two microliters of well-homogenized beads
was used in a 25-�l volume PCR in a 5700 Sequence Detec-
tion System from Gene Amp, using the QuantiTect SYBR
Green PCR kit (Qiagen, Hilden, Germany).

Second-strand cDNA synthesis was performed on the
beads for 2.5 h at 37 °C using a hexanucleotide mix and
Klenow polymerase from Roche. Subsequently, the beads
were washed twice with 200 �l 2£ SSC and the cDNA was
eluted with 30�l 10 mM Tris–HCl (pH 8.5) by incubation
for 2 min at 95 °C. The supernatant containing the cDNA
was transferred to a fresh tube and the elution was repeated
once with 30 �l of fresh buVer. The beads could then be
stored in TE containing 0.02% NaN3 at 4 °C.

The cDNA from the combined elutions was puriWed
using the Qiaquick PCR PuriWcation Kit (Qiagen) follow-
ing the manufacturer’s instructions. The cDNA was eluted
with labeling buVer (Ulysis Kit, Invitrogen). cDNA
concentration was determined spectrophotometrically.

1 Abberviations used: LiDS, lithium-dodecylsulfate; SSC, standard saline cit-
rate; TE, Tris-EDTA; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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The volume of the samples was then reduced to 20 �l, using
Microcon YM-30 columns (Millipore). cDNAs were
labeled using either the Ulysis Alexa-Fluor 532 or the Uly-
sis Alexa-Fluor 647 Nucleic Acid Labeling Kit (Invitrogen)
following the manufacturer’s instructions. Samples from
control and water-deWcit-treated plants, labeled with diVer-
ent dyes, were combined, puriWed with the Qiaquick PCR
PuriWcation Kit, and concentrated to 4–5�l using a Micro-
con YM-30 column.

Chip hybridization

For hybridization experiments, we used microarrays
with cDNAs from tomato spotted on glass slides, obtained
from the Center for Gene Expression ProWling (Boyce
Thompson Institute, Cornell University, Ithaca, NY; http://
bti.cornell.edu/CGEP/CGEP.html). The arrays contain
approximately 12,000 cDNAs corresponding to 8500 diVer-
ent genes [13]. Slides were prehybridized for 45 min at 42 °C
in hybridization buVer (0.1% SDS, 25% formamide,
5£ SSC, 10 mg/ml bovine serum albumin fraction V, 40 mM
NaP (pH 6.8)) and then washed successively in 2£ SSC,
0.2£ SSC, and distilled water at room temperature. Slides
were dried by centrifugation at 1500 rpm for 3 min.

Concentrated samples were mixed with 50 �l of hybrid-
ization buVer at 56 °C. After addition of 2.5 �l Liquid Block
(Amersham Bioscience) samples were denatured for 5 min
at 95 °C. A dry, prehybridized slide was put into a hybrid-
ization chamber (Scienion, Berlin, Germany) and the sam-
ple was applied to the slide under a cover slip (LifterSlip;
Erie ScientiWc, NH). The closed hybridization chamber was
incubated overnight at 42 °C in the dark.

After hybridization, the slides were washed for 10 min
each at 42 °C with 2£ SSC, 0.2% SDS and at room tempera-
ture with 2£ SSC and 0.2£ SSC. The dried slides were
scanned using an FLA-8000 laser scanner (Fuji) with exci-
tation at 532 nm and emission at 570 nm for Alexa-Fluor-
532-labeled cDNAs and excitation at 635 nm and emission
at 675 nm for Alexa-Fluor-647-labeled cDNAs.

Image and data analysis

Image analysis was performed with the GeneSpotter
software version 2.3 (MicroDiscovery, Berlin, Germany).
To determine the reproducibility of image analysis, single
image Wles were processed four times independently. For
each spot of an individual image, the coeYcient of variation
(CV) for the estimated mean signal intensity for both dyes
was determined.

The data were normalized either by division by the mean
signal for the respective slide and dye (means normaliza-
tion) or by quantile normalization [14] over all slides and
both dyes. To determine the variance of expression in indi-
vidual plants grown under the same condition in a single
experiment, the coeYcients of variation were calculated for
the mean signal intensity of each individual spot on the
slide for the raw, the means-normalized, and the quantile-
normalized data. Ranks were calculated using the proce-
dure Rank in SAS 8.2 (SAS institute, Cary, NC) with set-
tings ”percent” and ”ties D high.” The procedure assigns
ranks to the values of the variable CV according to the size
of the value. These values are then divided by the total
number of observations. Ties are converted to the highest
rank assigned to the tied numbers. Thus, the 592 lowest val-
ues (CV D 0%) are converted to the rank 0.12 and the high-
est value (CV D 59%) is converted to 1. Furthermore,
induction factors for genes between drought-stressed and
control conditions were calculated as mean expression
ratios from the three replicate hybridizations based on raw,
means-normalized or quantile- normalized data.

The eVect of sample size on the power of statistical tests
for diVerent CVs was estimated using the sample size esti-
mate procedure for a two-sample t test in SAS 8.2 with
�D 0.1, group 1 mean D 1, and group 2 mean D 1.5 or 2. The
eVect of CV on the minimally detectable expression ratio
(threshold expression ratio) was iteratively estimated for a
power of 0.9 and �D 0.1 using the sample size estimate pro-
cedure for a two-sample t test. The number of genes in the
Wrst dataset (three replicates, one experiment) that had an
induction or repression ratio larger than the threshold
expression ratio for each CV was determined and normal-
ized to the total number of genes on the slide.

For seven selected genes, expression values measured by
slide hybridization were compared to those measured by
quantitative RT-PCR (see above) on the same mRNA that
was used for array probe synthesis by calculation of the
Pearson correlation coeYcients (SAS 8.2) for raw expres-
sion values from slide hybridization and Ct values from
quantitative RT-PCR.

Plant material

Plantlets of Solanum tuberosum cv. Désirée were trans-
planted from axenic culture to pots Wlled with fertilized
sand and placed in a climate chamber (16 h light, 150 �mol
m¡2 s¡1, 25 °C, 30% r.h.). For the Wrst 7 days after planting,
all plants were kept well watered. Then, for half of the
plants the water supply was limited to impose a water-deW-
cit that resulted in 50% growth reduction. After 4 weeks,
leaf samples were taken from upper, fully developed leaves
and immediately frozen in liquid nitrogen. Three samples
from individual control and drought-stressed plants from
one experiment were used for the proWling experiments to
estimate expression ratios and coeYcients of variation. For
the test case experiment, samples from individual drought-
stressed and control plants from Wve independent experi-
ments were used for expression proWling.

Results and discussion

Probe synthesis and labeling procedure

The probe synthesis procedure is based on a method
developed by Chen et al. [15] that allows mRNA isolation
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directly from a crude homogenate (Fig. 1). This is much
simpler and faster than conventional methods starting from
the isolation of total RNA. Since the mRNA and, at later
stages in the procedure, the Wrst-strand cDNA is bound to
magnetic beads, the washing and separation steps are easily
performed using magnetic separators, thus reducing sample
loss or variation introduced by liquid transfer steps.

Quality control for cDNA synthesis was performed by
an analysis of the 3�–5� ratio of the cDNA corresponding to
GAPDH by quantitative PCR on an aliquot of the bead-
bound cDNA (Fig. 1), because poor quality of cDNA can
severely distort microarray results [16]. High quality of the
cDNA synthesis is shown by a 3�–5� ratio close to unity
(Table 1), indicating full length of the cDNA strands.
Although we never obtained 3�–5� ratios larger than 1.3,
this would have led to exclusion from further processing.

Following Wrst-strand cDNA synthesis on the beads,
mRNA was recovered after thermal denaturation and
stored for later validation experiments. We tested the qual-
ity of a second round of cDNA synthesis from this mRNA
by determining the 3�–5� ratio of the cDNA corresponding
to GAPDH by quantitative PCR as described above and
found ratios almost identical to those reported in Table 1
(data not shown). Also, we have used this mRNA success-
fully in several cases for an independent conWrmation of
array data by quantitative RT-PCR (see below). We con-
clude from these results that cDNA quality is not compr-
omized in a repeated cDNA synthesis step.
Fig. 1. Flow chart for sample processing. The Wgure summarizes the work Xow from tissue sampling to chip hybridization. In addition to the linear work
Xow, possible loops, and control points are indicated. See the text for experimental details.

leaf tissue

                    liquid N2

200 mg + lysis buffer

                                               homogenize and centrifuge

supernatant

                                                    + oligo (dT)25 magnetic beads

mRNA on beads

                           Superscript II

mRNA and 1st strand cDNA on beads

           95˚C

mRNA in solution 1st strand cDNA on beads quality control by QPCR

                                    Klenow polymerase

QPCR or ds cDNA on beads

northern blot                                                     95˚C

1st strand cDNA on beads         (store at 4˚C)

2nd strand cDNA in solution

                                                      label with Alexa Fluor 532/647

labeled cDNA

                          hybridization

gene expression profiling on chips
Table 1
Quality control of Wrst-strand cDNA synthesis by RT-qPCR

Primers speciWc for the 3� and 5� ends of the GAPDH gene, were used to assess completeness of cDNA synthesis. Samples were generated from three inde-
pendent control and water-deWcit- treated plants each, and four parallel measurements were taken from each sample. Data are the mean § SD from these
four measurements. Ratios were calculated from the mean values.

Plant treatment Ct value from 3�-speciWc primers Ct value from 5�-speciWc primers 3�/5� ratio

Control 18.97 § 0.77 18.86 § 1.04 1.01
18.32 § 0.87 18.66 § 1.04 0.98

18.68 § 0.89 18.88 § 0.90 0.99

Drought stress 18.49 § 0.87 18.77 § 1.06 0.99
18.73 § 1.03 19.06 § 1.19 0.98

18.84 § 0.74 18.70 § 1.25 1.01
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First-strand cDNA covalently bound to the oligos(dT)25
magnetic beads was used as template for second-strand
synthesis (Fig. 1). The amount of second-strand cDNA
needed for labeling reactions ranged between 0.7 and 1.5 �g.
When this amount is not reached in one reaction, second-
strand synthesis can be repeated on the same beads without
need for additional RNA or biological sample material.
While we showed in separate experiments that this is possi-
ble (data not shown), we did not use this option in the
experiments reported below, as cDNA yield was always
suYcient with the Wrst reaction.

After second-strand cDNA synthesis, Wrst-strand cDNA
on beads was stored at 4 °C and could be used in a new sec-
ond-strand synthesis at a later time in case the hybridiza-
tion failed (data not shown).

The second-strand cDNA was chemically labeled with
Xuorescent dyes for hybridization on microarrays. We used
a labeling procedure that did not involve dye-coupled
nucleotides but rather used postsynthesis labeling of the
cDNA to avoid dye bias introduced by preferential incor-
poration of diVerentially modiWed nucleotides during enzy-
matic reactions [17]. Additionally, we used Alexa dyes
instead of the more commonly used Cy dyes because of
their superior physical properties [18], especially their
higher photostability [19].

Reproducibility of the image analysis

Image analysis identiWes the location of each spot on the
image of the hybridized slide, sets a circular detection area
around the respective spot, and converts the pixel intensi-
ties within this area into a number by calculating the mean
or median signal intensity. All three steps are potential
sources of error. To estimate the magnitude of technical
variation introduced by image analysis, the mean signal
intensities for individual spots of a Tomato CGEP array
were calculated repeatedly with the GeneSpotter software.
This software identiWes the spot location automatically and
estimates the signal intensities for Wxed spot diameters.

The software assigns quality measures to each spot that
indicate whether the signal is likely to be “below back-
ground,” “artifact,” “overshined,” or “poorly shaped.” On
the slide image chosen for the repeated analysis, 59% of the
spots were estimated to be above background level in all
four image analyses (p D 0.05), whereas 34% were estimated
to be below background level for all readings. The remain-
ing 7% were Xagged to be absent in one to three of the four
image analyses. This distribution was similar to other
images of expression proWles for potato leaf material. We
thus conclude that the chosen slide was representative, and
the results could be generalized to all our experiments.

We calculated CV for the mean signal intensities for four
independent image analyses of the same slide and plotted
these values against the relative rank of the CV to estimate
the reproducibility of all measurements from individual
spots with more than two readings (Fig. 2). This diVers
from the commonly used method of plotting intensities of
two samples against each other and performing a correla-
tion analysis. Depicting CV against its percentage rank has
the advantage that data from more than two samples can
be analyzed together and variance parameters needed for
sample size estimation can be derived easily (see below).
The CV of rank 50% is the median, and the CV of rank 90%
is the 90th percentile (P90) of the variance distribution. In
our image analysis, the signal intensities for 50% of all
cDNAs on the slide had a CV lower than 1 and 90% had a
CV lower than 6% (Fig. 2). For 12% of all spots, no varia-
tion (CV D 0%, rank D 0.12) was detected. Spots that were
always estimated “above background” or “below back-
ground” had even lower median (0.4% in both cases) and
P90 (4.4 and 2.7%, respectively) values than the overall dis-
tribution. This indicates that high reproducibility of image
analysis is independent of the signal-to-noise ratio.

The GeneSpotter software uses a default setting of the
spot diameter of 7.69 pixels. In addition, we used a value of
5.96 pixels, to estimate the inXuence of spot diameter on CV
on an independent slide. The lower spot diameter reduced
the median of the mean signal CV from 1 to 0.1% and the
P90 from 7.6 to 6.4% for this slide. Also, the overall percent-
age of spots Xagged as low quality was reduced when the
smaller spot diameter setting was used.

We conclude from our tests that Xuorescence intensities
for most spots can be determined with high conWdence.
Nevertheless, a small fraction of the spots showed a large
technical variance from the image analysis. This indicates
that the contribution of the image analysis procedure to the
overall CV of expression proWling data can be signiWcant
and should always be analyzed and optimized for any
experimental protocol.

Reproducibility of biological replicates

Variability between expression proWles derived from
samples belonging to the same treatment group can origi-
nate from unintended genetic and environmental

Fig. 2. Reproducibility of image analysis. The coeYcient of variation (CV)
of the mean signal intensity for each spot estimated by the image analysis
program GeneSpotter was determined for four readings of an individual
slide and plotted against the rank of the CV.
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diVerences between plants and from technical variation as
discussed above. The sum of these components of variation
determines the number of replicates needed to detect a
given diVerence between treatment groups. Thus, the mag-
nitude of variation needs to be known to properly design
experiments. To reduce experimental costs, the amount of
variation should be reduced as far as possible.

To determine the necessary sample size to detect a two-
fold change in gene expression, we assessed variance by
processing three samples from independent, genetically
identical plants from a potato clone cultivated either under
standard or water-deWcit conditions in one experiment. To
show the variance distribution, the CV of signal intensities
of the individual spots on the arrays is depicted against the
relative rank of the CV for raw and quantile-normalized
data (Fig. 3). To facilitate comparison, the median and P90
of the distribution for raw and normalized data are given in
Table 2.

Without normalization, signal intensities from 90% of
the spots on the arrays could be determined with a CV of
less than 48% in samples from control plants and less than
59% in drought-stressed plants. Quantile normalization
resulted in a P90 of 45 and 46% for control and drought-
stressed plants, respectively, thus decreasing variance and
increasing homogeneity of variance. Means-normalized
data showed an intermediate distribution with higher
median but similar P90 in comparison to the quantile-nor-
malized data.

Fig. 3. Reproducibility of biological replicates. CoeYcient of variation
(CV) for all cDNAs spotted on the array based on raw data or quantile-
normalized mean Xuorescence values plotted against the relative rank of
the CV. CV were estimated from raw or quantile- normalized data derived
from three independent, individual plant samples cultivated under water-
stress conditions and from data derived from plants cultivated under con-
trol conditions. CV data from both treatments were then joined in one
dataset before calculating the ranks.
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Based on this variance estimate, a power analysis was
performed for a two-sided t test (Fig. 4). This analysis
revealed that a sample size of Wve would allow acceptable
control of both type I and type II errors. With a CV of 45%
a sample size of Wve allows the detection of a 2.0-fold
change in gene expression with a power of 90%, and a type I

Table 2
Median and P90 of the coeYcients of variation (CV) of the Xuorescence
signal intensity

Leaf samples from control (n D 3) or from drought-stressed (n D 3) Sola-
num tuberosum plants were hybridized to CGEP tomato cDNA arrays.
The CV was calculated for each spotted cDNA and each treatment based
on the raw data after image analysis (normalization D none), after means
normalization (mean), or after quantile normalization.

Normalization Treatment Median P90

None Control 19.6 48.4
Drought 26.1 58.8

Mean Control 20.2 47.0
Drought 26.2 46.8

Quantile Control 17.7 45.0
Drought 16.9 46.0

Fig. 4. Theoretical power analysis for a two-sided t test to detect a 2.0-fold
(A) or a 1.5-fold (B) change in gene expression as a function of sample
size. Indicated coeYcients of variation (CV) and a type I error (false posi-
tive rate) of 0.1 were used as input values to determine the fraction of
changes in gene expression that would be detected at a given number of
replica. A power of 1.0 denotes a type II error (false negative rate) of zero,
i.e., 100% of all changes that occurred are detected.
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error rate of 10%. The detection of 1.5-fold changes with a
type I error of 0.1, a power of 90%, and a sample size of Wve
requires the CV to be less than 21%. Our optimized method
resulted in a CV smaller than 45 or 21% in 90 or 59% of the
genes, respectively. For these genes, a 2.0-fold (1.5-fold)
induction or repression could be detected with a likelihood
of more than 90% from a sample size of Wve, which means a
type II error of less then 10%. In the remaining 10% (41%)
of the genes, the CV is too high to allow detection of a 2.0-
fold (1.5-fold) change in expression based on Wve replica
with this error rate.

The reduction of the CV by optimization of the hybrid-
ization method has a marked eVect on the number of genes
that can be detected as signiWcantly diVerent by ANOVA
based methods (Table 3). A reduction of the CV from 60 to
45% decreases the detection limit from 2.2-fold to 1.9-fold
changes. In our dataset on leaf RNA from moderately
drought- stressed and control potato plants grown in a sin-
gle experiment, the number of genes exceeding the 1.9-fold
threshold is almost twice as high as the number of genes
exceeding the 2.2-fold threshold.

EVect of drought stress on gene expression in potato leaves as 
a test case

Using the method characterized above, we searched for
genes that are induced by a moderate water-deWcit treat-
ment in potato. Based on the calculations described
above, we used data from Wve leaf samples each from
drought-stressed and control plants that were grown in
Wve independent experiments. This dataset was com-
pletely independent of the dataset that was used to esti-
mate CV. We Wltered for potential candidates using three
criteria, namely quality score of the spots on the slide, sig-
niWcance level in an F test, and induction or repression
factor. Genes represented by spots which received a bad
quality Xag in more than three of Wve replica were
excluded from the analysis. The importance of including
spot quality information in the data evaluation has been
shown previously [20]. Since, we used a mild water-stress,
we did not expect to see massive changes in gene expres-
sion. Therefore, a cutoV of 1.5-fold induction or repres-
sion was used for Wltering the data. Among the genes that
passed the quality control, 179 showed an at least 1.5-fold

Table 3
Threshold expression ratio for the given coeYcient of variation with type
I and type II errors of 0.1 in a two-sided t test

The percentage of all genes that exceed the minimum expression ratio is
given for a dataset from leaves of drought-stressed and control plants
grown in a single experiment.

CV (%) Minimum detectable expression ratio % of all genes

40 1.82 1.99
45 1.92 1.40
50 2.03 1.04
55 2.13 0.86
60 2.22 0.72
change in expression and a p value of less than 0.1 when
gene expression levels of drought-stressed and control
plants were compared. A higher cutoV of at least 2.0-fold
change decreases the number of detected genes by more
than 60% (Table 4). Within the group of signiWcantly
induced genes were several that had previously been
described as stress inducible. One of these was the dehy-
drin TAS 14, which belongs to the group of LEA proteins
and is induced in tomato by salt and osmotic stress [21].
TAS 14 was induced 1.7-fold (p D 0.014) in leaves of
drought-stressed potato plants and would thus have been
overlooked in a 2.0-fold change cutoV approach of data
analysis. For seven selected genes, expression measured by
the slide hybridization method was followed by quantita-
tive RT-PCR measurements using the mRNA samples
generated by our probe synthesis procedure (Fig. 1). In
Wve of seven genes, expression values of both methods
correlated signiWcantly (p 6 0.05).

Conclusion

We have demonstrated an improved experimental proce-
dure for the preparation of labeled cDNAs for array
hybridization. We believe that this procedure is superior to
currently used protocols, because it minimizes technical
variability and oVers additional safety and control options
not available in other protocols. In addition, we have ana-
lyzed technical variability due to the scanning procedure
and shown how to minimize it by adjusting the spot diame-
ter. Using data obtained from potato leaf tissue samples, we
present evidence for the crucial importance of achieving
low CV values in array hybridization experiments. We pro-
vide quantitative data on the eVect of CV on gene expres-
sion proWling results that support our approach of
minimizing data variability at all experimental levels to
optimize the yield of useful data from such expensive exper-
iments.
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Table 4
Number of genes that showed at least the indicated change in expression
at a p value of less than 0.1 or 0.05 when gene expression levels of drought-
stressed and control plants were compared

Change in gene 
expression

Number of genes at 
p < 0.1

Number of genes at 
p < 0.05

1.5-fold 179 111
1.7-fold 67 39
2.0-fold 16 9
2.2-fold 13 7
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