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High-throughput gene expression analysis of genes expressed during salt stress was performed using a novel multiplexed
quantitative nuclease protection assay that involves customized DNA microarrays printed within the individual wells of
96-well plates. The levels of expression of the transcripts from 16 different genes were quantified within crude homogenates
prepared from Arabidopsis (Arabidopsis thaliana) plants also grown in a 96-well plate format. Examples are provided of the
high degree of reproducibility of quantitative dose-response data and of the sensitivity of detection of changes in gene
expression within limiting amounts of tissue. The lack of requirement for RNA purification renders the assay particularly
suited for high-throughput gene expression analysis and for the discovery of novel chemical compounds that specifically
modulate the expression of endogenous target genes.

High-throughput screens using mammalian cells
are widely employed within the biomedical com-
munity for the discovery of novel pharmacological
compounds. In such screens, very many samples of
identical cells are treated in vitro with different po-
tential agonists or antagonists, and a single readout is
typically employed to record the cellular response of
interest. Chemicals are identified that induce the de-
sired response. Design strategies are then applied to
these chemicals to identify structural variants that are
most effective and selective with respect to the process
of interest, and these subsequently become drug can-
didates. This type of approach is greatly facilitated if
the cellular response can be quantitatively measured
as a function of the concentration of each test com-
pound to provide a precise EC50 value (the concentra-
tion of each compound leading to a half-maximal
effect) because EC50 values permit quantitative com-

parisons of the relative efficacy and selectivity of
different compounds.

Biochemical enzyme and receptor assays were the
first to provide the high sample throughput required
for screening, the sensitivity to differentiate weak ef-
fects above that of background, and the quantitative
reproducibility required to precisely determine EC50
values from dose-response data (Sittampalam et al.,
1997). More recently, attention has turned to gene ex-
pression assays because they offer the potential to
describe molecular phenotypes, defined as the combi-
nation of genes whose expression gives rise to a
specific cellular state (Hughes et al., 2000). In many
studies, it has been shown that there are unique and
consistent clusters of genes whose coordinated regu-
lation of expression is associated with various disease,
drug, tissue, or cellular phenotypes (e.g. see Strachan
et al., 1997; Golub et al., 1999; Hughes et al., 2000;
Schmid et al., 2005; Lamb et al., 2006). These studies
have, for the most part, employed microarrays in
which DNA sequences specific to individual tran-
scripts are immobilized at defined locations in an array
format on a solid surface, either through mechanical
spotting or some implementation of in situ synthesis
(Fodor et al., 1991; Schena et al., 1995; Singh-Gasson
et al., 1999; Deyholos and Galbraith, 2001).

Interest exists in providing high-throughput plat-
forms and readout technologies that can selectively ex-
amine changes in the transcript levels of specific genes
in response to multiple treatments. Although conven-
tional microarrays, in principle, have the necessary
throughput, they are limited with respect to cost, re-
producibility, and dynamic range and therefore are not
well suited for the task of producing dose-response
data for multiple chemicals from which accurate and
reliable EC50 values can be calculated. An alternative
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to microarrays has recently been described (Martel
et al., 2002a, 2002b). Based on a quantitative nuclease
protection assay (qNPA), this platform has been used
with mammalian cells for high-throughput screens to
identify small molecules that specifically perturb the
expression of defined target genes (Martel et al., 2002a,
2002b). Efficiencies of cost, as compared to microarrays,
are provided by using a standard 96-well plate both
for growth of the cultured cells and as the assay for-
mat, with up to 16 genes being simultaneously mea-
sured within each well of the corresponding ArrayPlate
(Martel et al., 2002a, 2002b). The strengths of qNPA are
that (1) it is highly reproducible, permitting acquisi-
tion of precise dose-response data and calculation of
EC50 values; (2) it is highly sensitive and has an ex-
ceptionally large dynamic range, which provides the
ability to simultaneously identify small changes due to
weakly active compounds, as well as large changes
due to strongly active compounds; and (3) it provides
high sample throughput, allowing rapid screening of
large libraries of chemical compounds. This platform
is therefore ideally suited for comprehensive screens
for small-molecule effectors that regulate expression of
specific genes of interest. Such molecules represent
drug candidates in biomedical research and in the ag-
ricultural sector represent a category of molecules of
increasing recent interest both at the basic and applied
levels (Raikhel and Pirrung, 2005).

High-throughput in vivo screens for small-molecule
effectors have been widely and historically employed
within the agricultural research and development com-
munity. Such screens typically used whole plants and
have been most notably employed for the identifica-
tion of herbicides. However, even though regulation of
gene expression is an important level of control of cel-
lular and whole-organism phenotype and function,
development of in vivo high-throughput screens based
on molecular readouts of plant gene expression has
not been reported. In part, this has been due to a lack
of platforms for the analysis of gene expression that
combine reproducibility with accuracy, high sample
throughput, easy automation, sufficient signal-to-noise
sensitivity, and cost effectiveness. For most gene ex-
pression analysis platforms, including both those based
on microarrays and on PCR (Czechowski et al., 2004),
or on sequencing-based strategies (for review, see
Meyers et al., 2004), costs are prohibitive for process-
ing the very high numbers of samples needed for in-
depth sampling of chemical libraries for agrochemical
discovery. Furthermore, to pursue gene-based discov-
ery and development programs, it is necessary to have
an assay capable of providing accurate dose-response
data that is repeatable over time and from which pre-
cise EC50 values can be calculated. This allows com-
parison of the efficacy and specificity of analogs
during the subsequent profiling and optimization of
leads required for the development of potential com-
mercial products. There is increasing interest emerg-
ing within the agricultural sector in discovering novel
chemicals having precise in vivo effects upon gene

expression. In part, this is due to the recognition that
small-molecule interactions modulate many responses
of organisms to their environments through mecha-
nisms involving changes in gene expression and that
identification of small molecules that induce the ex-
pression of specific genes, such as those involved in
defense responses, for example, could be a useful,
selective, and effective adjuvant to crop production
under adverse conditions.

In this article, we demonstrate the application of
qNPA ArrayPlate technology for high-throughput in
vivo screening for novel chemical entities that have
defined effects on gene expression in higher plants. We
demonstrate that the technology is accurate, sensitive,
and highly specific and has a large dynamic range.
Finally, we show that it can be applied in a cost-
effective manner for high-throughput small-molecule
discovery and can be used for optimization of leads
identified from screening chemical libraries.

RESULTS

Description of the Technology

ArrayPlate qNPA kits (HTG) were used for all com-
ponents of the assay, from sample lysis to mea-
surement of transcript levels. An overview of the
experimental pipeline for the technology is given in
Supplemental Figure S1. Individual plants were
grown under axenic conditions in 96-well microplates
and were treated with the test chemicals. Alternatively,
explants, such as leaf punches, may be removed from
soil-grown plants and transferred to microplates either
before or after chemical treatment. Following addition
of lysis buffer included with the qNPA kit, the tissues
were mechanically homogenized. Aliquots were trans-
ferred into a second plate for RNase protection treat-
ment. Following completion of this step, aliquots from
each well were transferred into corresponding wells in
the ArrayPlate for quantification of transcript levels,
simultaneously measuring the expression of 16 genes
per well. A detailed description of the chemical and
biochemical manipulations is provided in ‘‘Materials
and Methods.’’

Conceptually central to the technology is the release
of total RNA from the plant samples by homogeniza-
tion in lysis buffer followed by generation of a stoi-
chiometric number of nuclease protection probes from
the lysate (Supplemental Fig. S2). Critical to high-
throughput considerations, this conversion of unstable
RNA to stable DNA does not require that the RNA be
purified or extracted from the lysate. Briefly, protec-
tion oligonucleotides were added to the lysate and
allowed to form RNA/DNA heteroduplexes. Nonhy-
bridized or poorly hybridized mismatched protection
oligonucleotides were hydrolyzed using S1 nuclease,
as was the overhang S1 control sequence of each probe
hybridized to RNA. This leaves the protected target
RNA/probe DNA heteroduplexes which, because the
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protection oligonucleotides were provided in excess of
the RNA, were produced stoichiometrically. RNA was
then eliminated from the heteroduplexes by alkali
treatment, leaving single-strand probe DNA mole-
cules, whose amounts are proportional to the amounts
of the corresponding input RNA transcripts. The neu-
tralized digest was then added to the ArrayPlate.

Figure 1 illustrates an array from one well, which
was reiterated within all the wells of the 96-well plate.
The kit used in this study provides multiplexed mea-
surement of the amounts of up to 16 separate protec-
tion fragments based on chemiluminescence. Each
well was printed with an identical universal array
comprising 16 different 25-mer oligonucleotides, which
provide locations addressable by hybridization of sub-
sequent sets of custom oligonucleotides (Fig. 1). These
arrays were used in a progressive sandwich assay
format: This starts with programming the arrays using
sets of 16 specific DNA 50-mers designed such that
one-half of each oligonucleotide was complementary
to one of the 16 universal anchor sequences printed
within the wells and such that the second half of the
oligonucleotide was complementary to one-half of the
sequence of one of the specific protection probes
generated by nuclease protection. Programmed arrays
were in this way customized to capture 16 different
nuclease protection probes. The next step in the assay
employed third and fourth layers of hybridization to
detect the amounts of the specific nuclease protection
probes immobilized at the programmed locations of
the universal array. This involved the addition of a
mixture of 16 detection linkers, each comprising a
different gene-specific 50-mer, the first half of which
was complementary to the remaining half of the in-
dividual protection probes, and the second half of
which was a universal sequence complementary to a

final oligonucleotide sequence attached to the detec-
tion probe used to measure the abundance of every
gene in the array. The detection probe was a 25-mer
oligonucleotide covalently linked to horseradish per-
oxidase (HRP) and formed the final component of a
five-part hybrid complex. Chemiluminescent detec-
tion, coupled to high-sensitivity imaging, was used to
quantify the amounts of probe bound at the individual
array element locations. Previous experiments have
consistently demonstrated that addition of RNase to
lysate destroys the signal, whereas treatment with
DNase has no impact. This has been observed for
extracts prepared from mammalian cells, fixed tissue,
and organisms (B. Seligmann, unpublished data).

Validation of the qNPA Platform for Measurement of
Alterations in Plant Gene Expression

For the qNPA platform to be useful in the high-
throughput analysis of plant gene expression, it must
be capable of detecting expected changes in gene ex-
pression in response to specific treatments, using plants
grown within its 96-well plate format or from plant
tissues with sufficient reproducibility. To provide this
validation, we selected a number of genes known to be
up-regulated by NaCl stress and corresponding con-
trol genes that are unaffected for design of nuclease
protection fragments. Sequence design was done based
on identification of specific exonic regions within these
genes having similar GC content. We employed soft-
ware for this purpose commercially available from
HTG, but any primer design software can achieve the
same results. The genes, nuclease protection probe
sequences, and their functions are listed in Supple-
mental Tables S1 and S3. The universal arrays were
programmed to measure three housekeeping genes

Figure 1. Means whereby processed nuclease protection probes are captured and detected at specific array elements in the
ArrayPlate. The S1-processed lysates (Supplemental Fig. S1) are added to the corresponding wells of a plate previously
programmed by addition of linkers to capture each specific nuclease protection probe. These nuclease protection probes
hybridize to their complementary array-bound programming linker. Detection linkers are added next, each hybridizing to its
respective nuclease protection probe. The media are then aspirated and replaced with media containing detection probes.
Detection probes hybridize to each array-bound detection linker. The plate is then washed and substrate for HRP is added,
producing chemiluminescence at each array element location, which is then quantitatively imaged.
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(actin, tubulin, and S-19), one negative control gene
(human b-thromboglobulin), which should never give
a signal, and eight genes: GST, COR47, KIN1, KIN2,
RD29A, RD29B, ERD14, and PAL1 (Supplemental Tables
S1 and S3), which were all known to be induced by
osmotic stress, including NaCl treatment (Jenkins et al.,
2001; Nylander et al., 2001; Takahashi et al., 2004; Kim
et al., 2005). The remaining genes in the array were for
other experimental purposes not described in this arti-
cle. Arabidopsis seedlings, grown for 10 to 14 d within
the wells of 96-well plates, were treated for 4 h with
150 mM NaCl and homogenized. The homogenates were
analyzed for transcript abundance using the qNPA
assay. The primary image of a typical plate, in this case
representing 24 biological replicates for the control
and treated samples, is provided in Figure 2. Altera-
tions in gene expression monitored by the platform
were highly reproducible, as determined by quantifi-
cation of the data extracted from the image files (Fig. 3).

In terms of differential gene expression, the ex-
pected induction of transcript levels was observed for
GST, COR47, KIN1, KIN2, RD29A, RD29B, ERD14, and
PAL1. These results were concordant with results
obtained using Affymetrix-based transcriptional pro-
filing (Nover et al., 2005) and using other array plat-
forms (Nylander et al., 2001; Takahashi et al., 2004;
Kim et al., 2005). In comparison with the Affymetrix
dataset, with the exception of KIN2, which was not
represented on the GeneChip, those genes whose
expression was found to be induced using the qNPA
assay were all induced at least 2-fold in the Affymetrix
dataset. Correspondingly, none of the remaining genes
represented by our probe set, which were not highly
responsive to NaCl treatment, were induced 2-fold or
more in the Affymetrix dataset. Thus, using Affymetrix
data as the basis for comparison, neither false-positive
nor false-negative hits were detected in our assay. In
comparison to data obtained using other microarray
platforms, similar levels of induction were observed

for COR47, KIN1, and KIN2 (Seki et al., 2002; Ma et al.,
2006). We conclude that the qNPA platform provides
results that are concordant with other microarray ex-
pression platforms.

Assay Sensitivity

The next series of experiments were designed to
evaluate the sensitivity of the qNPA assay. Arabidop-
sis plants hydroponically grown in bulk were treated
with NaCl and separate pools of treated and untreated
plants were homogenized in liquid N2 by grinding.
Most of the homogenate was employed for purifica-
tion of total RNA using conventional methods, but a
small part (130 mg) was transferred into 340 mL of
qNPA lysis buffer. Serial dilutions of the lysate and of
conventionally purified total RNA were assayed using
the same plate, with four replicate wells per sample
(technical replications). The amount of RNA in the
lysate was estimated based on the amount of total
RNA purified from the tissue. The results are presented
for the extracted RNA in Figure 4A and the lysate in
Figure 4B. A linear relationship was observed for all
serial dilutions, including those corresponding to ex-
tremely low RNA concentrations (Fig. 4, A and B,
insets). The qNPA lysate preserved about 5-fold more
RNA than conventional extraction methods. Because
the reagents and concentrations of reagents were
identical in all wells, the relative amounts of lumines-
cence therefore corresponded to differences in relative
amounts of RNA between the lysate and the total RNA
extract. The SD of the measurements for the technical
replicates (one sample split four ways for replicate
measurement) illustrate that 23 ng total RNA were
sufficient for accurate quantification of a signal from
all genes in Figure 4 (relative SEs of 11.0%–19.9%). For
KIN2, a gene whose transcription is highly stimulated
by salt stress, 12 ng total RNA was sufficient for reliable
measurements (a technical replication CV [coefficient

Figure 2. Layout of the microarrays within the Array-
Plate wells after programming to detect 16 specific
transcripts. A, Green circles contain control house-
keeping genes used to normalize the data, the orange
circle contains a human gene used as a negative
control (which should never provide a signal), and
yellow circles represent test genes. B, Image of
chemiluminescence emission captured at the posi-
tions of the array elements. Analysis was done of
transcripts in homogenates from plants following
treatment with 150 mM NaCl or the corresponding
water control.
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of variation] of 25% in this case). Thus, we conclude
the platform can be used to accurately measure ex-
pression from very small amounts of tissue.

Because the RNA quantifications measured by the
assay were a consequence of nuclease protection probe
hybridization, this means that the absolute levels of
each transcript can be compared to each other and
quantified through comparison to the signals pro-
duced by synthetic target gene sequences of known
concentration. It should also be noted that qNPA
measurements were performed without the require-
ment for amplification of the input RNA. Although
amplification can provide similar levels of sensitivity
of RNA detection using Ribo-SPIA (Dafforn et al.,
2004), it can also introduce additional variability as
well as significant costs per sample.

Generation of Dose-Response Curves Relative to
Treatment with Salt and Abscisic Acid

The next set of experiments were designed to gen-
erate dose-response curves to further characterize the
effects of salt and abscisic acid (ABA) treatment and to
illustrate the generation of EC50 values. For these
experiments, we employed the same panel of salt-
responsive genes in the assay (Fig. 5). The data indi-
cated that saturation in response to NaCl treatment

(300 mM) was not reached for any of the genes, with
KIN2 exhibiting the closest approach to saturation.
Because some of the genes represented in the panel
were known to be regulated by ABA (e.g. RD29A,
Kin1, Kin2; Nakashima et al., 2006), dose-response
curves were also generated for treatment with this
phytohormone (Supplemental Fig. S3). In contrast to
salt treatment, treatment with different concentrations
of ABA resulted in obvious response saturation, with
EC50 values for all genes being ,25 mM. Interestingly,
the NaCl and ABA dose-response curves show con-
trasting patterns; whereas the response to NaCl treat-
ment initiates at around 75 mM NaCl, continues
increasing to the highest level tested, and differenti-
ates three groups of genes based on approximate EC50
values (KIN1, KIN2 induction beginning at 37.5 mM,
ERD14, RD29A, COR47 induction beginning at 75 mM,
and GST induction beginning at 150 mM), the induc-
tion response to ABA peaks at 50 mM, decreases at
higher treatment levels, and does not differentiate be-
tween the regulated genes. Further, the onset of ABA
suppression occurs at different concentrations for dif-
ferent genes. These results suggest that different mech-
anisms underlie the complex behavior of these three
groups of genes and this behavior appears indepen-
dent of overall transcript abundance. Finally, these
experiments serve to confirm the high dynamic range

Figure 3. Graphic analysis of data extracted from the
image shown in Figure 2. The intensity values are
means (n 5 24; one plant per well), normalized to the
levels of the transcripts of both actin and S-19 as
housekeeping genes (the averaged normalized value
is 1,000), with SDs depicted by the error bars. A, Data
for all transcripts. B, Figure rescaled to accommodate
transcripts at medium levels. C, Figure rescaled to
accommodate transcripts at low levels.
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of the assay platform because genes expressed at
high and low levels were readily measured in the
same experiment using the same array, showing sim-
ilar relative SEs (the global relative square error values
for all measurements had a mean of 19% with a SD

of 19%).

Employing the qNPA Platform in Screens for Discovery
of Chemical Compounds That Affect Expression of

Stress-Inducible Genes

The next experiments implemented a small-scale
screen of a library of potentially bioactive molecules
produced via combinatorial chemistry (details of the
library and its availability are provided in ‘‘Materials

and Methods’’). Plants grown in 96-well plates were
treated in vivo with different chemical compounds,
employing a pooling strategy in which 10 different
compounds were tested per well. Within the plates,
the first 11 columns were employed for testing of
library compounds and the last column was employed
for positive and negative controls. The first four wells
within this column represented untreated plants and
the last four wells represented plants treated with
150 mM NaCl. A single well (position E2) was also
treated under double-blind conditions, with 150 mM

NaCl, to determine whether a positive effector could
be detected within a background of 10 different chem-
ical compounds. The data in each well were normal-
ized to the level of expression of two control genes, in
this case Elongation Factor1a (EF-1a) and actin, whose
expression was not expected to change with treatment.
This allowed comparison of expression of genes from
well to well even if the amounts of total RNA vary
across wells.

We grouped the target genes into four categories
(Fig. 6): control group 1 genes (housekeeping controls,
in this case EF-1a and actin), target group 1 genes (the
NaCl stress marker genes COR47, ERD14, KIN1, KIN2,
and RD29A), target specificity group 2 genes (other
genes of interest not as strongly associated with NaCl
stress: GST, PAL1, CHS, RAB18, RD29B, histone 1.1,
and histone 1.3), and control group 2 genes (a negative
control, in this case a single human gene, b-thrombo-
globulin, whose protection fragment used does not
appear in the Arabidopsis genome). Target group 1
genes represent the gene signature required for iden-
tification of a positive compound during screening.
Specifically, criteria were set such that a hit compound
was scored as present if the expression levels of all the
genes in target group 1 were more than 2 times the SD

from the global mean for these genes across the entire
plate (e.g. signal intensity $3 SD of background). In
addition, compounds of interest were defined as those
not affecting the expression of target group 2 genes. As
indicated, the platform was able to identify the single
spiked well and those corresponding to the positive
controls, for a total of five wells. No hits were found
out of the total of 880 novel compounds (10 per well)
that were tested in this plate. Single-target whole-cell
(much less whole organism) screens are typically
plagued by high false-positive rates. Therefore, the
data show that this technology is suitable for imple-
menting more extensive screens.

Measurement of Gene Expression within Specific
Arabidopsis Organs

To further explore the sensitivity of the assay plat-
form, we examined its applicability for the analysis of
gene expression within specific plant organs. Samples
comprising 20 to 30 dry seeds, or one green silique,
weighing 4 to 5 mg, were placed within each well of the
96-well plate and were homogenized in the standard
manner. An ArrayPlate was programmed to contain

Figure 4. Analysis of the sensitivity of the qNPA assay platform as
indicated by a dilution series. A, Total RNA purified from 10-d-old
Arabidopsis plants grown in soil and treated for 24 h with 150 mM

NaCl. The inset is the same figure, but rescaled to show the response at
lower RNA concentrations. B, Lysate extracted from 10-d-old Arabi-
dopsis plants grown in soil and treated for 24 h with 150 mM NaCl. Each
data point is the mean of quadruplicate samples and the error bars
indicate SEs. Data are not normalized. Only the results of the transcripts
from a control gene (actin) and four NaCl-stimulated genes (KIN1,
KIN2, COR47, and GST) are shown. RNA concentrations indicated on
the abscissa of B are estimated based on the data from A.

High-Throughput Platform for Gene Expression Analysis

Plant Physiol. Vol. 144, 2007 1261



two different arrays, each of 16 genes, 48 wells/array,
representing controls (EF-1a) and genes implicated in
various developmental and stress-responsive path-
ways. Details of the oligonucleotide sequences repre-
senting the genes are found in Supplemental Table S2
and of the gene functions in Supplemental Table S4.

EF-1a, Actin2, Actin8, a-tubulin, and b-tubulin were
included as generally expressed controls. In these par-
ticular experiments, the data was normalized to EF-
1a and Actin2. Gene expression from a few seeds and a
single silique was readily and accurately measured
(Fig. 7, A and B). The lack of overall correlation between

Figure 5. Dose-response of Arabidopsis transcripts to
NaCl treatment. Arabidopsis plants, grown from seed
for 10 d in 96-well plates, were treated with the in-
dicated amounts of NaCl for 4 h and then harvested.
A, Data are from quadruplicate biological samples
and SEs are shown by error bars. Data are normalized
to the average of the transcript levels of actin and
S-19. Note that two genes (KIN1 and KIN2) exhibit
an EC50 of approximately 112 mM, whereas a third,
COR47, exhibits an EC50 .175 mM. B, Scale of the
ordinate is expanded to illustrate the sensitivity of the
assay without loss of reproducibility.

Figure 6. Example of implementa-
tion of a screen of Arabidopsis
plants involving 880 different
chemical compounds. One Arabi-
dopsis plant was grown within each
well. After 10 d, each plant was
treated for 4 h with a mixture of 10
different chemical compounds. In
this example, well E2 was spiked
with 150 mM NaCl. The last four
wells are positive controls treated
with 150 mM NaCl. The transcript
level data are normalized to the
average of the values for EF-1a and
actin transcripts. The well spiked
with NaCl was correctly identified
and no false positives were detected.
One quadrant of the figure shows
the housekeeping control genes,
one quadrant shows the negative
control gene, and the other two
quadrants show the rest of the
genes. The software allowed us to
separate the genes as desired.
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the transcript levels detected in the seeds and siliques is
consistent with the observation that they represent very
different tissue types and that the mass of the seeds is
small relative to that of the siliques.

DISCUSSION

This article represents the description of the applica-
tion to plants of a microplate-based high-throughput
array-based gene expression system (the qNPA Array-
Plate platform and associated technology). Although
this platform has been used successfully with animal
cells and tissues (Martel et al., 2002a, 2002b), its use in
plants presented several new challenges. One is that
plants comprise a complex organism rather than a
homogeneous cell line. Another is that the presence of
the tough cellulosic cell wall impedes homogenization
and cell lysis and thereby might reduce the recovery of
RNA. Further, the presence of plant secondary com-
pounds and multiple ribonuclease isoforms might
adversely affect the methods of homogenization and
the effectiveness of the lysis buffer optimized for
animal systems.

Our results indicate these concerns are not warranted.
The extraction methods used in this study, coupled
to devising an automated method for mechanical
bead-based breakage of the tissues, made it possible
to release RNA from the plant cells in amounts suf-
ficient for measurement of the levels of specific tran-
script without requiring RNA purification. The results
further demonstrate the high sensitivity of the qNPA
assay in that transcript levels can be accurately mea-
sured within samples containing as little as 12 ng
of total RNA. In comparison, for plant applications,
Affymetrix Genechips routinely require 5 mg total RNA
for labeling and assay (Schmid et al., 2005), about
400-fold more.

A feature of the qNPA platform is its technical
accuracy, which is a result of the combination of nucle-
ase protection, the use of an optimized lysis buffer to
minimize the effects of endogenous RNases, and the
sandwich read-out assay coupled to HRP-based lumi-
nescence. Platform reproducibility is evident in the low
relative SEs that are seen across the dynamic range of the
assay using pooled samples (Fig. 4). A higher level of
variation, corresponding to biological (i.e. plant-to-
plant) variation, is observed when individual plants

Figure 7. Analysis of transcript levels in seeds
and siliques. A, Twenty to 30 dry seeds were
placed in each well and homogenized in lysis
buffer. The experiment was repeated eight times
and means and SDs (error bars) normalized to
EF-1a levels are presented. B, One silique was
placed in each well prior to homogenization. The
experiment was repeated eight times and means
and SDs (error bars) normalized to EF-1a levels
are presented.

High-Throughput Platform for Gene Expression Analysis

Plant Physiol. Vol. 144, 2007 1263



or tissues are employed in each well, as would be
expected. However, the whole-plant assay remains
very reproducible and can be used for high-throughput
screening (Fig. 6) and dose-response mechanistic and
efficacy studies (Fig. 5; Supplemental Fig. S3). Our
results also indicate that very small amounts of tissue
can be employed for the analyses and that tissue water
content does not appear to affect the applicability of the
platform because gene expression analyses were accu-
rately conducted using small amounts of dry seeds.

An important additional point relates to the
method of analysis employed by the qNPA platform.
The stoichiometric conversion of unstable RNA to
stable DNA through hybridization and S1 nuclease
protection, coupled with the use of the same generic
detection probe for measurement of every transcript
gene, means that quantitative comparisons can be
made of the level of RNA transcripts across different
genes once a normalization curve is established.
This is not true for any other array-based assay plat-
form, where between-probe hybridization differ-
ences prevent absolute quantification of RNA levels
and direct cross comparison of target amounts. Al-
though quantitative comparisons across genes can be
done using nonmicroarray platforms, such as PCR
(Czechowski et al., 2004), serial analysis of gene ex-
pression (Velculescu et al., 1995), or massively paral-
lel signature sequencing (Brenner et al., 2000), these
platforms are not suited for the high-throughput
applications described here.

Many applications in plant research appear imme-
diately suited for study using this assay platform. A
rapidly increasing amount of information is becoming
available concerning specific genes involved in a
number of different pathways related to plant growth
and development and responses to the environment.
Considerable interest exists in the use of transgenic
technologies for specific manipulation of these path-
ways. However, there are many processes that would
appear to be best controlled by application of inducer
chemicals, rather than via transgenes, particularly
those involving timing decisions that are made in the
field, being based on actual or predicted weather con-
ditions, length of growing season as a function of
geographic location, incidence of biotic stress, or other
factors. Because the qNPA platform employs plants
treated in vivo, with all native regulatory elements and
response pathways in place, it is ideal for discovery of
compounds that are specific and either direct or indi-
rect regulators of the gene activities of interest. Further,
because the platform measures transcript abundances
in high throughput, it has the potential to discover
compounds that affect specific mRNA stability and not
simply those that promote increased or decreased tran-
script biosynthesis. Finally, because measurements are
multiplexed within the wells, genes can be included
whose transcript levels report general toxicity to cells
or tissues and this provides the advantage that com-
pounds that cause toxic responses can be eliminated
during the first phase of the screening.

Although our results indicate the qNPA platform
offers the agricultural industry an efficient and cost-
effective method for discovery of specific chemical
agents having desired and highly specific effects on
plant gene expression, the most important part of
screening involves deciding which of the initial hits to
pursue. In general, functional testing of all lead com-
pounds is cost and time prohibitive and is also limited
by the availabilities of the different compounds. To
reduce the number of leads, one strategy can be to
select only the most potent compounds for further
functional characterization. However, this runs the
risk of discarding weaker, albeit more specific, chem-
ical leads. The platform described here allows im-
proved decision making by providing more accurate
information at the level of the primary screen through
the use of clusters of genes as signatures, rather than a
single gene, in that such clusters are robust to false
positives, and by the fact that it has a very large
dynamic range. The data also demonstrate how the
platform can be efficiently employed in secondary
profiling assays (such as dose-response and temporal
assays) to further characterize each potential lead
before making the selection of those to advance to
full functional assays. Furthermore, it can be readily
envisaged how the qNPA platform can be employed
for establishing general metabolism and toxicity pro-
filing assays, both to further explore specificity, and to
delineate the effects of lead compounds on a wide
variety of regulatory pathways other than that used in
the initial screening assay. This approach should max-
imize the probabilities that lead chemicals will suc-
cessfully negotiate the regulatory pathways required
for release of novel chemical effectors.

A final note is that the platform can be readily
adapted to provide validation of transgenic species in
the form of a high-throughput, high-sensitivity screen
for transgenic transcripts (or combinations of tran-
scripts) at desired levels, in the proper organ, and at
the proper time.

MATERIALS AND METHODS

Plant Culture and Treatments

Arabidopsis (Arabidopsis thaliana; ecotype Col-0) seeds were purchased

from Lehle Seeds. The seeds were placed on sterile filter paper, saturated with

growth medium (.53 Murashige and Skoog salts supplemented with 0.5%

Suc), then vernalized for 48 h by placing them at 4�C. They were transferred to

a Revco model I22LTPA growth chamber at 22�C and a 12-h light/12-h dark

cycle at 1.2 mE m22 s21 intensity of light.

For bulk cultures, seedlings were grown in a shaking incubator at 25�C for

10 d. Plants were removed from the liquid and put in a mortar for homog-

enization. Liquid nitrogen was added and the plants homogenized with a

pestle. Homogenized plants were stored at 280�C until used.

For plate assays, after 5 d on filter paper, seedlings were individually

transferred into single wells of a half-size-deep well plate (Corning type 3956

plates; sterile, RNase free) containing 50 mL of the same medium. Plates were

sealed with Parafilm, secured with plastic tape on the sides, and replaced in

the growth chamber for 5 to 10 more days. Treatments were done by removing

the liquid from the wells and replacing it with 50 mL liquid medium

containing the various test compounds.
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Preparation of Homogenates for the ArrayPlate Assay

96-Well Format

After treatment, liquid was removed and a sterile stainless steel ball (4-mm

diameter) was added to each well followed by 200 mL lysis buffer (HTG).

Plates were covered with a polypropylene mat (Beckman Coulter capmat [no.

267005]) and the samples immediately homogenized for 30 s, using a

GenoGrinder (SPEX) set at 1,400 rpm. Plates were then heated at 95�C for

10 min in a plate heater. After cooling, 25-mL aliquots of the homogenates were

removed to sterile 96-well v-bottom plates (Corning), covered with 60 mL of oil

(HTG), covered with plastic tape (Rainin), and frozen at approximately 80�C.

Plants Grown in Bulk

Treated and control Arabidopsis plants were collected, placed in liquid

N2, and homogenized using a mortar and pestle. RNA was prepared using

the Qiagen RNeasy maxi kit. Total RNA was measured in one experiment to be

1.5 mg RNA per 3.5 g of tissue.

The ArrayPlate Assay

qNPA ArrayPlate kits are commercially available (HTG) and contain all the

reagents required for processing the assay, from sample lysis to read out of

transcript levels. Plates were prepared containing aliquots of homogenate or

purified RNA, and 5 mL of protection fragments (Supplemental Tables S1 and

S2) were added per well. In the first experiments, protection fragments

(Supplemental Table S1) that were 75 bases long, 60 bases being complemen-

tary to the RNA target sequence, and 15 nonhybridizing bases acting as a S1

cleavable overhang as a control for S1 activity, were used and, in the later

experiments, protection fragments of 65 bases were used, 50 bases being

complementary to the RNA target sequence, and 15 nonhybridizing bases

acting as a S1 cleavable overhang as a control for S1 activity (Supplemental

Table S2). Currently, 65 bases are used for protection fragments. The GC% of

oligonucleotides is between 48% to 54% and the melting temperature is

between 69�C to 73�C. Plates were resealed with plastic tape (Rainin), heated

at 95�C for 10 min, and incubated at 70�C for 6 h. Nonhybridized DNA was

removed by addition (20 mL/well) of 50 units S1 nuclease (Promega)

dissolved in 1.4 M NaCl, 22.5 mM zinc sulfate, 250 mM sodium acetate, pH

4.5. Incubation was continued at 50�C for 30 min. The reaction was terminated

by addition (10 mL/well) of 1.6 M NaOH containing 135 mM EDTA, followed

by heating for 15 min at 95�C, and cooling to room temperature. This step also

serves to degrade any residual RNA. Ten microliters per well of neutralization

solution (1 M HEPES, pH 7.5, 1.6 M HCl, 63 SSC) were added. Aliquots (60 mL)

of the aqueous phases were transferred to the wells of the ArrayPlates for

quantification of RNA levels. The ArrayPlates were incubated at 50�C over-

night, washed with SSCS (13 SSC, 0.1% [w/v] SDS). Detection linkers (5 nM)

were added and the plates incubated at 50�C for 1 h. Plates were then washed

and a HRP detection probe (10 nM) was added. Following incubation at 37�C

for 30 min, plates were washed and HRP chemiluminescent peroxidase

substrate (Atto-PS; Lumigen) was added. The luminescence was captured

following transfer of the plates into an OMIX imager (HTG). Typical imaging

times were 30 s to 10 min, depending on signal intensity, within 30 min of

substrate addition. The intensity values were extracted from the resultant TIFF

images using OMIX imaging software (HTG). Gene signatures and control

(housekeeping) genes were designated and the level of each transcript was

normalized to those of the controls measured simultaneously within each

well. This was carried out by calculating a normalization factor for each

sample equal to 1,000 divided by the intensity measured for the transcripts of

the controls for that sample. The transcript intensity values for every gene in

the array from that well were then multiplied by this normalization factor.

When two or more housekeeping genes were used for normalization controls,

the normalization factor was calculated from the corresponding mean of the

intensities representing these genes. Control genes included actin, S-19, and

EF-1a, and the locus numbers and sequences are provided in Supplemental

Tables S1 and S2.

Chemical Compound Library

The compound library used for screening is H001 from HTG. The structure

of the library is as follows.

Each compound is a variant with various substitutions at the R1, R2, and

R3 positions. Ten building blocks were employed for the R1 position, 12 for the

R2 position, and eight for the R3 position. In this article, a total of 880 different

compounds were screened, the library being employed as a pool of com-

pounds with 10 compounds per well of a 96-well microplate. This left one

column of the microplate available for controls.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the accession numbers in Supplemental Tables S1 and S2.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Pipeline.

Supplemental Figure S2. ArrayPlate nuclease protection.

Supplemental Figure S3. Dose-response of Arabidopsis plants to ABA

treatment.

Supplemental Table S1. Array 1 oligonucleotide sequences.

Supplemental Table S2. Array 2 oligonucleotide sequences.

Supplemental Table S3. Gene function array 1.

Supplemental Table S4. Gene function array 2.
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