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Public and private EST (Expressed Sequence Tag) programs provide access to a
large number of ESTs from a number of plant species, including Arabidopsis, corn,
soybean, rice, wheat. In addition to the homology of each EST to genes in GenBank,
information about homology to all other ESTs in the data base can be obtained. To
estimate expression levels of genes represented in the DuPont EST data base we
count the number of times each gene has been seen in different cDNA libraries, from
different tissues, developmental stages or induction conditions. This quantitation of
message levels is quite accurate for highly expressed messages and, unlike conven-
tional Northern blots, allows comparison of expression levels between different
genes. Lists of most highly expresses genes in different libraries can be compiled.
Also, if EST data is available for ¢cDNA libraries derived from different developmen-
tal stages, gene expression profiles across development can be assembled. We pres-
ent an example of such a profile for soybean seed development.

Gene expression data obtained from Electronic Northern analysis can be confirmed
and extended beyond the realm of highly expressed genes by using high density DNA
arrays. The ESTs identified as interesting can be arrayed on nylon or glass and
probed with total labeled cDNA first strand from the tissue of interest. Two-color
fluorescent labeling allows accurate mRNA ratio measurements. We are currently
using the DNA array technology to study chemical induction of gene expression and
the biosynthesis of oil, carbohydrate and protein in developing seeds.
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In the future, high density DNA arrays containing the whole gene complement of an
organism will become available for the analysis of genome-wide patterns of gene ex-

pression.

In the recent years, genomics, a new subdis-
cipline of biology was created. Genomics
deals with the study of the genome, the whole
complement of the organism’s DNA, all of its
genes. The hallmark of genomics is the use of
parallel, instead of more usual, serial ap-
proaches to the study of genes. Instead of
studying genes one by one, a large number of
genes, in some cases all of the genes of the or-
ganism, are studied simultaneously.

Expressed sequence tag (EST) sequencing,
initially conceptualized by Sydney Brenner,
and first realized on a large scale by C. Venter
(Adams et al, 1991), is the high throughput,
parallel approach to gene discovery. This ap-
proach was made possible by improvements
in fluorescent DNA sequencing technology
and data processing and by the large number
of genes already sequenced and deposited in
genome data bases (Fig. 1). Newly sequences

ESTs could frequently be assigned a function
based on homology to a known protein or a
gene from another species.

Currently, over 50% of randomly sequenced
ESTs can be functionally identified by com-
parison with the GenBank sequences. Inter-
specific gene comparisons are very effective
in identifying genes even across wide evolu-
tionary distances. However, this still leaves
us with around 40% of all sequenced ESTs
without a functional identification. There-
fore, functional genomics, that is identifica-
tion of gene function using parallel ap-
proaches is becoming increasingly important.
These include gene disruption (for example
by transposon insertion), gene activation,
gene expression studies at the mRNA and
protein level, study of protein-protein inter-
actions (yeast two-hybrid system), creation of
transgenic organisms, for the purposes of
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Figure 1. Growth of GenBank.

The amount of DNA sequence information in GenBank (in millions of base pairs) is plotted as a function of time.
Re-plotted from the information made available by GenBank {ftp://ncbi.nlm.nih.gov/genbank/gbrel.txt).
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overexpression or suppression of expression
(sense or antisense), analysis of fitness of in-
dividuals carrying gene disruptions in popula-
tions. Here we will discuss two approaches to
the analysis of gene expression: one experi-
mental and one computational.

RESULTS AND DISCUSSION

Electronic Northerns: gene expression in-
formation from EST sequence data

Data bases of expressed sequence tags
(ESTSs) may be used to obtain gene expression
data from the abundance of different mes-
sages in unbiased cDNA libraries. The idea is
simple: if a message is abundant, it is likely to
occur frequently among randomly sequenced
EST. A rare message will occur only rarely
among the EST, If the EST collection is suffi-
ciently large, it is possible to collect enough
data to produce a reasonably accurate esti-
mate of mRNA abundance, at least for the
more highly expressed genes.

As a part of DuPont's plant expressed se-
quence tag project, directional ¢cDNA libraries
from six different stages of soybean embryo
were produced. Single lane DNA sequence in-
formation (about 450 bp) is available for each
clone. All sequences have been compared to
the GenBank collection of sequences using
BlastX algorithm. Also, all clones were com-
pared to each other using FastA algorithm.
This analysis, coupled with custom developed

software (M.K. Hanafey, in preparation) al-
lowed us to evaluate the abundance of each
EST type in each of the ¢DNA libraries, by
counting how many times each type of cDNA
occurs in our collection and also to calculate
confidence intervals on the percentage
mRNA abundance estimates.

Table 1 shows the example of such mRNA
abundance data for early developing soybean
embryo. It is worth noting that we can rather
accurately estimate the concentration of
abundant messages (for example elongation
factor 1). In case of less abundant messages
(ede2 kinase), the relative error of the esti-
mate increases dramatically. In order to de-
crease the error it would be necessary to se-
quence many more ESTs, which is impracti-
cal because of costs. Therefore this methodol-
ogy can only be successfully applied to rela-
tively abundant messages (0.1-0.2% total
mRNA).

If EST-sequenced DNA libraries from sev-
eral developmental stages are available, one
could also determine developmental mRNA
abundance profiles. Figure 2 shows the devel-
opmental profile of expression of elongation
factor 1. As can be seen, there is a strong
burst in the level of EF1 mRNA level early in
development.

Using approach described above, develop-
mental gene expression profiles of most mod-
erately to highly expressed genes my be quan-
titated, to help understand the function of the
corresponding gene products in the biological
processes. Expression levels of ESTs of un-

Table 1. Example of the quantitation of gene expression levels in stage 1 of soybean embryo devel-
opment, based on the sequencing of 3826 ¢DNA clones.

Several mRNA species representing different abundance levels were arbitrarily selected.

Gene identification Number of occurrences Total mRNA (%) 90% Confidence interval
EFlalpha 114 2.98 2.52-3.43
Annexin p33 59 1.54 1.21-1.86
408 ribosomal protein S8 29 0.76 0.52-0.98
408 ribosomal protein D17 26 0.68 0.46-0.89
408 ribosomal protein S4 20 0.52 0.33-0.71
Cde2 kinase 5 0.13 0.03-0.22
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Figure 2. Expression level
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known function may help in their functional
identification.

DNA arrays

(ene expression analysis could provide im-
portant information about gene function. For
example, induction of the gene pathogens and
wounding may indicate function in the de-
fense processes. Gene expression studies
could be done at the protein level, for example
by performing two-dimensional gel electro-
phoresis analysis, followed by mass spectros-
copy. More commonly, gene expression is per-
formed at the messenger RNA level.

Northern blotting is the traditional method
for the analysis of steady state RNA levels.
Other methodologies, for example RT-PCR,
could provide more quantitative resulis, but,
like Northern blots, are usually limited in the
total number of genes that could be simulta-
neously analyzed. Reverse dot blot provides
an opportunity to analyze a large number of
DNA samples simultaneously (Gress et al.,
1992; Nguyen et al., 1995; Pietu et al., 1996).
DNA samples are deposited as small spots on
a substrate, usually a Nylon membrane. The
membrane is probed with labeled {32P or 33p
is commonly used) first strand cDNA, ob-
tained by reverse transcription of the
poly(A)" RNA sample from tissue of interest.
After hybridization and removal of unbound

dence intervals (M. Hanafey,
unpublished data).

probe the radioactivity associated with indi-
vidual spots of DNA is quantitated by autora-
diography, or, more accurately, phosphoimag-
ing. The intensity of the signal associated
with each spot corresponds to the expres-
sion level of the gene represented by the
spot. This method appears to give good re-
sults, and allows analysis of a large number
of genes, if robotic devices for the prepara-
tion of densely spotted membranes are
available.

Recently, two novel approaches to the pro-
duction of reverse Northern data have been
described. Schena ef al. (1995) used a robotic
device to deposit up to several thousand sam-
ples of DNA on a glass microscope slide
coated with poly-L-lysine. The DNA was then
probed with a mixture of two probes labeled
with different fluorophores and derived from
different poly(A)" RNA samples of interest.
By measuring the ratio of fluorescence at two
different wavelengths for each of the DNA
spots the relative expression levels can be
quantitated. The advantage of this approach
is that the ratio of gene expression in two
samples is directly recorded, increasing the
reliability of the assay. Relatively high densi-
ties of DNA deposition on glass can be ob-
tained (up to 10000 or more samples per
256 mm X 7b mm glass slide), and sensitivity
is reported to be very good (Derisi et al., 1996;
Schena et al., 1996; Shalon et al,, 1996).
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Affymetrix is a company known for their de-
velopment of DNA “chip” — technology to syn-
thesize oligonucleotides directly on a solid
surface using photomask technology origi-
nally developed to produce semiconductor de-
vices (Fodor, 1991; Chee et al, 1996). They
have recently described application of high
density DNA “chips” to gene expression
analysis (Lockhart et al, 1996). Current ver-
sions of the “chips” contain up to 400000
DNA sequences and could be used for the
analysis of expression levels of up to 20000
genes. This brings closer the possibility of
analyzing the expression of all genes of an or-
ganism on a single “chip”. This technology is
still very expensive, but the prices are ex-
pected to go down, and “off the shelf” chips
for more commonly studied organisms are ex-
pected to become available at reasonable
prices. Genetic differences between individu-
als could cause some difficulty in applying
this technology to the more polymorphic spe-
cies.

Other approaches to the construction of
DNA arrays that may be useful for expression
analysis have also been described (Yershov et
al., 19986).

We are using DNA arrays to improve our un-
derstanding of corn seed development. Se-
lected ¢cDNAs, corresponding to genes of in-
terest to us, in particular those of the en-
zymes involved in the biosynthesis of fatty ac-
ids, carbohydrates and amino acids in the de-
veloping corn seed, are PCR amplified and de-
posited on the slide using prototype equip-
ment produced by Molecular Dynamics com-
pany. Expression levels of these genes in dif-
ferent developmental stages and different
genotypes of corn are quantitated and corre-

lations between the gene expression levels of .

individual genes and traits of interest are
sought.

Application of the DNA array technologies
is expected to produce huge amounts of gene
expression information for the whole ge-
nomes of many organisms. Development of
data bases and analytical tools able to handle

such information volumes and identify bio-
logically relevant gene expression patterns is
a high priority.

CONCLUSIONS

Expressed sequence tag (EST) sequencing
programs, in addition to the identification of
a large number of novel genes, allow one to es-
timate the abundance of highly and moder-
ately expressed mRNAs by simply counting
the number of occurrences a ¢cDNA of each
kind in the set of randomly sampled and se-
quenced clones from each cDNA library. The
assumption here is that the cDNA library ade-
quately represent the abundance of individual
mRNA molecules in the poly(A)" RNA sam-
ple.

The advantage of this “electronic northern”
approach to mRNA quantitation is that it pro-
vides absolute, rather than relative, mRNA
level information (in terms of percentage of
total mENA content), and therefore allows di-
rect comparisons between steady state levels
of different mRNAs. This is generally impos-
sible using Northern blot hybridization, be-
cause the efficiency of labeling of different
mRNA molecules is different.

The disadvantage of the electronic Northern
approach lies in the fact that it relies on the
availability of highly redundant DNA se-
quence data, which is expensive to produce,
and in that accurate estimates of mRNA
abundance could only be made for moderately
to highly expressed genes.

DNA array technology is expected to de-
velop rapidly and produce massive amount of
gene expression data, allowing more quantita-
tive description of gene expression patterns
during development, biotic and abiotic stress
induction, leading ultimately to a quantitative
description of the regulatory and enzymatic
networks involved.

As complete genome sequences of many or-
ganisms become available, attention will turn
from structural genomics to functional ge-
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nomics. DNA arrays containing all the genes
of an organism will be used for parallel stud-
les of gene expression. This information, in
turn, will allow reconstruction of complex
regulatory networks involved in regulating
development, response to the environment
and metabolic activity. Another type of DNA
array, containing a representation of allelic
diversity at many genetic loci distributed
throughout the genome will allow rapid map-
ping of genes associated with traits of inter-
est, and diagnosis of genetic mutations.

It is worthwhile to remember that these
tools, while extremely useful, are only aids in
understanding biological phenomena. With
the new and better toolbox we return to study-
ing biology in all of its phenotypic and bio-
chemical diversity.

The authors would like to thank their col-
leagues at DuPont for fruitful discussions.
We would also like to thank Barbara Mazur
for creating a scientifically stimulating and
collegial environment for research in plant
biotechnology at DuPont.
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