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Abstract Genome-wide expression analysis is an important tool for identifying and ana-
lysing genes involved in various biological processes, including cell division, growth
and development, signal transduction, transcript regulation, and responses to environ-
mental cues. In this review, we discuss and compare the merits and limitations of
the different genome-wide expression analysis technologies, including (1) complemen-
tary DNA (cDNA) microarrays, (2) oligonucleotide microarrays, (3) serial analysis of
gene expression, (4) massively parallel signature sequencing, and (5) cDNA-amplified
fragment-length polymorphism. Particular attention will be given to the genome-wide
expression analysis of genes involved in somatic embryogenesis.

1
Introduction

Genome-wide expression analysis is an important tool for analysing genes
involved in cellular, molecular, and developmental biological processes in mi-
croorganisms, plants, and animals (Hegde et al. 2000; Schena et al. 1995).
Somatic embryogenesis is an asexual form of plant propagation in nature that
mimics many of the events of sexual reproduction. The control of somatic em-
bryo development involves the temporal expression of different sets of genes
that allow the dividing cell to progress through the different stages of somatic
embryogenesis. DNA microarrays provide a convenient tool for genome-wide
expression analysis (Hegde et al. 2000; Schena et al. 1995). Studies using
DNA microarrays to follow the patterns of genes allowed the identification
of thousands or hundreds of genes that are involved in specific developmen-
tal processes. Although DNA microarrays are rapidly becoming the standard
tool for genome-wide expression analysis, their application is still limited to
a restricted number of experimental systems where the complete genome se-
quence or a large complementary DNA (cDNA) collection is available (Breyne
and Zabeau 2001; Hegde et al. 2000; Schena et al. 1995). Several alterna-
tive technologies for expression profiling based on DNA sequencing or cDNA
fragment analysis have been developed and successfully used in other biolog-
ical systems, including plant species. DNA fragment analysis based methods,
such as cDNA-amplified fragment-length polymorphism (AFLP), provide



70 W. Tang · R.J. Newton

Table 1 Comparison of methods used for genome-wide gene expression analysis

cDNA Oligonucleotide SAGE MPSS cDNA-AFLP
microarray microarray

Sensitivity Moderate Moderate Moderate/ Moderate/ High
high high

Specificity Low Low High High High

Expression-level Relative Relative Absolute Absolute Relative
measurement

Possibility to Yes Yes Yes Yes No
integrate data

Necessity of Yes Yes Yes Yes No
molecular
resources

Labour intensity Low Low High High High

Cost High High High High Low

a more appropriate tool for genome-wide expression analysis. Moreover,
cDNA-AFLP exhibits properties that complement DNA microarrays and can
be a useful tool for gene discovery (Breyne and Zabeau 2001). In this study, we
overview the different genome-wide expression analysis technologies, includ-
ing (1) cDNA microarrays, (2) oligonucleotide microarrays, (3) serial analysis
of gene expression, (4) massively parallel signature sequencing (MPSS), and
(5) cDNA-AFLP (Table 1). Particular attention will be given to the genome-
wide expression analysis of genes involved in somatic embryogenesis.

2
Somatic Embryogenesis

Somatic embryogenesis is an important prerequisite for the use of many
biotechnological tools for genetic improvement, as well as for clonal propa-
gation (Schenk and Hildebrandt 1972; Yeung and Meinke 1993). Somatic em-
bryogenesis may be induced by the manipulation of tissues and cells in vitro.
Some of the most important factors for a successful plant regeneration are the
culture medium and environmental incubation conditions. In angiosperms,
the zygote divides transversally into two cells. The apical cell is small and
dense with an intense activity of DNA synthesis (Yeung and Meinke 1993).
This cell gives rise to the embryo head that will be the new plant. The basal
cell is a large and highly vacuolated one that will form the suspensor complex,
which plays an important role during the early stages of the young embryo
(Yeung and Sussex 1979). Somatic embryos generally follow the same pattern
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and are initiated from a somatic cell. Somatic embryos are formed from single
cells cultivated in liquid or solid medium. Embryos can be distinguished from
adventitious shoots, because they are bipolar, having both a shoot and root
pole, and they do not have any vascular connections with the underlying
parental tissue (Haccius 1978). Somatic embryo production is steadily be-
ing increased as essential factors become better understood (Williams and
Maheswaran 1986). The ability to recover plants from single cells has made
possible the genetic improvement. The most important advantages of somatic
embryogenesis used in plant biology, including the ability to handle large
numbers of individual cells in very small spaces and genetic variability, can be
created deliberately in cultured cells by using genetic-engineering techniques
(Yeung and Meinke 1993).

3
Late Embryogenesis Abundant Proteins

Late embryogenesis abundant (LEA) proteins are developmentally induced
during the different stages of embryogenesis and are environmentally in-
duced in embryos by desiccation or culture with abscisic acid (ABA) or high
osmoticum (Hughes and Galau 1991). LEA proteins comprise a large group
of probable desiccation protectants that are induced by similar stresses in
vegetative tissues of different plant species (Skriver and Mundy 1991). In cot-
ton (Gossypium hirsutum), 18 Lea and LeaA messenger RNAs (mRNAs) were
cloned and identified to be environmentally induced by water stress; two of
them, Lea5 (cDNA D73) and Leal4 (cDNA D95) are highly induced in mature
leaves of water-stressed plants (Galau et al. 1986). In Craterostigma plan-
tagineum, the desiccation-induced cDNA pcC27-45 were identified to encode
proteins that are very hydrophilic (Baker et al. 1988; Piatkowski et al. 1990).
Lea genes encode proteins with significant hydropathic character. Their hy-
dropathic profiles are unremarkable; the amino-terminal half is somewhat
hydropathic, possibly with a membrane-spanning region, and the carboxy-
terminal half is somewhat hydrophilic (Galau et al. 1993). The proteins en-
coded by cotton Leal4 and Craterostigma pcC27-45 thus define an additional
family of water-stress-related proteins (Baker et al. 1988), the group 4 LEA
proteins. An ACGT-containing element has been shown to be involved in the
ABA induction of a wheat Lea gene (Guiltinan et al. 1990). Leal4-A contains
sequences at nucleotides – 58 and – 14 from the transcription start that are
similar to this element and similar sequences that are in many cotton Leu
genes (Galau et al. 1992). LeaZ4-A encodes a 16.4-kD protein that is exactly
collinear, with 66% identity, with that encoded by the Craterostigma cDNA
pcC27-45, which is induced in leaves and roots during desiccation and in
ABA-treated and NaCl-treated callus (Piatkowski et al. 1990). These proteins
are slightly hydropathic throughout.
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4
cDNA Microarray

Microarray expression analysis has become one of the most widely used
functional genomics tools (Schaffer et al. 2000). Efficient application of this
technique requires the development of robust and reproducible protocols, in-
cluding PCR amplification of target cDNA clones, microarray printing, probe
labelling, and hybridization cDNA microarrays (Hegde et al. 2000; Schena
et al. 1995). cDNA microarrays have been developed that allow mRNA ex-
pression to be assessed on a global scale, allowing the parallel assessment of
gene expression for hundreds or thousands of genes in a single experiment
(Baldwin et al. 1999). The commonest use of these is for the determination
of patterns of differential gene expression, comparing differences in mRNA
expression levels between identical cells subjected to different stimuli or
between different cellular phenotypes or developmental stages (Laub et al.
2000).

Microarray expression analysis is the most widely used method for pro-
filing mRNA expression (Laub et al. 2000). cDNA segments representing the
collection of genes are amplified by PCR and mechanically spotted at high
density on glass microscope slides using robotic systems, creating a mi-
croarray containing thousands of elements (Hegde et al. 2000). Microarrays
containing tens of thousands of cDNA clones can be easily constructed. The
kinetics of hybridization allows relative expression levels to be determined
based on the ratio with which each probe hybridizes to an individual array
element. Hybridization is assayed using a confocal laser scanner to measure
fluorescence intensities, allowing simultaneous determination of the rela-
tive expression levels of all the genes represented in the array (Hegde et al.
2000; Schena et al. 1995). The process of expression analysis can be broadly
divided into three stages: (1) array fabrication; (2) probe preparation and
hybridization; (3) data collection, normalization, and analysis (Hegde et al.
2000; Schena et al. 1995).

The cDNA microarrays (Schena et al. 1995) have proven powerful and are
now widely used for genome-wide expression analysis in a wide range of
organisms, including plants (Baldwin et al. 1999; Richmond and Somerville
2000; Schaffer et al. 2000). cDNA microarrays allow up to tens of thousands
of genes to be analysed simultaneously. Microarrays comprising complete
gene sets are available for a number of organisms, such as yeast (Wodicka
et al. 1997), a number of bacteria (Laub et al. 2000; Selinger et al. 2000),
and Caenorhabditis elegans (Jiang et al. 2001), for which the entire genome
sequence has been determined. For example, it was reported that gene ex-
pression during the cell cycle in bacteria is strictly regulated at the level of
transcription and that the expression profiles of cell cycle modulated genes
are coincident with the functional activity of the genes (Laub et al. 2000).
For a few other well-studied animal and plant species, the current gener-
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ation of microarrays is limited to a subset of the genes, namely those for
which a cDNA clone or an expressed sequence tag (EST) sequence is avail-
able. Hegde et al. (2000) developed protocols that had been standardized and
that had been used regularly in many laboratories for microarray analysis.
The procedures described have been tested and refined over the past year and
have been optimized using hybridization of RNA derived from cell lines to
give reproducible and consistent results. It should be noted that a number of
alternative protocols have been published (Eisen and Brown 1999), but the
system developed by Hegde et al. (2000) has a number of advantages over
these. In particular, the combination of printing, labelling, and hybridization
conditions that have allowed a significant reduction in the quantity of starting
total RNA required for analysis.

5
Oligonucleotide Microarrays

Oligonucleotide microarray based hybridization analysis is a promising new
technology which potentially allows rapid and cost-effective screens for all
possible mutations and sequence variations in genomic DNA (Roberts et al.
2000; Saiki et al. 1989). Identifying and cataloguing these variations is a crit-
ical part of approaches that seek to identify the genetic basis for resistance
to disease. These sequence variations will serve as genetic markers in stud-
ies of diseases and traits with complex inheritance patterns (Golub et al. 1999;
Roberts et al. 2000). Large-scale sequence analysis is needed for population-
based genetic risk assessment and diagnostic tests once mutations have been
identified, because traditional technologies cannot easily meet the demands
for rapid and cost-effective large-scale comparative sequence and mutational
analysis (Hacia 1999). To perform thousands of separate hybridization re-
actions to evaluate each sample makes an oligonucleotide microarray more
amenable to a large-scale clinical diagnostic laboratory than a common re-
search laboratory setting (Lockhart et al. 1996). The current scientific liter-
ature largely centres on arrays manufactured using photolithographic-based
methodologies developed by Affymetrix (Fodor et al. 1991; Hacia 1999). How-
ever, technologies such as mass spectroscopy based hybridization detection,
could have an important role in coming years.

Oligonucleotide array based detection of known genomic DNA sequence
variations was first reported in 1989 (Saiki et al. 1989). Probes complementary
to six HLA-DQA alleles as well as nine mutations in HBB (encoding β-globin)
were spotted onto nylon filters and incubated with biotin-labelled PCR prod-
ucts (Yershov et al. 1996). Advanced oligonucleotide array manufacturing
processes have opened the way to evaluating more complex systems (Yer-
shov et al. 1996). Arrays of 1480 oligonucleotide probes synthesized in situ by
photolithographic-based processes were designed to detect 37 known muta-
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tions in the coding region of CFTR, as well as all possible single-nucleotide
substitutions (Yershov et al. 1996). In a blinded study, ten genomic DNA sam-
ples were successfully genotyped by characterizing fluorescent hybridization
signals from test and wild-type reference samples at mutation-specific probes
relative to those from wild-type samples. In a separate study, arrays of six
oligonucleotide probes, generated by spotting oligonucleotides onto activated
surfaces, were used to detect three different mutations in HBB (Yershov et al.
1996).

In Arabidopsis, defence and wounding responses have been analysed using
cDNA microarrays (Schenk et al. 2000), whereas oligonucleotide arrays were
used to study circadian-rhythm-modulated gene expression (Harmer et al.
2000). The analysis of the processes underlying fruit ripening in strawberries
(Aharoni et al. 2000) was the first application of microarrays in a non-model
plant species. The most important advantage of microarray-based technology
is that gene expression profiles from either different samples or samples ob-
tained using different treatments can be compared with each other and ana-
lysed together (Golub et al. 1999). Another striking example is presented in
the landmark paper that describes the construction of a compendium of yeast
expression profiles, combining data from both a number of mutant strains
and treatments with different chemical compounds (Hughes et al. 2000). The
power of microarrays was clearly illustrated by the characterization of a num-
ber of novel yeast genes solely on the basis of the gene expression profiles of
the mutant strains. Similarly, the crosstalk and interaction among multiple
mitogen-activated protein kinase pathways could be revealed by integrating
gene expression profiles obtained under different experimental conditions
(Roberts et al. 2000).

6
Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) is a technique designed to take
advantage of high-throughput sequencing technology to obtain a quantita-
tive profile of cellular gene expression (Fig. 1). The SAGE technique measures
not the expression level of a gene, but quantifies a tag that is a nucleotide
sequence of a defined length adjacent to the 3′-most restriction site for a par-
ticular restriction enzyme and represents the transcription product of a gene
(Velculescu et al. 1995). The SAGE technique is based on counting sequence
tags of 14–15 bases from cDNA libraries (Velculescu et al. 1995; Zhang et al.
1997). This technology has been widely used to monitor gene expression in
human cell cultures and tissue samples (Lash et al. 2000; Velculescu et al.
2000), but not in other organisms. In plants, this method has been applied
only sporadically (Matsumura et al. 1999). The principle advantage of SAGE
is that it gives an absolute measure of gene expression instead of measuring
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Fig. 1 Schematic of the serial analysis of gene expression (SAGE)

relative expression levels. Indeed, by counting the number of tags from each
cDNA, one obtains an accurate measure of the number of transcripts present
in the mRNA sample. As in the case of microarrays, independent data sets can
be compiled in a single database, allowing the comparative analysis of data
from different experiments (Lash et al. 2000; Velculescu et al. 2000). The pub-
lic database SAGEmap already contains a comprehensive quantity of SAGE
data from different cDNA libraries (Lash et al. 2000). Newly obtained data can
be merged with the records already present in the database, enabling a more
significant analysis of gene expression profiles.

SAGE required high amounts of input RNA, restricting its utility to
large tissue samples. Recent improvements, however, now allow the use of
500–5000-fold less starting material and permit work with minute quanti-
ties of tissue containing only a few hundred or thousand cells (Datson et al.
1999; Matsumura et al. 1999). Although NlaIII remains the most widely used
restriction enzyme, enzyme substitutions are possible. The data product of
the SAGE technique is a list of tags, with their corresponding count values,
and thus is a digital representation of cellular gene expression. The principal
limitation of SAGE is the need to sequence large numbers of tags in order to
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monitor the scarcely expressed genes. Another drawback of SAGE is that the
tags obtained are very short and hence not always unambiguous. Gene iden-
tification on the basis of short sequence tags relies on the availability of large
databases of well-characterized ESTs. So there are two problems to be tack-
led when dealing with SAGE data in the form of tags and counts. The first
deals with ensuring that the tags and their counts are a valid representation
of transcripts and their levels of expression, and the second with making valid
tag-to-gene assignments.

7
Massively Parallel Signature Sequencing

The recently developed MPSS technology holds the promise of a major im-
provement over SAGE (Brenner et al. 2000). MPSS is a parallel sequencing
method that can generate hundreds of thousands of short sequence signa-
tures in a single analysis, thus overcoming the principal shortcoming of SAGE
(Brenner et al. 2000). Because the method generates longer, 16–20-base sig-
natures, it should also be more accurate. Technically, however, the method
is rather complex and not yet readily available to the broad scientific com-
munity (Brenner et al. 2000). The genomic sequence of A. thaliana has been
completed in recent years (Arabidopsis Genome Initiative 2000). Experimen-
tal analyses and comprehensive descriptions of plant transcriptomes continue
in parallel (Haas et al. 2003; Yamada et al. 2003). No plant transcriptome
has been extensively characterized experimentally with both quantitative and
qualitative expression data. Computational approaches to genome annotation
can miss or incorrectly predict many genes, and validation of genome anno-
tations with experimental data is essential (Andrews et al. 2000; Guigo et al.
2000).

As genomic sequencing becomes faster and more economical, it is crit-
ically important that methods are developed to detect and quantify every
gene and alternatively spliced transcript within a genome (Adams et al. 1995).
Large-scale sequencing of short mRNA-derived tags can establish the qual-
itative and quantitative characteristics of a complex transcriptome (Meyers
et al. 2004). Meyers et al. (2004) sequenced 12 304 362 tags from five diverse
libraries of A. thaliana using MPSS. A total of 48 572 distinct signatures, each
representing a different transcript, were expressed at significant levels (Mey-
ers et al. 2004). These signatures were compared with the annotation of the
A. thaliana genomic sequence; in the five libraries, this comparison yielded
between 17 353 and 18 361 genes with sense expression, and between 5487 and
8729 genes with antisense expression (Meyers et al. 2004). An additional 6691
MPSS signatures mapped to unannotated regions of the genome. Expression
was demonstrated for 1168 genes for which expression data were previously
unknown (Meyers et al. 2004). Alternative polyadenylation was observed for
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more than 25% of A. thaliana genes transcribed in these libraries. The MPSS
expression data suggest that the A. thaliana transcriptome is complex and
contains many as-yet uncharacterized variants of normal coding transcripts
(Meyers et al. 2004).

8
cDNA-Amplified Fragment-Length Polymorphism

The differential display technique developed by Liang and Pardee (1992) has
been widely used to screen for genes that are differentially expressed. After
the first publication of the differential display technique (Liang and Pardee
1992), several improved PCR-based methods, using restriction enzymes to
generate cDNA specific tags, were described (Bachem et al. 1996; Kawamoto
et al. 1999; Shimkets et al. 1999; Sutcliffe et al. 2000). The most widely used
method, cDNA-AFLP, has been applied with success to the systematic analysis
of genes involved in particular biological processes (Breyne and Zabeau 2001;
Durrant et al. 2000). The cDNA-AFLP is based on the principle that a complex
starting mixture of cDNAs is fractionated into smaller subsets, after which
cDNA tags are PCR-amplified and separated on high-resolution gels (Breyne
and Zabeau 2001; Durrant et al. 2000). The observed differences in the in-
tensity of the bands provide a good measure of the relative differences in the
levels of gene expression (Breyne and Zabeau 2001; Durrant et al. 2000). In
a study of fungal pathogen response in tobacco cells, the screening of ap-
proximately 30 000 transcript tags identified a total of 273 modulated gene
tags (Durrant et al. 2000). These differential display methods have proven
useful for discovering differentially expressed genes, but not for quantitative
genome-wide transcription analysis (Breyne and Zabeau 2001).

cDNA-AFLP analysis has been used to reveal early gene expression asso-
ciated with the commitment and differentiation of a plant tracheary element
by Milioni et al. (2002). The exogenous growth factors, auxin and cytokinin,
are not required in the first 48 h after isolation of Zinnia mesophyll cells; fur-
thermore, as little as 10 min of exposure to the growth factors at 48 h is both
necessary and sufficient to commit cells to the tracheary element’s differenti-
ation pathway (Milioni et al. 2001). These findings suggest that the first 48 h of
culture represents a time in which the cells adapt to liquid culture and acquire
the competence to respond to the inductive signals (McCann 1997; Milioni
et al. 2001). The precise transdifferentiation process provides a new and im-
proved context in which to discover the earliest genes involved in switching
on the developmental programme. In this project, a total of 652 differentially
accumulated transcript-derived fragments (TDFs), ranging in length from
50 to 450 bp, were recovered from gels and reamplified, subcloned, and se-
quenced (Milioni et al. 2002). A total of 349 fragments (53.5%) of the differen-
tially expressed genes showed close matches to database entries with assigned
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identities. Thirteen groups were classified from these sequences based on
functional categories established for Arabidopsis (Arabidopsis Genome Initia-
tive 2000). The major group is involved in primary and secondary metabolism
and energy generation (19.2%), whereas a slightly higher proportion (8%) is
cell-wall-related. An additional 9.7% of the TDFs are involved in information
processing and constitute genes involved in transcriptional control and signal
transduction. In addition, 12.4% of the sequences share significant similar-
ity to unknown or hypothetical genes with no assigned function from various
genome projects, which represent new candidate proteins involved in cell fate
determination, differentiation, cell wall remodelling, and cell death.

To understand how embryonic cells differentiate into the 40 or so cell types
that constitute plants (Hulskamp and Kirik 2000), one approach is to study
mutants in which meristematic function has been compromised (Haecker
and Laux 2001). Another approach is to study mutants in which a clear devel-
opmental phenotype for a particular cell type can be identified, for example,
root hairs (Parker et al. 2000), trichomes (Hulskamp and Kirik 2000), or
xylem (McCann and Roberts 2000), based on identification of genes that are
differentially expressed. Global gene expression technologies may permit the
dissection of downstream events through comparisons of mutants in these
pathways; however, to date, only a few genes have been identified that are spe-
cific to particular cell types (Milioni et al. 2001). Genes involved in vascular
cell fates have been identified in cDNA-sequencing projects using material de-
rived from young xylem tissue of loblolly pine (Allona et al. 1998) and poplar
(Sterky et al. 1998). Tissue-specific transcript profiles have been obtained
using DNA microarray analysis of 3000 ESTs of poplar (Hertzberg et al. 2001).
To elucidate genetic programmes that control embryogenesis and regener-
ation of rice, Ito et al. (2002) conducted genome-wide expression analysis
of genes involved in somatic embryogenesis. Functional analyses of genes
demonstrated that five KNOX family class 1 homeobox genes were involved in
somatic embryogenesis (Ito et al. 2002). The KNOX family class 1 homeobox
genes encode transcription factors and protein kinases. Expression patterns
of these genes during early embryogenesis and regeneration were analysed by
reverse transcription PCR and in situ hybridization (Ito et al. 2002). It was
found that constitutive expression of these genes is sufficient to maintain cells
in a meristematic undifferentiated state (Ito et al. 2002).

9
Conclusion

Genome-wide expression analysis allows scientists to identify genes that are
involved in somatic embryogenesis in plants. The control of somatic embryo-
genesis involves the temporal expression of different sets of genes through
the different phases of the embryo development. A landmark study using
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genome-wide expression analysis to follow the patterns of gene expression
in rice has allowed the identification of hundreds of genes that are involved
in somatic embryogenesis (Ito et al. 2002). Different genome-wide expression
analysis technologies, including (1) cDNA microarray, (2) oligonucleotide
microarrays, (3) serial analysis of gene expression, (4) MPSS, and (5) cDNA-
AFLP, provide opportunities to explore the mechanism of somatic embryo-
genesis. DNA microarrays provide a convenient tool for genome-wide ex-
pression analysis; however, their use is limited to organisms for which the
complete genome sequence or a large cDNA collection is available. Alter-
native technologies for expression profiling based on DNA sequencing or
cDNA fragment analysis have been developed and successfully used in dif-
ferent biological systems. For example, cDNA-AFLP exhibits properties that
complement DNA microarrays and may provide a more appropriate tool for
genome-wide expression analysis, gene discovery, and transcript profiling.
Somatic embryogenesis has been induced in some pine species (Tang 2000;
Tang et al. 2001). We are using different genome-wide expression analysis
technologies to identify genes involved in somatic embryogenesis.
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