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The development of complex eukaryotic organisms can be viewed as the selective expression of distinct fractions of the
genome in different organs or tissue types in response to developmental and environmental cues. Here, we generated a genome
expression atlas of 18 organ or tissue types representing the life cycle of Arabidopsis (Arabidopsis thaliana). We showed that
each organ or tissue type had a defining genome expression pattern and that the degree to which organs share expression
profiles is highly correlated with the biological relationship of organ types. Further, distinct fractions of the genome exhibited
expression changes in response to environmental light among the three seedling organs, despite the fact that they share the
same photoperception and transduction systems. A significant fraction of the genes in the Arabidopsis genome is organized
into chromatin domains exhibiting coregulated expression patterns in response to developmental or environmental signals.
The knowledge of organ-specific expression patterns and their response to the changing environment provides a foundation
for dissecting the molecular processes underlying development.

All complex eukaryotic organisms, including mam-
mals and higher plants, consist of multiple organ and
tissue types. The organ and tissue types for a given
organism are generated during its life cycle through
a temporally and spatially regulated process of selec-
tive expression of specific fractions of the same ge-
nome in different cells (Meyerowitz, 2002). Therefore,
a long-sought objective of developmental biology has
been to define the subset of genes expressed and their
relative abundance for each organ or tissue type.
Higher plants possess a relatively simple develop-
mental process, with only three nonreproductive or-
gan systems and fewer than 25 major tissue and cell
types (Eeau, 1977), thereby providing a good model
for defining the organ- and tissue-specific genome
expression patterns during development. Early stud-
ies using an RNA-excess/single-copy DNA hybridi-
zation strategy have revealed much about the mRNA
complexity in six selected organ types of a tetraploid
tobacco (Nicotiana tabacum) strain (Goldberg, 1988;

Goldberg and Barker, 1989). These studies suggested
that about 24,000 to 27,000 average-sized mRNA spe-
cies were present in leaf, root, stem, petal, anther, and
ovary (Goldberg et al., 1978; Kamalay and Goldberg,
1980). However, it provided little information toward
the identities and relative abundance of the individual
mRNA species expressed in each organ type. Other
approaches to determining the gene expression pattern
include RNA blot and in situ hybridization. These later
approaches can give detailed information regarding
when and where the detected gene is expressed.
However, due to the labor intensive nature of these
approaches, they have been applied to only a small
number of genes (Barker et al., 1988; Yanofsky et al.,
1990).

DNA microarrays can measure the individual tran-
script level of tens of thousands of genes simul-
taneously, thus providing a high throughput means
to analyze gene expression levels on a larger scale
(Schena et al., 1995; Chu et al., 1998). For instance,
Zhu et al. (2001) used a partial-genome array to study
the gene expression profiles from six organs and
identified some interesting features. Wellmer et al.
(2004) analyzed the gene expression profiles of inflo-
rescences from wild type and several floral-homeotic
mutants using a whole-genome oligo array and iden-
tified genes specifically or predominantly expressed in
one type of floral organ within flowers. The complete
sequence of the Arabidopsis (Arabidopsis thaliana)
genome provides the means to design a microarray
with essentially all known and predicted genes in the
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genome, which can be used to assay the expression of
all the genes at once. For those genes that have been
defined solely by prediction, a whole-genome expres-
sion analysis will provide a confirmation of expression
as well. In recent microarray analyses, the expression
profiles of the Arabidopsis genome from seedling,
flower, root, and cultured cells were compared, which
provided confirmation for many predicted genes, as
well as led to discovery of new genes (Birnbaum et al.,
2003; Yamada et al., 2003).

In this study, a 70-mer oligo microarray that covers
25,676 unique known and predicted genes of Arabi-

dopsis (Fig. 1A) was used to profile their expres-
sion level from 18 representative organ or tissue types
throughout the life cycle of Arabidopsis. In addi-
tion, we also examined the light-responsive expres-
sion of the Arabidopsis genome among the three
organs of seedlings. Several interesting insights on
the regulation of genome expression during Arabi-
dopsis development and its response to light were
observed. In the process, it was observed that a sig-
nificant fraction of adjacent genes are organized
into chromatin domains with similar expression pat-
terns.

Figure 1. Experimental expression analysis of known and predicted genes in the Arabidopsis genome. A, Summary of EST/
mRNA-supported and purely predicted genes in the Arabidopsis genome (as of March 20, 2003) and its coverage by the 70-mer
oligo microarray used in this study. The relative proportions of the genes either expression confirmed or not in our analysis are
separated by a green vertical line. B, Diagram of organ sample collection during the Arabidopsis life cycle. C and D, GO
categories of genes expressed in at least one organ or in cultured cells (C) and in all collected organs and cultured cells (D).
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RESULTS

Analysis of Arabidopsis Representative Organ
Transcriptomes Supports Expression of

Most Known and Predicted Genes

During the life cycle of Arabidopsis, vegetative
(root, stem, and leaf) and reproductive (petal, sepal,
stamen, pistil, silique, and seed) organs are formed,
and individual organs are specialized to carry out
specific biological functions. We selected samples from
17 representative organs throughout the life cycle of
Arabidopsis (Fig. 1B). We also included Arabidopsis
suspension cultured cells as a common control, which
allowed us to estimate the relative expression abun-
dance for each transcript in different organs. We refer
to this relative abundance of individual genes in each
organ as the gene’s expression level.

We first estimated the number of known and pre-
dicted genes for which expression can be detected
experimentally. Among the known and predicted
genes covered by the array, the expression for 24,733
(96%) out of 25,676 can be detected in at least one of the
17 organs or cultured cells under our experimental con-
ditions (Fig. 1A). To assess our results, we examined
the expression of those genes that have an available
expressed sequence tag (EST) match. There are 16,998
unique annotated genes represented in this microarray
that have available EST matches, and 16,824 (99%) of
them showed detectable expression in at least one of
17 organs or cultured cells (Fig. 1A). This result in-
dicates that our detection of gene expression is ade-
quately sensitive and that the vast majority of known
and predicted genes are expressed during Arabidop-
sis development. Our results further showed that
the majority (7,909 genes, or 89%) of the computer-
predicted genes (a total of 8,852 genes represented
by this microarray) that lacked prior confirma-
tion are expressed during Arabidopsis development,
which validates the notion that they correspond to
real genes.

Annotation of genes using gene ontology (GO)
functional categories assigns functions to genes with
a dynamic and controlled vocabulary (Gene Ontology

Consortium, 2000). We functionally classified all ex-
pressed genes using GOslim terms from The Arabi-
dopsis Information Resource (TAIR) annotation (Rhee
et al., 2003). The functional classifications for genes
that were expressed in either one or more organs, and
in all organs are shown in Figure 1, C and D, re-
spectively. In total, 4,070 (16%) out of the 24,733 ex-
pressed genes were expressed in all 17 organs and
culture cells. This group of commonly expressed
genes is likely to be essential for fundamental cellular
processes and may be regarded as housekeeping genes
in Arabidopsis. Indeed, GO-based functional clas-
sification indicates that this group of commonly
expressed housekeeping genes were enriched for
genes encoding proteins involved in essential cellular
processes such as protein synthesis, protein degrada-
tion, protein destination, energy metabolism, cell
growth, cell division, and DNA synthesis (Fig. 1, C
and D).

Different Proportions of the Genome Are Expressed in

Representative Organs

Examination of the fractions of the genome ex-
pressed in each organ type revealed that the percent-
age of expressed genes varies from organ to organ.
Over 70% of the total genes examined were expressed
in stamen, petal, rosette leaf, and sepal, while about
40% of the total genes were expressed in root, hypo-
cotyl, germinating seed, and late-stage silique (Fig. 2).
These numbers are consistent with previous results
from a tetraploid tobacco (Nicotiana tabacum), in which
leaf and petal had the highest expressed mRNA
species among the six organs examined (Goldberg
et al., 1978; Kamalay and Goldberg, 1980). However,
the higher absolute number of expressed mRNA
species in their estimation is possibly due to the
tetraploid nature of the tobacco strain they used. It is
interesting to note that approximately 70% of the total
genes were expressed in cultured cells (Fig. 2), placing
them among the organ or tissue types with the highest
percentage of expressed genes.

Figure 2. The percentage of the genome ex-
pressed in different organs and cultured cells.
DBP, Days before pollination.
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Relatedness of Genome Expression Correlates

with Developmental Relationship of Organs
in Arabidopsis

We next used the overall genome expression profiles
of individual organs relative to cultured cells to
examine the relatedness of the genome expression
changes across the selected organs based on the
average linkage clustering with correlation distance
(Eisen et al., 1998). As shown in Figure 3, it is apparent
that different leaf types (cotyledon, cauline leaf, and
rosette leaf) have similar genome expression profiles
and fall into one general clade. Similarly, pistil and
silique had similar genome expression profiles, which
were more closely related to that of stem. The three
outer-whorl organs of flower (stamen, petal, and
sepal) had similar expression patterns and formed
a clade that was significantly diverged from the leaf
clade, although those floral organs evolved from
leaves. Both light- and dark-grown roots showed
similar genome expression profiles that were signifi-
cantly diverged from those of the other organ systems.
On the other hand, germinating seed had a unique
genome expression profile and formed a branch of its
own. These results firmly indicate that developmen-
tally related organs have similar genome expression
profiles that distinguish them from those in other
organs.

Organ-Enriched Expression of the
Arabidopsis Genome

We designated genes as organ enriched if they
fulfilled the two criteria: (1) showing differential
expression (P , 0.05) based on the F test in a group

Figure 3. Relatedness of the genome expression patterns across
selected organs and distribution of organ-specific expressed genes.
An average-linkage clustering with correlation distance analysis of
overall relatedness for expression ratios from selected organ versus
cultured-cell pairs.

Figure 4. Organ-specific expressed genes. A, Distribution of total
organ-specific expressed genes and transcription factor (TF) genes
(Jiao et al., 2003) among all representative organ types. B, Distribution
of total organ-specific expressed genes and TF genes at distinct phases
of pistils and siliques. DBP, Days before pollination. C, Distribution of
total organ-specific expressed genes and TF genes within the leaf organ
group (cotyledon, rosette leaf, and cauline leaf). D, Distribution of total
organ-specific expressed genes and TF genes among sepal, petal, and
stamen of flower.
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of samples; and (2) their expression levels were at least
2-fold higher than that in any other nonhomologous
organs. With these criteria, the expression of 699
(2.7%), 747 (2.9%), 762 (3.0%), 805 (3.2%), 827 (3.2%),
143 (0.5%), 89 (0.4%), 317 (1.2%), 36 (0.1%), and 187
(0.7%) genes were found to be enriched in germinating
seed, rosette leaf, root, stamen, petal, sepal, silique,
pistil, hypocotyl, and stem, respectively (Fig. 4A;
Supplemental Table I). Most of the specific functional
groups of genes followed similar trends, as shown by
the transcription factor genes (Fig. 4A). We further
analyzed the organ-enriched genes within several
organ groups. For example, 731 (2.9%), 669 (2.7%),
261 (1.0%), and 143 (0.6%) genes showed specifically

Figure 5. The relative expression levels of the four well-characterized
floral pattern determination genes, Apetala 1 (AP1), Apetala 3 (AP3),
Pistillata (PI), and Agamous (AG) among the 17 Arabidopsis organs as
determined by our microarray analysis. The observed expression
patterns from our whole-genome microarray studies consistent with
the whorl 1- and 2-specific expression of AP1, whorl 2- and 3-specific
expression of AP3 and PI, and whorl 3- and 4-specific expression of AG
as previously reported (Yanofsky, et al., 1990; Jack et al., 1992; Mandel
et al., 1992; Goto and Meyerowitz, 1994).

Figure 6. The three seedling organs exhibited distinct genome expres-
sion changes under light. A, Morphological comparison of continuous
white-light- and dark-grown Arabidopsis seedlings, with the three
organs marked. B, Diagrams illustrating both the overlapping and
uniquely expressed gene numbers between white-light- and dark-
grown seedling organ pairs. The numbers in overlapping areas show the
shared gene number between the light- and dark-grown organ pairs,
while the numbers in nonoverlapping areas show the unique gene
number in light- or dark-growth conditions. C and D, Venn diagrams of
the differentially expressed genes that exhibited significant (at least
2-fold with P, 0.05) up-regulation (C) or down-regulation (D) for each
of the three organ pairs. The numbers in the overlapping areas indicate
the shared number of genes that exhibited 2-fold or greater differen-
tial expression in either two or three organ pairs, while those numbers
in nonoverlapping areas indicated organ-specifically regulated genes.
E, Hierarchical clustering display of white-light-regulated genome ex-
pression among the three seedling organs. Any gene that exhibited
light-regulated expression (at least 2-fold with P , 0.05) in at least one
of the three organs was selected for analysis. Lane 1, Expression ratios
of white-light- and dark-grown cotyledon. Lane 2, Expression ratios of
white-light- and dark-grown hypocotyl. Lane 3, Expression ratios of
white-light- and dark-grown root. The color scale is shown at the
bottom of the cluster.
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high expression in pistil 1 d before pollination, 1, 3, and
8 d after pollination, respectively (Fig. 4B; Supplemen-
tal Table II). There were 628 (2.5%), 155 (0.6%), and 778
(3.1%) genes whose expressions were enriched in
rosette leaf, cauline leaf, and light-grown cotyledon,
respectively (Fig. 4C; Supplemental Table III). Among
the three floral organs, the expressions of 558 (2.1%),
1,710 (6.6%), and 1,282 (5.0%) genes were enriched in
sepal, petal, and stamen, respectively (Fig. 4D; Supple-
mental Table IV). These organ-specific expression data
are consistent with previously documented expres-

sion patterns of known genes. For example, four well-
characterized floral pattern determination genes (AP1,
AP3, PI, and AG) exhibited expression patterns among
floral organs (Fig. 5) as previously reported (Yanofsky
et al., 1990; Jack et al., 1992; Mandel et al., 1992; Goto and
Meyerowitz, 1994). In addition, CPC and GL2 are
enriched in root (Masucci et al., 1996; Wada et al.,
1997), CCA1 has the highest expression level in leaf
(Wang et al., 1997), and BELL1 shows the highest ex-
pression level in pistil (Reiser et al., 1995). Together, these
results suggest that the whole-genome microarray is

Figure 7. Light-regulated expression profiles of 10 representative genes from selected metabolic and regulatory pathways in the
cotyledon, hypocotyl, and root of Arabidopsis seedling. See legend of Figure 6 for further details.

Organ-Specific Genome Expression Profile

Plant Physiol. Vol. 138, 2005 85














