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Distinct reorganization of the genome transcription associates
with organogenesis of somatic embryo, shoots, and roots in rice
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Abstract Most plant cells retain the capacity to dif-
ferentiate into all the other cell and organ types that
constitute a plant. However, genome-wide transcrip-
tional activities underlying the process of cell differ-
entiation are poorly understood, especially in monocot
plants. Here we used a rice (Oryza sativa) cell culture
system to generate somatic embryos, which were fur-
ther induced into shoots and roots. The global tran-
scriptional reorganization during the development of
somatic embryos, shoots, and roots from cultured cells
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was studied using a rice whole genome microarray and
verified by RNA blotting analysis of representative
genes. Overall, only 1-3% of expressed genes were
differentially regulated during each organogenesis
process at the examined time point. Also metabolic
pathways were minimally regulated. Thus the genes
that dictating organ formation should be relatively
small in number. Comparison of these three tran-
scriptomes revealed little overlap during these three
organogenesis processes. These results indicate that
each organogenesis involves specific reorganization of
genome expression.
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Introduction

One of the fundamental aspects in developmental
biology is organogenesis, i.e., how cells organize to form
new organs. All plant cells have the remarkable
capacity to differentiate into any cell or organ types that
constitute the adult plant. During post-embryonic
development, plants maintain two self-maintaining
stem cell systems, i.e., the shoot apical meristem (SAM)
and the root apical meristem (RAM) that were formed
during embryogenesis. The two meristems are able to
perpetuate existing organs and initiate new organ pri-
mordia such as lateral roots, leaves, and flowers that
form the plant body plan during post-embryonic
development (Steeves and Sussex 1989).

The organogenesis is a complex morphogenetic
phenomenon in which multiple extrinsic and intrinsic
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factors play important roles. Plant hormones are
known to be among the critical factors in the devel-
opmental programs. The classic plant tissue culture
studies showed that the developmental fate of the
regenerating tissues, i.e., whether the undifferentiated
tissue would form shoots, roots or remain as undiffer-
entiated calli, could be governed by the balance of
auxin and cytokinin in the tissue culture medium
(Skoog and Miller 1957). The relationship of auxin and
cytokinin has been widely utilized for vegetative
propagation and regeneration procedures (Christian-
son and Warnick 1983; Mok and Martin 1994).

Recently the molecular basis of the organogenesis
has begun to be examined. A set of genes involved in
the cytokinin signal transduction pathway was identi-
fied in Arabidopsis (Haberer and Kieber 2002). The
cytokinin signaling pathway has been shown to influ-
ence the shoot formation (Hwang and Sheen 2001).
cytokinin-insensitive (CKI1) protein can serve as a
potential regulator of shoot regeneration, and over-
expression of the gene induces cytokinin-independent
growth in Arabidopsis culture (Kakimoto 1996). Re-
cently, a novel two-component phosphorelay signaling
system has been demonstrated to be responsible for
cytokinin signaling. The components of this signaling
pathway including: cytokinin receptor histidine kinases
(Inoue et al. 2001, Ueguchi et al. 2001a, b), Arabid-
opsis response regulator (ARRs, Sakai et al. 2001;
Hwang et al. 2002), Arabidopsis histindine phospho-
transfer proteins (AHPs) that responsible for trans-
miting the signal from the receptor to ARRs (Suzuki
et al. 2000; Hwang and Sheen 2001).

In shoot meristem development, a number of reg-
ulators have been identified that include maize
KNOTTEDI1 (Vollbrecht et al. 1991) and its homolog
Arabidopsis SHOOT MERISTEMLESS (STM) (Long
et al. 1996), WUSCHEL (WUS, Laux et al. 1996;
Mayer et al. 1998) and three CLAVATA proteins
(Leyser and Furner 1992; Clark et al. 1993, 1995; Ka-
yes and Clark 1998; Fletcher et al. 1999). It has been
shown that cytokinin can stimulate the expression of
STM (Rupp et al. 1999; Teo et al. 2001). The mutants
with defects in STM, WUS or a double mutant of
CUP-SHAPED COTYLEDON 1 and 2 (CUCI and
CUC2) can block the formation of SAM (Aida et al.
1997; Takada et al. 2001). A microarray based genome
profiling analysis in Arabidopsis demonstrated that the
morphological changes during shoot formation when
root explants preincubated on an auxin-rich callus
induction medium (CIM) transferred to a cytokinin-
rich shoot induction medium (SIM) are associated
with extensive gene expression changes (Che et al.
2002).
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It is well accepted that auxin plays an important role
in root formation (Laskowski et al. 1995). The obser-
vation that aberrant lateral root formationl (alfl),
superrootl (surl), rooty (rty) mutants exhibited ele-
vated levels of endogenous auxin and produced extra
number of lateral roots strongly support that notion
(Boerjan et al. 1995; Celenza et al. 1995; King et al.
1995). Mutations in a large number of genes that
affecting auxin response also affects root development.
Those include AUX1 (Bennett et al. 1996), auxin
resistant 4 (AXR4, Hobbie and Estelle 1995), transport
inhibitor responsel (TIRI) (Ruegger et al. 1998; Gray
et al. 1999), the Aux/IAA gene family (Leyser et al.
1996; Tian and Reed 1999; Rogg et al. 2001; Fukaki
et al. 2002), the auxin efflux transporter family PIN
proteins (Gdilweiler et al. 1998; Miiller et al. 1998;
Geldner et al. 2001; Friml et al. 2002a, b). Microarray
profiling of Arabidopsis seed germination on different
media suggested that lateral root formation is associ-
ated with expression changes in large number of genes
(Himanen et al. 2004).

The plant tissue culture system has been exten-
sively used in studying organogenesis in vitro at
morphological, physiological, cellular, and biochemi-
cal levels (Goldberg et al. 1994; Laskowski et al. 1995;
Malamy and Benfey 1997; Rinne and Schoot 1998;
Gisel et al. 1999; Schoot and Rinne 1999; Casimiro
et al. 2001). However, a systematic analysis of genome
expression was not reported in a model organism with
full genome sequence available. Revealing those
underlying genome expression changes associated
with organogenesis will be very useful in under-
standing regulatory mechanisms involved. An in vitro
cell culture system is a good model for studying the
molecular events in embryogenesis and lateral
organogenesis since it is easy to harvest a large
amount of synchronized culture samples of giving
organogenesis state. Here we report a characterization
of the global transcriptional events during somatic
embryogenesis and the shoot and root organogenesis
from somatic embryo in rice (Oryza sativa). The
associated genome expression changes during those
organogenesis processes and its implications have
been a focus of this study.

Materials and methods
Plant material
The dehusked seeds of O. sativa L. subsp indica cv

93-11 were surface sterilized and cultured in petri
dishes containing MS medium (Murashige and Skoog
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1962) with 3% maltose and 2 mg/l 2,4-D, solidified with
0.8% (w/v) agar. After 4-5 weeks in the dark at 26—
28 °C, small, loosely attached globular calli were
carefully selected and placed into a 50 ml Erlenmeyer
flask containing 50 ml liquid SZ medium (Zhang 1995)
supplemented with 3% maltose and 2 mg/l 2,4-D and
0.2 mg/l kinetin, 300 mg/l casein enzymatic hydrolysate
(N-Z-Amine A), 500 mg/l each of proline and gluta-
mine. The medium was completely replaced at inter-
vals for 1-5 days for 2-3 weeks. Liquid cultures were
maintained in 125-ml Erlenmeyer flasks containing
50 ml SZ medium at intervals of 7 days subculture on a
gyratory shaker at 100-120 rpm. Seven months cell
cultural suspension was passed through a 1,000 um
nylon mesh (spectrumlabs) to separate out small cell
clumps. The cell clumps greater than 1,000 pm were
used as somatic embryo induction on liquid SZ med-
ium [3% maltose, 5 mg/l ABA, 0.5 mg/l NAA 2 mg/l
Kinetin, 300 mg/l casein enzymatic hydrolysate (N-Z-
Amine A), 500 mg/l each of proline and glutamine] in
dark. After subculturing in petri dishes containing NB
medium [3% maltose, 5 mg/l ABA, 0.5 mg/l NAA,
2 mg/l Kinetin, 300 mg/l casein enzymatic hydrolysate
(N-Z-Amine A), 500 mg/l each of proline and gluta-
mine, 3 g/l Phytelgel] for 2 days, the somatic embryos
were used to induce shoots on NB medium [3%
maltose, 2.5 mg/l Kinetin, 0.05 mg/l NAA, 300 mg/l
casein enzymatic hydrolysate (N-Z-Amine A), 500 mg/
1 each of proline and glutamine] at 28 °C under the
continuous light and roots on NB medium [3% malt-
ose, 0.5 mg/l NAA, 300 mg/l casein enzymatic hydro-
lysate (N-Z-Amine A), 500 mg/l each of proline and
glutamine] at 28 °C in dark.

Histology

For histological studies, the tissues were fixed in For-
malin/glacial acetic acid/ethanol (FAA) at a ratio of
5:5:90 (v/v/v) for 48 h, dehydrated through a grated
ethanol-xylene series and embedded in paraffin wax.
The tissue were sectioned at 10 pm thickness and
stained with 1% safranin O. The section were observed
and photographed with a Zeiss Axiophot microscope.

Microarray experiments

A rice 70-mer genome-wide oligo microarray (Ma et al.
2005) was used throughout this work. Microarray
probe labeling, hybridization, washing, and scanning
were carried out as described previously (Jiao et al.
2005; Ma et al. 2005). Hybridized microarray slides
were scanned with a GenePix 4000B scanner (Axon,
Whipple road, CA, USA), and independent TIFF

images for both Cy3 and Cy5 channels were used for
subsequent analysis.

Microarray data processing

To identify and remove systematic sources of variation,
spot intensities from the GenePix Pro output files of all
repeats of a given sample pair were normalized using
the limma package (Smyth 2004) in R. The print-tip
lowess normalization method was used. A common
used strategy (Rinn et al. 2003) was adopted to define
whether a gene is expressed or not with minor adjust-
ment. First, in each microarray replicate, the oligos with
a normalized intensity higher than 90% of the intensity
values of 156 negative controls on each slide were se-
lected as expressed genes (oligos). Second, only the
genes with the majority (two of two, or at least two of
three) of corresponding spots from multiple replicates
showed detectable expression defined in the first crite-
rion were kept as expressed genes. To identify differ-
entially expressed genes, a linear model and empirical
Bayes method were adopted to assess discrepancies in
expression levels (Smyth 2004). Criteria for differen-
tially expressed genes included having a P-value of less
than 0.05 and at least a twofold change in expression.

Hierarchical clustering analysis was applied to the
differentially expressed genes that at least presented
in one of the three different experiments (Supple-
mental Table 1). The hierarchical clusters were done
with the cluster 3.0 (http://bonsai.ims.u-tokyo.ac.jp/
~mdehoon/software/cluster/software.htm#ctv) on a
Redhat Linux server and visualized with the Java
Treeview program (http:/genetics.stanford.edu/~alok/
TreeView/).

RT-PCR cloning and mRNA blot analysis

A random group of selected genes based on microarray
data were used for mRNA blot analysis (Supplemental
Table 2). Probes used in RNA gel blot hybridization
were cloned by RT-PCR. Reverse transcription was
performed using Oligo (dT) 19-mer, Reverse Trans-
criptase (Promega, Madison, WI, USA), and 50 ng
mRNA, generating cDNA for PCR. The information
of primers is in the supplemental data (Supplemental
Table 2). The PCR products were visualized on 1.0%
agarose gels. The cloned PCR product was used as
probes after sequencing.

RNA gel blot hybridization

RNA (10 pg of total RNA per sample) was sep-
arated by electrophoresis on 1.2% agarose gels

@ Springer



340

Plant Mol Biol (2007) 63:337-349

containing 6% formaldehyde and blotted onto
nylon membranes (Hybond-N; Amersham Pharmacia
Biotech, Piscataway, NJ, USA). Duplicate RNA gels
were stained with ethidium bromide to verify RNA
quality and to ensure equal loading. DNA probes
were labeled with *?P-labeled DNA probes were
prepared using a Rediprime II Random Prime
Labeling System (RPN 1633, Amersham Biosciences)
according to the manufacturer’s instructions.
Hybridization signals were visualized by autoradiog-
raphy with Kodak XAR film.

Results
Optimization of rice organ induction conditions

We selected indica rice cultivar 93-11 for callus tissue
preparation and organogenesis analysis because of the
microarray design (Ma et al. 2005). Since indica rice
varieties may differ from other varieties in their
response to in vitro culture conditions, we tested
different culture conditions to set up a stable and syn-
chronized culture system for this cultivar. Four medi-
ums, R2 medium (Ohira et al. 1973), AA medium
(Miiller and Grafe 1978), N6 basal salts supplemented
with Gamborg’s BS vitamins (Chu et al. 1975), and SZ
medium (Zhang 1995), are commonly used for rice tis-
sue culture. We found that while the SZ medium was
suitable for the cell suspension culture and somatic
embryo induction, N6 basal salts supplemented with
Gamborg’s BS medium had the best results in shoot and
root induction.

In this study, an established suspension culture cell
line of ~7 months old was used. Somatic embryos were
consistently induced in high efficiency after hormone
treatment (see Method section), which increases the
embryogenic ability and provides a signal for synchro-
nization. Series of combination of hormone concentra-
tions under the light or in darkness were tested for the
induction of somatic embryos, shoots, and roots. The
optimal conditions were determined for somatic em-
bryo (SZ medium with 5 mg/l ABA, 0.5 mg/I NAA, and
2 mg/l Kinetin, 300 mg/l casein enzymatic hydrolysate,
500 mg/l each of proline and glutamine, 3% maltose, at
28°C in darkness), somatic embryo to shoot (NB med-
ium with 2.5 mg/l Kinetin, 0.05 mg/l NAA, 300 mg/l
casein enzymatic hydrolysate, 500 mg/l each of proline
and glutamine, 3% maltose, at 28°C under continuous
light), and somatic embryo to root (NB medium with
0.5 mg/l NAA, 300 mg/l casein enzymatic hydrolysate,
500 mg/l each of proline and glutamine, 3% maltose, at
28°C in darkness) induction.
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In our analysis, we found that the 7-day-old somatic
embryos (from the onset of hormone induction) were
the in best stage for shoots or roots induction with the
highest induction rates (298%). Using these somatic
embryos, the mean number of shoot plantlets can be
formed per embryo was 6.5 + 2.0 and the mean num-
ber for root plantlets was 15.0 = 3.0. Microscopic
examination revealed that the surface of somatic em-
bryos was smooth and had nodular appearance, which
are distinct from the 7-month suspension cell clusters
or calli (Fig. 1a, b).

An anatomic analysis of rice in vitro organogenesis

As an initial step to study the in vitro organogenesis
processes in rice, morphological and histological
changes during somatic embryo, shoot, and root for-
mation were examined. The microscopic observation at
different time points during shoot induction showed
that there was no observable changes occurred during
the first 3 days from the onset of shoot induction from
somatic embryos. After 3 days and most evident from
6 days onward, numerous green patches were observed
on the surface of somatic embryos. A histological
examination indicated that 3-6 days after shoot induc-
tion, coleoptile-like structures appeared (Fig. 1c, d).
The green shoot buds formation was evident after
9-day induction and histological examination revealed
the presence of obvious SAM and leave primordia
(Fig. 1e). After 28 more days, multiple shoots can be
observed protruding out of each individual somatic
embryo (Fig. 1i). As transcription reprogramming
likely happens before morphological changes, we se-
lected somatic embryos subjected to 6-day shoot
induction for microarray analysis with somatic em-
bryos without induction as the control.

Morphological analysis of root induction indicated
that after 3 days of root induction, spindly root-like cells
became apparent in those somatic embryos (Fig. 1f).
The root hair like surface structures appeared after
6-day root induction of somatic embryos, with waving
surface appearance (Fig. 1g). Evident root tips formed
9 days after root induction (Fig. 1h). Usually each
somatic embryo could form several roots as showed in
Fig. 1j. Again, the samples subjected to 6-day root
induction were chosen for gene expression analysis.

Identification of genes differentially expressed
during formation of somatic embryos, shoots, and
roots

A 70-mer oligo microarray described previously
(Ma et al. 2005), which represents 36,926 unique
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Fig. 1 Morphological changes during three organogenesis pro-
cesses: from callus to embryo colonies and the further induction
into shoots and roots in Oryza sativa L. subsp. indica (var 9311).
(a) Callus (7 months culture). (b) Embryo colonies (induction
for 7 days). (c—e) The induction of shoot from embryo colonies,
from left to right as 3, 6, and 9-day induction. (f-h) The induction

known and predicted indica rice genes, was used for
the analysis of genome expression during organogen-
esis. Three pair-wise comparisons were made that
involve 7-day induced somatic embryos compared to
suspension cells without induction, 6-day induced
shoots or roots compared to the somatic embryos.
Total RNA from three independent biological samples
was fluorescence-labeled and hybridized to the micro-
array and dye-swap was performed in each of the three
comparisons.

Examination of the expression ratios of genes
indicated that a relatively small portion of the rice
genome was differentially expressed in each organo-
genesis process. We found that 383 genes were
induced and 607 genes were repressed by at least
twofold, with a P-value below 0.05 when suspension
cells were induced into somatic embryos (Fig. 2).
During shoot induction, 433 genes were up-regulated
and 397 genes were down-regulated. Whereas 157
genes were induced and 203 genes were repressed
while somatic embryos were induced into roots. Ta-
ken together, transcript levels of only 1-3% of the
rice genes represented on the microarray were sig-
nificantly altered in each of these in vitro organo-
genesis processes at the examined time point.

of root from embryo colonies, from left to right as 3, 6, and
9 days induction. (i) Shoot after 28-day induction. (j) Root after
15-day induction. The upper half of each panel is from
microscopy analysis, while the lower half of each panel is from
histological analysis for panel (a)—(h). Bar in each panel is 1 mm
for microscopy analysis and 0.1 mm for histology analysis

Detailed lists of the differentially expressed genes are
available in Supplemental Table 1 and a summary is
presented in Fig. 3.

Clear specificities for each organogenesis process at
transcriptional level

A surprising finding was that a rather limited overlap
was found among these three organogenesis pro-
cesses, as shown in a Venn diagram (Fig. 4). There
were only nine genes commonly reduced among to-
tally 1,103 down-regulated genes during organogene-
sis of somatic embryos, shoots or roots. Similarly,
among 917 up-regulated genes, only three genes
were commonly involved. Slightly bigger overlaps, 59
repressed and 32 induced genes, were found between
shoots induction and roots induction from somatic
embryos. The results suggest that distinct genome
reprogramming is specifically involved in each
organogenesis process.

To further compare the transcriptome changes
during three organogenesis processes, we analyzed
detailed expression profiles using a Hierarchical
clustering algorithm (Fig. 5). The cluster results
revealed that the embryogenesis was more distinct
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Fig. 2 The overall assessment of differential gene expression
during the three organogenesis processes using the genome-wide
oligonucleotide microarray. Expression profiles of somatic
embryos were compared with callus (a), induced shoots were
compared with somatic embryos (b), and induced roots were
compared with somatic embryos (c¢). Plots were generated from
experimental data of three replicates after normalization and

700

607
600

500

433

400 383 397

300

Gene Number

203
a0 154

100

A B Cc

Fig. 3 The number of differential expressed genes in the three
organogenesis processes. (a) Differentially expressed genes from
7-day post-induction somatic embryos versus callus. (b) Differ-
entially expressed genes from 6-day induced roots versus somatic
embryos. (¢) Differentially expressed genes from 7-day induced
shoots versus somatic embryos. The shaded bars represents up-
regulated genes while the open bars represent down-regulated
genes. The differential expressed genes were defined as the log
(2) ratio greater than 1 and P- < 0.05

Fig. 4 Venn diagrams to show the number of differentially
expressed genes and the shared genes. (a) Up-regulated genes;
and (b) Down-regulated genes
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replicate integration analysis (see Methods for details). log(-
ratio) = log, (I1/L,); log(intensity) = 0.5 log, (/1-1,), where I; and
I, are median signal intensities for a given element in the first or
the second sample of the sample pair, respectively. The
differential expressed genes were defined as the log (2) ratio
greater than 1 and highlighted in red color

from root or shoot induction. Such a cluster analysis
also allowed us to reveal those genes weakly regu-
lated. We found only 6% of the differentially regu-
lated genes during root induction had similar
regulation but with a weaker magnitude (with a 1.5-
fold change and P-value of 0.05 cut-off) in the other
two organogenesis processes. While only 3% of the
differentially regulated genes during shoot induction
have similar regulation at a low magnitude in the
other two organogenesis processes. There are slightly
more similarity between shoot and root induction,
12% of the differentially regulated genes during root
induction shared with those differentially expressed
genes during shoot induction, including a group of
late embrogenesis genes (dehydrin family and late
embrogenesis abundant family) that were down-reg-
ulated in both root and shoot induction (Fig. 5). It is
interesting to note that 11 photosystem reaction re-
lated genes and ten Chlorophyll related genes are
found specifically up-regulated during the shoot
induction, but not or only weakly regulated in other
two organogenesis processes. Fifty-one and twenty
genes exhibited organ-specific and opposite regula-
tion between embryogenesis and roots or shoots
induction, respectively. While only three genes were
oppositely regulated during root and shoot induction.

Fig. 5 Hierarchical clustering display of differentially expressed P
genes in the three organogenesis processes. The 7-day
post-induction somatic embryos (E) versus callus, the 6-day
post-induction root (R) versus somatic embryos, and 6-day —post-
induction shoot (S) versus somatic embryos were displayed
together. Only those genes that exhibited twofold or greater
differential expression in at least one sample pair among the
three tested were included for comparison. A total of 1,963 genes
were included in the cluster analysis
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Organogenesis involves genes with diverse
functions

Among those specifically regulated genes, we identified
clusters of photosystem enzyme genes induced during
shoot genesis. Other gene functional groups, however,
did not show a clear enrichment either in commonly
regulated genes by two processes or in those specific
genes for only one organogenesis process. In fact each
of these groups included genes with various functions
in regulatory roles, such as transcription and signal
transduction (including kinases), and in specific bio-
chemical processes. There also lacked an enrichment of
those regulatory genes. For example, we identified 116
transcription factors regulated in at least one organo-
genesis process. These transcription factor genes cor-
respond to about 5% of all transcription factors
predicted in rice, which is a similar portion to the
overall count (Supplemental Table 1). Moreover, these
regulated transcription factors distribute similar to
other genes in distinct regulated gene groups.

Still we were able to identify genes with different
regulation patterns. Examples of previously studied
genes are shown in Fig. 6. We found a general consis-
tency between our microarray data and isolated re-
ports. For example, Em is a gene reported to
abundantly expressed during embryogenesis and is
enhanced by exogenous abscisic acid (ABA) (William
and Tsang 1991; Hattori et al. 1995). Our microarray
expression data showed a consistent induced expres-
sion during embryo induction. The ZmOCL homolo-
gous gene in rice is down regulated, consistent with
reported expression in a distinct region of the embry-
onic protoderm during the early development (Ingram
et al. 2000). Rice ZWILLE gene was down-regulated
during shoots induction, consistent with its function in
maintaining stem cells in the developing shoot meri-
stem during the transition from embryonic develop-
ment to repetitive postembryonic organ formation
(Moussain et al. 1998).

A special attention was given to cytokinin and auxin
signaling pathway genes, since these two phytohor-
mones play crucial roles during in vitro organogenesis.
We found three rice homologs for Arabidopsis cyto-
kinin signaling genes were significantly regulated. All
of them showed a clear induction during embryogen-
esis, whereas the regulation during roots or shoots
induction was limited (Fig. 6). Another three Arabid-
opsis auxin signaling gene homologous were found
significantly or barely regulated (Fig. 6). These
expression profiles were distinct from each other and
were involved in not only embryogenesis but also roots
and shoots induction. Regulations were some time in
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the opposite direction in different organogenesis pro-
cesses. For example, ARF3 homolog was repressed in
expression during embryogenesis but was induced
during other two organogenesis processes.
Mutagenesis studies identified many genes essential
for Arabidopsis embryogenesis (Tzafrir et al. 2004).
We found 242 of them have significant rice homol-
ogous covered by this microarray. Among genes
expressed in somatic embryo, we found the expression
in 211 (87%) of them, suggesting that not only
embryogenesis is an evolutionarily conserved process,
but also a high similarity between normal embryo-
genesis and the in vitro embryogenesis process.

Kinetics of transcription regulation during
organogenesis

To gain insights into the kinetics of organogenesis
and also to further verify differentially expressed
genes identified by microarray analysis, a total of 28
selected genes were cloned, sequenced, and used as
probes for RNA blot analysis (Supplemental Table 2).
Total RNA samples were prepared from multiple
time points during each of the three organogenesis
processes, while roots and shoots RNA samples from
the 10-day and 60-day rice plants were used as po-
sitive controls. In all those 28 genes, the RNA gel
blot analysis confirmed trends of microarray data

(Fig. 7).

Limited regulation of metabolic pathways during
organogenesis

To examine the involvement of different functional
groups of genes during organogenesis, we explored the
regulation of various gene functional categories. By
functional assignment using Gene Ontology (GO)
terms (Gene Ontology Consortium 2000), we found
that several major gene functional categories were
regulated (see Supplemental Figure 1). For the
majority of these categories, induced and repressed
gene members were similarly distributed.

The annotation of metabolic pathway genes is more
definitive, in general, than other gene groups. There-
fore, we initially focused on metabolic pathways to
understand the effect of organogenesis on genome
expression. Moreover, metabolic pathway genes are
often the targets of signaling cascades. We followed
the standardized AraCyc-defined metabolic pathways
(Mueller et al. 2003), which currently include 1,759
Arabidopsis enzyme genes, to identify genes in each
pathway. In this analysis, rice genes were grouped into
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Fig. 6 Expression changes of representative genes known
to be differentially regulated during specific organogenesis.
Nine previously reported genes involved in organogenesis

pathways based on their best homologous in the
Arabidopsis genome as described previously (Jiao
et al. 2005).

To examine similarities and differences among these
three organogenesis processes, entire biosynthetic
pathways were analyzed (Fig. 8). By comparing regu-
lation of several biosynthetic/assimilation pathways,
degradation pathway, and energy pathway, we found
these pathways were largely unaffected in all three
processes. However, a few pathway steps are induced
or repressed in almost each pathway. Despite the
general similarity, the highly regulated steps in the

Root Shoot Embryo Root Shoot

(Em, ¢cRL852, ZmOCL-like, pOS137, Ole-1/2, B23D, ZWILLE,
Ec, and Osem) and six regulated cytokinin and auxin pathway
genes are shown (see text for more detail)

pathway may be different in each organogenesis pro-
cess. For example, in the gluconeogenesis pathway, the
genes encoding enzyme catalyzing the 1, 3-diphos-
phateglycerate to p-glyceraldehyde-3-phosphate step
were only weakly regulated during embryogenesis but
repressed during roots induction and induced during
shoots induction.

To compare comprehensively the transcriptional
regulation of major metabolic pathways among three
distinct organogenesis processes, we aligned ratios of
expression of all enzyme genes during three processes in
related pathways (Supplemental Table 3). Pathways for
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Fig. 7 RNA gel blotting analysis of representative genes shown
to be differentially regulated during organogenesis by our
microarray analysis. (a) The transcript levels during somatic
embryo induction. (b) The transcript levels during shoot
induction. (¢) The transcript levels during root induction. During
the shoot and root induction, the RNA samples of the time
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Fig. 8 Diagram of representative biosynthesis pathways affected
during organogenesis. Each pathway is shown as glyphs consist-
ing of nodes, which represent the metabolites, and lines, which
represent the reactions. Expression-level change of each reaction
is shown in a color relative to the expression level, as indiacted in

the biosynthesis of most primary and secondary
metabolites, utilization pathways, and energy pathways
(Fig. 9) show variable degrees of similarity in light-
regulated expression during these three processes.
Again, only a limited number of genes were regulated in
all processes. Interestingly, sugars and polysaccharides
biosynthesis pathways had more genes induced among
all three processes than other pathways. Cell structure
pathways had relatively larger portion repressed in all
processes. In addition, cases exist where regulation of
genes occurs in one process but not or in different
direction in others. Interestingly, hormone biosynthesis
genes were barely regulated in either process.
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Phenylpropanoid pathway,
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course marked 10 and 60 on the top of each panel are from the
10-day-old shoots and 60-day-old roots of rice plants. The
transcripts in different induced time (day) on the top of each
panel were detected with the probes selected according to the
microarray data on the left panel
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<> Proteins

Q Other

@ (Filled) Phosphorylated
Gluconeogenesis

Expression Ratios

“No data available

color scale bar in bottom right. Missing gene expression data,
which may come from lack of annotated enzyme, lack of
microarray probe, or lack of expression, are represented by gray
lines. From left to right: embryogenesis, root induction, and
shoot induction

Discussion

Organogenesis is a complex developmental process
and it is still insufficiently understood. In parallel with
in planta studies, cell culture system has been
demonstrated as an efficient system to understand
organogenesis (Howell et al. 2003). This is especially
true for embryogenesis since it is difficult to harvest
enough normal embryo samples for embryogenesis. In
contrast, cell culture system provides an ideal alterna-
tive as it can supply large amounts of homogeneous
and reproducible sample. In this study, we used in vitro
cultured cell system to understand the transcriptome
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Fig. 9 Transcriptional signature of expression in major meta-
bolic pathways. (a) Five representative biosynthesis pathways.
(b) Four representative utilization/assimilation/degradation
pathways. (¢) Two representative precursor metabolites and
energy pathways. Patterns in the gene expression data sets were
identified from homologs to Arabidopsis. For each pathway,
rectangular blocks represented the measured changes in expres-
sion of each gene. All genes in each pathway are shown. In each
pathway block, data from embryogenesis are in the top row,
followed by roots induction data and shoots induction data.
Expression-level change of each reaction is shown in a color
relative to the expression level, as indiacted in color scale bar in
bottom right

reprogramming during rice embryogenesis and shoot
and root organogenesis using a whole-genome oligo-
mer microarray covering 36,962 rice genes.

In our in vitro embryogenesis and subsequent or-
ganogensis experiments, we found the transcription of
a large portion (60-70%) of the genome in all explored
conditions. Specifically, 29,409 genes in induced em-
bryos, 23,946 genes in induced roots, and 26,984 genes
in induced shoots were detected out of 36,962 genes we
monitored. However, only a small portion (1-3%) of
these expressed genes was differentially regulated after

the in vitro treatments for organ specification (Fig. 2).
Moreover, few biochemical pathways exhibit signifi-
cant differential transcriptional regulation during ei-
ther process, although we observed expected
photosynthetic genes highly expressed in induced
shoots. Thus it is tempting to speculate that organo-
genesis may be regulated by the coordination of a small
set of key genes, which lead to the dramatic morpho-
logical changes during these organogenesis processes.

A comparison of differentially regulated genes
during these three processes revealed that the overlap
is very limited, especially between embryogenesis and
two other organogenesis processes (Fig. 4). We there-
fore, conclude that each of these processes is highly
diverged from each other. Examination of the roles of
key plant hormones illustrates the point. For instance,
we found several cytokinin signaling pathway genes
were similarly induced during embryogenesis but not
during roots or shoots formation. On the other hand,
several auxin pathway genes were differentially regu-
lated albeit in distinct manners among the three
organogenesis processes, suggesting that auxin may
play multiple roles during organogenesis (Fig. 6).

To illustrate similarity and difference between so-
matic and normal zygotic embryogenesis, we compared
the transcriptomes of the somatic embryos and zygotic
embryo. We compared all genes in somatic embryo-
genesis defined in this study with all the public avail-
able information about embryo expressed-related
genes from Arabidopsis. This comparison indicates
that 87% (211 of 242) known embryogenesis related
genes in Arabidopsis have homologous rice genes
expressed in somatic embryos. This clearly indicates
that a high similarity between the somatic embryos and
zygotic embryos. The comparison between rice and
Arabidopsis also imply that the embryogenesis-related
genes are highly conserved between the monocots and
dicots.

Overall, the observed gene expression patterns here
are in good agreement with published data. It provides
a general description of the transcriptional events
underlying the morphological changes during those in
vitro organogenesis processes. While the reiterative
formation of new organs is a very complex process, the
genes differentially expressed in the process as defined
in this study can provide a starting point to examining
roles of new genes involved in the processes.
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