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Globular somatic embryos can be induced from immature cotyledons of soybean (Glycine max L. Merr. cv Jack) placed on
high levels of the auxin 2,4-dichlorophenoxyacetic acid (2,4-D). Somatic embryos develop from the adaxial side of the
cotyledon, whereas the abaxial side evolves into a callus. Using a 9,280-cDNA clone array, we have compared steady-state
RNA from the adaxial side from which embryos develop and from the abaxial callus at five time points over the course of
the 4 weeks necessary for the development of globular embryos. In a second set of experiments, we have profiled the
expression of each clone in the adaxial side during the same period. A total of 495 genes differentially expressed in at least
one of these experiments were grouped according to the similarity of their expression profiles using a nonhierarchical
clustering algorithm. Our results indicate that the appearance of somatic embryos is preceded by dedifferentiation of the
cotyledon during the first 2 weeks on auxin. Changes in mRNA abundance of genes characteristic of oxidative stress and
genes indicative of cell division in the adaxial side of the cotyledons suggest that the arrangement of the new cells into
organized structures might depend on a genetically controlled balance between cell proliferation and cell death. Our data
also suggest that the formation of somatic globular embryos is accompanied by the transcription of storage proteins and the
synthesis of gibberellic acid.

Due to their ability to regenerate into full plants,
somatic embryos are the tissue of choice for transfor-
mation by particle bombardment in several crop spe-
cies including soybean (Glycine max L. Merr. cv Jack;
Finer and McMullen, 1991). In soybean, somatic em-
bryos are obtained by induction, or culturing, of
immature cotyledons on high concentration of auxin.
Globular somatic embryos originate from epidermal
and subepidermal cells of the adaxial side of the
cotyledon (Finer, 1988), whereas the abaxial side
evolves into a callus. The adaxial side is the “flat”
side of the cotyledons, closest to the axis of the em-
bryo, whereas the abaxial side is the side of the
cotyledon in contact with the endosperm and the
seed coat. However, the response to tissue culture is
highly genotype dependent (Meurer et al., 2001), and
the ability to transform a wider range of cultivars
could accelerate the production of transgenic plants.

Somatic and zygotic embryos follow the same gen-
eral pattern of development (Zimmerman, 1993;
Goldberg et al., 1994). However, large quantities of
somatic embryos can be produced in vitro, making
them more amenable to experimentation than their
zygotic counterparts, which are protected by fruit

structures and less accessible. Therefore, somatic em-
bryos constitute a model system to study basic as-
pects of embryogenesis, as well as a tool for efficient
transformation.

Little is known of the genes expressed in early
globular stage embryos (Zimmerman, 1993). Choi
evaluated that only 10% of the proteins visible on a
two-dimensional gel are embryo specific (Choi and
Sung, 1984). Differential screening of cDNA libraries
with RNA from embryogenic and nonembryogenic
calli led to the identification of few genes specific to
somatic embryos in carrot (Daucus carota; Aleith and
Richter, 1990) and in alfalfa (Medicago sativa; Giroux
and Pauls, 1997), most of them with no homology to
known genes.

Today, microarray technology is an obvious choice
to identify global gene expression patterns during
development. Its sensitivity and reliability has been
demonstrated in the study of a variety of phenomena
including fruit ripening (Aharoni et al., 2002), the
hypersensitive response in response to pathogen
(Schenk et al., 2000), and the response to wounding
(Cheong et al., 2002). In particular, microarray data
was shown to be highly consistent with results ob-
tained by RNA gel multiple times (Desikan et al.,
2001; Perez-Amador et al., 2001). Over 80 cDNA li-
braries have now been constructed as part of a “Pub-
lic EST Project for Soybean” sponsored by the soy-
bean grower organizations. More than 250,000
expressed sequence tags (ESTs) from these libraries
have been entered into dbEST soybean (Shoemaker et
al., 2002). As part of an National Science Foundation-
sponsored “Soybean Functional Genomics Project,”
low-redundancy sets of cDNAs (“unigenes”) have
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been selected, sequenced at the 3� end, and used to
build soybean microarrays.

We have sampled adaxial and abaxial sides of cot-
yledons separately, at 7-d intervals during the
4-week induction, and obtained RNA from the tissue.
Expression in the adaxial side was compared with
expression in the abaxial side collected at the same
time point by hybridization of the corresponding
labeled cDNAs to a soybean microarray representing
9,280 cDNA clones. In addition, transcript profiles of
the genes expressed in the adaxial side were obtained
by comparing each time point with the previous one.
A total of 495 genes (5.3% of the genes on the array)
that were differentially expressed in at least one of
these experiments were clustered into 11 sets using a
nonhierarchical method (k-means). Our results give a
global picture of the molecular events unfolding in
the cotyledons during their reprogramming.

RESULTS

Quality Evaluation of the Microarray Hybridizations

We used a 9,728-element microarray consisting of
9,216 single-spotted soybean cDNA clones (Gm-
r1070 library) and 64 choice clones, each printed eight
times. Each cDNA clone was chosen as a representa-
tive of a unigene. The unigene set represented on this
array was created by contigging expressed se-
quenced tags (ESTs) generated by 5� sequencing of
cDNA clones from embryo, seed coat, flower, or pod
libraries (Table I). A total of 9,216 clones from these
libraries, corresponding to singletons or 5�-most
members of a contig were reracked into a new li-
brary, Gm-r1070. The estimated redundancy is be-
tween 10% and 15%; therefore, the 9,216 cDNA
clones represent approximately 8,000 unique genes.
First pass sequencing of the 3� ends of Gm-r1070
cDNA clones was performed. For clones of interest to
our study (overexpressed or underexpressed in at
least one experiment), the tentative contigs (TCs) to
which the 3� and 5� ESTs belonged were identified in
the Soybean Gene Index (The Institute for Genome
Research [TIGR]; Quackenbush et al., 2000). Annota-
tions given here are based on the matching of the TC

consensus sequence, or the 3� EST in the case of a
singleton, by BLASTX (Altschul et al., 1997).

We performed 22 hybridizations corresponding to
nine experiments as described in “Materials and
Methods.” Raw and normalized data from these hy-
bridized slides were deposited in the Gene Expres-
sion Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo; see “Materials and Methods” for accession nos.).
Five experiments consisted of the comparison of
adaxial and abaxial tissue at time points 0, 7, 14, 21,
and 28 d. A time course in the adaxial side was
obtained by comparing adaxial tissue at 14 and 7 d,
21 and 14 d, 28 and 21d, and 28 and 7 d. Due to the
small amount of material collected at each time point
for each replicate, we pooled the RNA obtained from
seven different replicates (see “Materials and Meth-
ods”). Pooling RNA before labeling has the advan-
tage of reducing the variation due to biological rep-
lication and sample handling (Churchill, 2002). To
estimate this variation, we competitively hybridized
cDNA from two 14-d adaxial samples collected at dif-
ferent times to a microarray (GEO accession no.
GSM3384). The correlation coefficient between
the normalized intensities of the two channels was of
0.982, and only four spots showed differences in
intensities above 2-fold. The same experiment con-
ducted with 21-d adaxial samples returned a corre-
lation coefficient of 0.979 (GEO accession no.
GSM3385), and five spots showed differences in in-
tensities above 2-fold (see supplemental data at
www.plantphysiol.org for scatter plots). These very
high correlation coefficients give a strong indication
that biological replication is not a significant source
of variation.

For each experiment, two to three replicate hybrid-
izations were performed using the pooled RNA. Af-
ter normalization, the coefficient of variation (CV)
across replicates of the intensity ratio of each spot
was calculated for each experiment. The median CV
of the ratios of all the spots on the array ranged from
7% to 16% (average of 11.1%), depending on the
experiment. These low CVs reflect the repeatability
of our technique and show the robustness of our
methods. In addition, inferences were only made
from genes showing a ratio above 2 (below 0.5) in at
least two of the two or three replicate hybridizations
performed for a single experiment. This conservative
criterion further ensures that our data are the result
of treatment effect and not of technical variation.

The 28-d versus 7-d comparison confirmed the
high quality of our data. For each clone, the product
of the ratios measured in the experiments 14 d versus
7 d, 21 d versus 14 d, and 28 d versus 21 d should be
the same as the ratio measured in the experiment 28 d
versus 7 d. The correlation coefficient between the
calculated and the measured ratios of all the clones
was 0.90. Therefore, competitive hybridization of 28-
and 7-d cDNA supplied additional evidence of the
strength of our results.

Table I. Origin of the cDNA clones on the array

Tissuea Stage
No. of Unigenes Represented

on the Array

Embryo 20–50-mg Seed 589
Embryo 100–300-mg Seed 2,050
Seed coats 100–300-mg Seed 1,770
Flowers Immature 2,242
Flowers Mature 1,696
Whole pods 1–2 cm 869

Total – 9,216
a Tissue used for cDNA library.
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Differential Expression in the Adaxial and
Abaxial Tissue

Our objective was to identify gene expression pat-
terns during the development of somatic embryos.
Immature soybean cotyledons have the ability to
form somatic embryos when placed abaxial side
down (Santarem et al., 1997) on Murashige and Sk-
oog medium containing high levels (40 mg L�1) of
2,4-dichlorophenoxyacetic acid (2,4-D; Finer, 1988;
Fig. 1A). We initiated such cultures and sampled the
induced cotyledons every 7 d for 28 d. After 7 d on
the medium, the cotyledons appeared lighter in color
than at time of initiation (Fig. 1B). After 14 d, the
adaxial sides of the cotyledons were swollen, and the
abaxial sides started turning into a brown callus (Fig.
1C). At 21 d, some somatic embryos were visible (Fig.
1D) and at 28 d, the surfaces of the cotyledons were
covered with globular embryos, whereas the abaxial
sides were dark brown (Fig. 1E). At each time point,
cotyledons from plates were sampled randomly, and
the adaxial and abaxial sides were cut apart (Fig. 2).

In a first series of experiments, adaxial and abaxial
tissues sampled at the same time point were com-
pared by competitive hybridization of labeled cDNA
to a 9,280-clone microarray. This strategy was used to
eliminate from our interpretation genes expressed in
response to auxin but not directly involved in em-
bryogenesis. For each time point, genes showing dif-
ferential mRNA abundance (ratios above 2 or below
0.5) in at least two replicate slides were selected for

further analysis. Surprisingly few genes fulfilled this
condition: a total of 238 of 9,248 cDNA clones, or
2.6% of the cDNAs present on the array, were differ-
entially expressed in at least one comparison of
the five we performed. We classified the differen-
tially regulated genes according to their probable
functions, taking into account the redundancy on the
array. The ratios of the clones found in the same
TC in the TIGR soybean gene index were averaged
and counted as one gene. The number of genes in
each functional category at each time point is pre-
sented in Figure 3. Selected genes are presented in
Table II, and the complete list of genes is available at
www.plantphysiol.org (Supplemental Table S1).

At 0 d, transcripts corresponding to 32 genes on the
array exhibited differences in abundance in the adax-
ial and abaxial sides of the 4- to 6-mm cotyledon (Fig.
3). Higher mRNA levels of genes encoding seed stor-
age proteins in the abaxial side were largely respon-
sible for this polarity (Fig. 3B). Transcripts of the
homologs of the transcription factors YABBY2 and
FIL/YABBY1 were more abundant in the abaxial side
as well. At 7 d, only five genes of the estimated 8,000
showed differential mRNA levels within the cotyle-
don (all of them overexpressed in the abaxial side),
suggesting that the accumulation of transcripts of
storage proteins genes stopped. Similarly, little dif-
ference was observed between the mRNA popula-
tions of the two sides of the cotyledons after 14 d on
auxin (12 genes were differentially expressed). In the
abaxial side, overexpressed homologs to an ACC
oxidase, a calcium-binding protein and a metallopro-
teinase (Delorme et al., 2000; Swidzinski et al., 2002),
suggest a response similar to senescence.

Somatic embryos started appearing after 14 d on
auxin-containing medium. Consistent with this ob-
servation, the number of genes exhibiting different

Figure 1. Induction of somatic embryos from immature cotyledons.
Cotyledon, adaxial side facing up at: A, 0 d; B, 7 d; C, 14 d; D, 21 d;
and E, 28 d. se, Somatic embryo; c, callus.

Figure 2. Dissection of cotyledons at 0 d and at time of collection (X
day). At 0 d, the chalazal end of the seed is cut. The cotyledons are
pushed out of the seed coat and are placed on MSD40 3% (Murash-
ige and Skoog basal medium, 40 mg L�1 2,4-D and 3% (w/v) Suc),
abaxial side in contact with the medium. Adaxial and abaxial sides
are separated at time of collection; their RNA is extracted and used
to make fluorescent cDNA probes for microarray hybridization.
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mRNA levels in the adaxial and abaxial sides in-
creased to 71 genes in the 21-d samples. Of the 54
genes up-regulated in the adaxial side at 21 d, 14
genes are involved in cell maintenance and growth
(Fig. 3A). They include histones (H3, H4, and H2A),
homologs to tyrosyl-tRNA, DnaJ, and plastid ribo-
somal proteins (Table II), and suggest a higher level
of cellular activity in the adaxial side than in the
abaxial side. Relative transcript abundance of ho-
mologs to ent-kaurenoic hydroxylase, ent-kaurene
oxidase, a GA-regulated protein, and an enzyme of
the brassinosteroid biosynthesis pathway suggest
higher levels of GAs and brassinosteroid in the de-
veloping embryos than in the subtending callus.
Genes for seed proteins such as glycinins, lipoxyge-
nases, Kunitz trypsin inhibitors, and 2S albumin

were also up-regulated in the adaxial side. The func-
tional distribution of the genes overexpressed in the
adaxial side at 28 d was similar to that of genes
overexpressed at 21 d (Fig. 3A). In fact, 16 genes were
up-regulated at both time points including histones
and homologs to GA and brassinosteroid synthesis
genes. Important differences were the reduced num-
ber of up-regulated genes encoding seed proteins
(only one, for Kunitz trypsin inhibitor) and the pres-
ence of several kinases overexpressed in the adaxial
side at 28 d (Table II). In the abaxial side at 28 d (Fig.
3B), 15 of 48 up-regulated genes are possibly in-
volved in the control of oxidative damage (homologs
to a putative glutaredoxin and a 5�-adenylsulfate-
reductase, peroxidases, and Pro-rich proteins) or in-
duced during senescence (putative ripening-related
protein, ACC oxidase, and ethylene-responsive pro-
tein). However, it should be noted that other genes,
also acting in the protection of cells against oxidation
or death, were up-regulated in the adaxial side at
28 d; for example, glutathione reductase, a putative
phosphatase 2A inhibitor. Taken together, the com-
parison of adaxial and abaxial tissue by hybridization
to microarrays showed that differences in steady-
state mRNA between the adaxial and abaxial sides of
cotyledons cultured on MSD40 emerge between 14
and 21 d, which corresponds to the time of physical
appearance of embryos.

Time Course of Genes Expressed in the Adaxial Side

To refine our analysis, we quantified the evolution
of each transcript involved in embryo development
over time. We performed a time course experiment in
which RNA from the adaxial sides of tissue at a
specific time point was compared with RNA from the
same tissue at the previous time point on a microar-
ray. Because our first results indicated that genetic
events related to somatic embryogenesis per se occur
after 14 d of culture of the cotyledons on auxin, 14-d
samples were compared with 7-d samples, 21-d sam-
ples were compared with 14-d samples, and 28-d
samples were compared with 21-d samples (Fig. 4,
dotted lines). A total of 226 clones (2.4% of the 9,280
clones on the array) were differentially regulated in
at least one experiment. These genes were classified
according to their probable functions, and their dis-
tribution is shown in Figure 3. A selection of these
genes is also presented in Table III. The complete list
is available at http://www.plantphysiol.org (Sup-
plemental Table S2).

Substantive changes occurred in the adaxial side
between 7 and 14 d because 76 genes were differen-
tially regulated (Fig. 3). Fifteen stress-related genes,
such as a cationic peroxidase, and homologs to a
PR1a precursor, thaumatin, and endonuclease III,
showed increased mRNA abundance between 7 and
14 d. Together with the few differences noted previ-
ously between the adaxial and the abaxial side at 7
and 14 d (Fig. 3, A and B), it suggests that the stress

Figure 3. Number and functions of genes: A, overexpressed in each
experiment performed; and B, underexpressed in each experiment
performed. Redundancy was taken into account by counting clones
belonging to the same TIGR soybean gene index TC as one gene.
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occurs throughout the cotyledon. Three genes for
storage proteins were up-regulated. One of them,
leginsulin, exhibited a particularly dramatic increase
(ratio 6.23). Five genes associated with photosynthe-
sis showed increased mRNA levels. Decrease in

steady-state RNA levels of homologs of actin and cell
division cycle protein 48 suggests that cell division
might be slowing down between 7 and 14 d. The
down-regulation of homologs of glutaminyl-tRNA
reductase, elongation factor 1 alpha, and Pinhead,

Table II. A selection of genes differentially regulated in the adaxial versus abaxial experiments.

The full list is available at www.plantphysiol.org.

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means Setd Annotatione

0-d Adaxial vs. abaxial up-regulated
Gm-b10BB-2 BE806777 2.98 oth 10 Phe ammonia lyase (PAL; Glycine max)
Gm-r1070-3714 AI938893 2.09 cgm 10 Trans-caffeoyl-CoA 3-O-methyltransferase

(Medicago truncatula)
0-d Adaxial vs. abaxial down-regulated

Gm-r1070-4440 BE820268 0.40 to 7, 8f YABBY2 (Arabidopsis)
Gm-r1070-5305 BE820875 0.32 to 11 Filamentous flower protein (FIL)/YABBY1

(Arabidopsis)
Gm-r1070-8983 BE824085 0.44 sp 4 Lipoxygenase 1 (Glycine max)
Gm-r1070-7666 BE823049 0.44 sp 5, 1f Beta-amylase (Glycine max)
Gm-r1070-1843 BE658231 0.31 sp 8, 11f Lectin precursor (agglutinin; Glycine max)
Gm-r1070-399 BE657497 0.29 sp 4 Bowman-Birk proteinase isoinhibitor C-II

(Glycine max)
Gm-r1070-7656 BE822991 0.23 sp 3 Bowman-Birk proteinase isoinhibitor D-II

(Glycine max)
7-d Adaxial vs. abaxial down-regulated

Gm-r1070-4440 BE820268 0.55 to 7 YABBY2 (Arabidopsis)
Gm-r1070-2656 BE658799 0.45 to 8 YABBY2 (Arabidopsis)

14-d Adaxial vs. abaxial up-regulated
Gm-r1070-9099 BE824364 5.74 sp 3 Albumin 1 precursor/ leginsulin (Glycine max)
Gm-r1070-120 BE657237 1.83 sp 4 Trypsin inhibitor A (Kunitz) precursor (Glycine max)

14-d Adaxial vs. abaxial down-regulated
Gm-r1070-4440 BE820268 0.52 to 7 YABBY2 (Arabidopsis)
Gm-r1070-149 BE657203 0.53 sig 9 Hypothetical calcium-binding protein

(Arabidopsis)
Gm-r1070-8829 BE824150 0.51 sig 2 1-Aminocyclopropane-1-carboxylate oxidase

(Arabidopsis)
Gm-r1070-1711 BE658306 0.55 ox 2 Matrix metalloproteinase (MMP2; Glycine max)

21-d Adaxial vs. abaxial up-regulated
Gm-r1070-7726 BE823315 3.13 u 11 GA-regulated protein (Arabidopsis)
Gm-r1070-3826 BE821412 2.41 u 3, 4f ADR12-2 (Glycine max)
Gm-r1070-9099 BE824364 4.14 sp 3 Albumin 1 precursor/leginsulin (Glycine max)
Gm-r1070-7467 AW459971 3.64 sp 5 Glycinin A5A4B3 chain (Glycine max)
Gm-r1070-1653 BE658147 2.74 sp 5 Glycinin G1 precursor (Glycine max)
Gm-r1070-8607 BE823766 2.69 sp 4 Lipoxygenase 1 (Glycine max)
Gm-r1070-1184 BE658067 2.48 sp 4 Lipoxygenase 2 (Glycine max)
Gm-r1070-7343 BE822998 2.44 sp 3 Lipoxygenase 3 (Glycine max)
Gm-r1070-1596 AI748023 2.20 sp 5 Glycinin A3B4 subunit (Glycine soja)
Gm-r1070-6293 BE821976 2.14 sp 3 Napin-type 2S albumin (Glycine max)
Gm-r1070-111 AI735902 1.94 sp 4 Kunitz trypsin inhibitor 3 (Glycine max)
Gm-r1070-7723 BE823259 2.52 sig 11 Ent-kaurenoic acid hydroxylase (Arabidopsis)
Gm-r1070-7332 AW460085 2.44 sig 5 14-3-3-Like protein (Glycine max)
Gm-r1070-8358 BE823656 2.29 sig 11 Ent-kaurene oxidase (Cucurbita maxima)
Gm-r1070-7777 BE823087 2.24 sig 11 Zinc finger protein like, Ser/Thr protein kinase like

(Arabidopsis)
Gm-r1070-8002 BE823535 2.01 sig 1 Brassinosteroid biosynthetic protein (Pisum sativum)
Gm-r1070-970 AW101691 1.88 cgm 1 Histone H2A (Pisum sativum)
Gm-r1070-3909 BE659557 1.95 cgm 1 Plastid ribosomal protein L11 (Oryza sativa)
Gm-r1070-5132 BE821002 2.52 cgm 7 Histone H3 (Triticum aestivum)
Gm-r1070-7579 BE823362 2.48 cgm 11 Acetyltransferase homolog (Petunia hybrida)

(Table continues on next page)
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Table II. Continued

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means Setd Annotatione

Gm-r1070-8697 BE823786 2.47 cgm 11 Probable tyrosyl t-RNA synthase (Nicotiana
tabacum)

Gm-r1070-3966 BE659772 2.28 cgm 1 Histone H4 (Zea mays)
Gm-r1070-7482 AW460113 2.12 cgm 11 Phophatidyl-Ser decarboxylase (Arabidopsis)
Gm-r1070-8547 BE823943 2.09 cgm 5 Transporter-like protein (Arabidopsis)
Gm-r1070-5465 AW457965 2.07 cgm 7 Putative DnaJ protein (Arabidopsis)
Gm-r1070-4091 AW099385 2.05 cgm 1 Acyl carrier protein (Olea europaea)
Gm-r1070-7571 BE823365 2.02 cgm 11 Histone H2A.F/Z (Arabidopsis)

28-d Adaxial vs. abaxial up-regulated
Gm-r1070-697 BE657627 2.10 u 1 GH1/IAA9 (Nicotiana tabacum)
Gm-r1070-7835 BE823122 2.45 to 1 Monopteros/ IAA24 (Arabidopsis)
Gm-r1070-7636 BE822993 2.08 sp 11 Kunitz-type trypsin inhibitor KTI2 precursor

(Glycine max)
Gm-r1070-7723 BE823259 3.65 sig 11 Ent-kaurenoic acid hydroxylase (Arabidopsis)
Gm-r1070-7777 BE823087 3.06 sig 11 Zinc finger protein like, Ser/Thr protein kinase like

(Arabidopsis)
Gm-r1070-819 AW100772 2.90 sig 11 Receptor-like kinase 2 (Glycine max)
Gm-r1070-6498 BE822097 2.83 sig 1 Receptor-like kinase 1 (Glycine max)
Gm-r1070-8358 BE823656 2.68 sig 11 Ent-kaurene oxidase (Cucurbita maxima)
Gm-r1070-8002 BE823535 2.49 sig 1 Brassinosteroid biosynthetic protein (Pisum

sativum)
Gm-r1070-7250 BE822570 2.30 sig 1 Putative protein kinase (Arabidopsis)
Gm-r1070-8991 BE824089 2.16 sig 11 GA 20-oxidase (Phaseolus vulgaris)
Gm-r1070-6650 BE822629 2.08 sig 1 Peptidylprolyl isomerase FKBP62/ ROF1

(Arabidopsis)
Gm-r1070-7836 AW472167 2.01 sig 11 Protein kinase C inhibitor like (Zea mays)
Gm-r1070-7709 BE823267 1.99 ox 11 Glutathione reductase chloroplast precursor

(Glycine max)
Gm-r1070-6457 BE822166 1.85 ox 1 Probable amine oxidase (Arabidopsis)
Gm-r1070-4769 BE820482 1.78 ox 1 Putative phosphatase 2A inhibitor (Arabidopsis)
Gm-r1070-3997 BE659580 2.62 en 11 Chlorophyll a/b-binding protein (cab-3) of light-

harvesting complex (LHC) II type I prec.
(Glycine max)

Gm-r1070-7043 BE822600 2.30 en 11 Rubisco small subunit (RBCS1; Glycine max)
Gm-r1070-8717 BE824039 2.18 en 11 Chlorophyll a/b-binding protein type I prec.

(Lycopersicon esculentum)
Gm-r1070-7920 BE823502 1.89 en 11 PSII type I chlorophyll a/b-binding protein

(Glycine max)
Gm-r1070-8697 BE823786 2.82 cgm 11 Tyrosyl-tRNA synthase (Nicotiana tabacum)
Gm-r1070-7482 AW460113 2.76 cgm 11 Phosphatidyl-Ser decarboxylase (Arabidopsis)
Gm-r1070-3805 BE821263 2.58 cgm 7 Seed maturation protein (PM30; Glycine max)
Gm-r1070-7579 BE823362 2.52 cgm 11 Acetyltransferase (Olea europaea)
Gm-r1070-7571 BE823365 2.48 cgm 11 Histone H2A.F/Z (Arabidopsis)
Gm-r1070-5312 BE821057 2.38 cgm 11 ATP-dependent Clp protease proteolytic subunit

(Lotus japonicus)
Gm-r1070-4091 AW099385 2.35 cgm 1 Acyl carrier protein (Olea europaea)
Gm-r1070-3909 BE659557 2.35 cgm 1 Plastid ribosomal protein L11 (Oryza sativa)
Gm-r1070-123 BE657421 2.34 cgm 11 Argonaute-like (zwille and pinhead) protein

(Arabidopsis)
Gm-r1070-6877 BE822339 2.25 cgm 11 Ribosomal protein S2 (Lotus japonicus)
Gm-r1070-3713 AI966777 2.22 cgm 1 Putative xyloglucan endotransglycosylase

(XET; Arabidopsis)
Gm-r1070-9084 BE824267 2.18 cgm 11 Putative epimerase/dehydratase (Oryza sativa)
Gm-r1070-7508 BE822956 2.05 cgm 11 SMT3 ubiquitin-like protein (Arabidopsis)
Gm-r1070-7940 BE823195 2.05 cgm 1 Histone H3 (Triticum aestivum)
Gm-r1070-8211 AW508473 2.03 cgm 1 Carbamoyl-phosphate synthetase small subunit

(Nicotiana tabacum)
Gm-r1070-7659 AW471559 2.02 cgm 1 Alpha tubulin (Gossypium hirsutum)
Gm-r1070-87 BE657412 2.01 cgm 1 Histone H4 (Zea mays)
Gm-r1070-8438 AW507810 1.99 cgm 1 Putative chaperonin gamma chain (Arabidopsis)

(Table continues on next page)
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which belongs to a family of translation initiation
factors, also supports the hypothesis of a slow-down
in translation (Fig. 3B).

By 21 d, a sharp increase in mRNA abundance of
seed proteins (mainly glycinin, conglycinin, and li-
poxygenase) was observed. The up-regulation of ho-
mologs of histone 3, ribonucleoside-diphosphate re-
ductase, and carbamoyl phosphate synthase suggests
an increase in DNA replication, and that of RNA
polymerase suggests an increase in transcription.
Fewer genes involved in defense or oxidation than in
the 14-d versus 7-d comparison were up-regulated.
Two GST genes were down regulated, one of which
is inducible by 2,4-d. Expression of genes involved in
the biosynthesis of phytoalexins such as PAL, CHS,
CI, and F3�5�H also decreased. Little changes were
observed between 21 and 28 d in the adaxial side. The
most remarkable differences were the induction of
seed maturation genes (PM34 and PM41) and the
further decrease in transcripts for GSTs and genes of
the flavonoid pathway (CHS7, IFR1, and F3�5�H).

DISCUSSION

Induction of Somatic Embryos Occurs in Two
Distinct Phases

In many tissue culture systems such as the ones
developed for carrot or Norway spruce (Picea abies),

the addition of auxin to the medium leads to the
formation of a pro-embryogenic callus that only dif-
ferentiates into embryos upon removal of auxin
(Zimmerman, 1993; Filonova et al., 2000). The results
of the adaxial versus abaxial comparison we per-
formed showed a two-step change in the induced
cotyledons. The first step occurs between 0 and 14 d
and is characterized by a reduction in the differences
in the mRNA populations between the adaxial and
abaxial side. The near homogeneity in steady-state
RNA populations across the cotyledon at 14 d sug-
gests a dedifferentiation of the cotyledons during this
first step. The second step starts after 14 d and is
characterized by the development of globular em-
bryos on the adaxial side and the degeneration of the
abaxial side and coincides with the differential ex-
pression of a large number of genes between the two
sides of the explant. This suggest that in soybean, the
beginning of embryogenesis (up to the globular
phase) can occur on auxin, but as in other systems the
expression of the genes associated with embryogeesis
might be delayed until partial depletion of auxin in
the medium (after 14 d). The hypothesis of a deple-
tion of the medium in auxin overtime is supported by
the decrease in mRNA abundance between 7 and
14 d of GH1 and Monopteros, two genes participating
in the auxin response (Guilfoyle et al., 1993; Ulmasov
et al., 1997) and by the increase in steady-state RNA

Table II. Continued

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means Setd Annotatione

Gm-r1070-8592 BE824194 1.91 cgm 1 40S ribosomal protein S11 (Glycine max)

28-d Adaxial vs. abaxial down-regulated
Gm-r1070-6246 BE822044 0.49 u 9 Putative ethylene-responsive protein (Oryza

sativa)
Gm-r1070-3118 AW432447 0.44 u 6 Putative ripening-related protein (Vitis vinifera)
Gm-r1070-8829 BE824150 0.33 sig 2 1-Aminocyclopropane-1-carboxylate (ACC)

oxidase (Arabidopsis)
Gm-r1070-2699 BE658955 0.64 ox 9 Glutaredoxin, putative (Arabidopsis)
Gm-r1070-5439 BE821082 0.53 ox 6 In2-1 protein (Glycine max)
Gm-r1070-7210 BE822567 0.49 ox 9 Cationic seed coat peroxidase precursor (Glycine

max)
Gm-r1070-2114 BE658477 0.49 ox 9 5�-Adenylylsulfate reductase (Arabidopsis)
Gm-r1070-9101 BE824363 0.47 ox 4 Putative Pro-rich cell wall protein (Asparagus

officinalis)
Gm-r1070-2185 BE658565 0.44 ox 2 B� regulatory subunit of PP2A (Arabidopsis)
Gm-r1070-4669 BE820459 0.42 ox 2 Extensin class 1 (hydroxy-Pro-rich protein;

(Vigna unguiculata)
Gm-r1070-6150 BE822027 0.40 ox 9 Repetitive Pro-rich cell wall protein 1 precursor

(Glycine max)
Gm-r1070-2684 BE658937 0.40 ox 2 Inhibitor of trypsin and Hageman factor

(Cucurbita maxima)
Gm-r1070-1616 AI938416 0.37 ox 2 PR1a precursor (Glycine max)
Gm-r1070-1721 BE658311 0.35 ox 2 Amino acid-specific endopeptidase inhibitor

(Momordica charantia)
Gm-r1070-2742 BE659038 0.27 ox 2 Trypsin inhibitor p20 (Glycine max)

a EST from the 3� or 5� end of the cDNA clone b average over two or three replicates c cgm, cell growth and maintenance; en, energy; oth, other;
ox, oxidative stress/defense; sig, signaling; sp, seed protein; to, transcription; u, unknown d refers to the sets presented on Figure 5. e BLASTX
hit of the 3� end EST or TIGR contig. f Gene represented by clones clustering in different sets.
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of the auxin down-regulated gene ADR12-2 (Datta
et al., 1993) between 14 and 21 d and 21 and 28 d
(Table III).

A Determinant of Abaxial Cell Fate May Influence
Polarity in the Induction of Somatic Embryos

In this study, we placed the cotyledon adaxial side
up on auxin medium. The orientation of the explant
is critical for successful induction of somatic embryos
in several species including alfalfa (Chen et al., 1987)
and soybean (Santarem et al., 1997) and is consistent
with the fact that shoot apical meristems form from
cells with adaxial cell fate (McConnell and Barton,
1998). The explanation for this requirement most
likely lies in the polar expression of one or several
factors in plant lateral organs. At 0 d, homologs of the
transcription factors YABBY2 and FIL/YABBY1
showed higher expression in the abaxial side of cot-
yledons (ratios of 0.42 and 0.33, respectively) than in
the adaxial side. The YABBY family has been shown
to specify abaxial cell fate in Arabidopsis leaves,
cotyledons, and ovules (Sawa et al., 1999; Siegfried et
al., 1999), probably in conjunction with other pro-
teins. In our study, the polarity of YABBY2 mRNA
persisted up to 14 d after the beginning of the 2,4-d
treatment, whereas that of other indicators such as
seed proteins did not. This observation supports the
hypothesis that YABBY is a determinant of abaxial
cell fate in soybean as in Arabidopsis and that its low
abundance in the adaxial cells allows the formation
of shoot apical meristems and somatic embryos from
these cells.

Clustering Shows That an Increase in Transcripts for
Oxidative Stress Response Precedes the Appearance of
Embryos on the Adaxial Side

To obtain a global perspective on their expression,
we clustered the differentially expressed genes into
11 sets according to their profiles in the adaxial ver-
sus abaxial and in the time course experiments using
a nonhierarchical clustering method, the k-means
technique. The underlying assumption of the cluster
analysis is that genes sharing similarities in their
profiles are likely to be involved in the accomplish-
ment of a common function. Our time course analysis
was so far restricted to genes showing a minimum of
a 2-fold change within a week. To also include genes
showing a slower trend in the course of the 4 weeks
of induction, we compared expression in the adaxial
side at 28 d with expression in the adaxial side at 7 d
(Fig. 4, dotted line). Including this last experiment, a
total of 495 clones show differential expression in at
least one of the nine experiments we conducted.
Their ratios in each hybridization are available at
http://www.plantphysiol.org (Indiv_profiles). To
facilitate the interpretation, the time course data was
transformed so that differences in expression at any
time are graphed in reference to expression at 7 d (see
“Materials and Methods” and Fig. 4, solid lines). The
average profile of the genes in each set is shown on
Figure 5. The complete list of clones in each set is
available at www.plantphysiol.org (sets 1–11).

Although all the intermediates of the response to
auxin are not known, it is established that 2,4-D and
light can induce an oxidative burst in the target tissue
by generating reactive oxygen species (ROS; Pfeiffer
and Hoftberger, 2001). Consistent with these find-
ings, we observed many genes, characteristic of a
response to oxidative burst, up-regulated in the cot-
yledons during the first 14 d on 2,4-D (Fig. 3, 14
versus 7 d). Although the tissue was wounded dur-
ing sample collection and an oxidative burst can also
result from mechanical stress (Gus-Mayer et al.,
1998), all samples at each time point were treated
similarly: put on ice immediately after cutting and
frozen in liquid nitrogen within 30 min. Because all
tissues were similarly wounded at every time point,
it is unlikely that differences in mRNA abundance of
any genes was caused by wounding.

Most of the genes participating in the response to
auxin or oxidative stress clustered in sets 6, 2, and 9.
A large number of GST (glutathione-S-transferase)
genes are found in set 6: GST7, GST8, GST10, GST11,
GST16, GST19, and two probable glutathione-S-
transferases (Table IV). GSTs catalyze the conjuga-
tion of a broad range of substrates to glutathione
(McGonigle et al., 2000). GSTs are induced by the
ROS hydrogen peroxide (H2O2; Levine et al., 1994).
They detoxify xenobiotics, metabolize the by-
products of membrane oxidation lipid hydroperox-
ides (Berhane et al., 1994), and may serve as carriers
for plant hormones, including auxin (Edwards et al.,

Figure 4. Experimental design of the time course experiment. The
dotted lines represent the expression ratios obtained experimentally.
The solid lines represent the ratios expressed in reference to 7 d,
which are plotted on Figure 5. For each clone, the calculated ratio 21
versus 7 d is the product of the ratios 21 versus 14 d and 14 versus
7 d, and the calculated ratio 28 versus 7 d is the average of the
measured 28 versus 7 d and of the product of the ratios 28 versus
21 d, 21 versus 14 d, and 14 versus 7 d.
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Table III. A selection of genes differentially regulated in the time course experiments.

The full list is available at http://www.plantphysiol.org.

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means setd Annotatione

14-d Adaxial vs. 7-d adaxial up-regulated
Gm-r1070-9099 BE824364 6.23 sp 3 Albumin 1 precursor/leginsulin (Glycine max)
Gm-r1070-941 BE657741 2.18 sp 3 Insulin-like growth factor S11 precursor

(Glycine max)
Gm-r1070-7926 BE823202 2.01 sp 3 Alpha�-subunit of beta-conglycinin (Glycine

max)
Gm-r1070-8829 BE824150 4.30 sig 2 ACC oxidase (Arabidopsis)
Gm-r1070-8543 BE823989 2.30 sig 9 Receptor-like kinase (Arabidopsis)
Gm-r1070-11 AI735898 2.28 sig 4 FKBP12-interacting protein (FIP37; Arabidopsis)
Gm-r1070-1932 BE658454 2.26 sig 9 Calcium/proton exchanger (Arabidopsis)
Gm-r1070-5129 BE820838 2.15 sig 9 Contains similarity to receptor-like protein

kinase 5 (Arabidopsis)
Gm-r1070-1616 AI938416 11.41 ox 2 PR1a precursor (Glycine max)
Gm-r1070-2742 BE659038 3.49 ox 2 Trypsin inhibitor p20 (Glycine max)
Gm-r1070-4109 BE659729 2.99 ox 2 Wound-induced protein (Arabidopsis)
Gm-r1070-1711 BE658306 2.74 ox 2 MMP2 (Glycine max)
Gm-r1070-1721 BE658311 2.59 ox 2 Amino acid-specific endopeptidase inhibitor

(Momordica charantia)
Gm-r1070-8498 BE823815 2.59 ox 3, 7f Cationic peroxidase 2 (Glycine max)
Gm-r1070-2280 AW133370 2.53 ox 2 Thaumatin-like protein 1 (Pyrus pyrifolia)
Gm-r1070-1671 BE658299 2.53 ox 2 Alpha-amylase/subtilisin inhibitor (Oryza sativa)
Gm-r1070-249 BE657221 2.52 ox 3 Cys-rich protein (Vigna radiata)
Gm-r1070-1990 BE658457 2.49 ox 2 Amino acid-specific endopeptidase inhibitor

(Momordica charantia)
Gm-r1070-2185 BE658565 2.47 ox 2 B�-regulatory subunit of PP2A (Arabidopsis)
Gm-r1070-2779 BE659112 2.36 ox 2 Alliinase precursor (Allium cepa)
Gm-r1070-1963 BE658517 2.34 ox 2 Endonuclease III homolog (Arabidopsis)
Gm-r1070-4139 AW099251 2.11 ox 8 Aspartyl aminopeptidase-like protein

(Arabidopsis)
Gm-r1070-2395 AW156731 3.27 en 2 Phosphoenolpyruvate carboxykinase (Flaveria

trinervia)
Gm-r1070-2535 BE658836 2.40 en 9 ATP-dependent phosphoenolpyruvate car-

boxykinase (Cucumis sativus)
Gm-r1070-1216 BE820007 2.36 en 8 Chlorophyll a/b-binding protein CP24 (Vigna

radiata)
Gm-b10BB-41 AI495218 2.17 en 8 Rubisco (small chain 1 precursor; Glycine max)
Gm-r1070-7385 BE823015 2.13 en 8 Protoporphyrinogen oxidase (Nostoc sp.

PCC7120)
Gm-r1070-1411 BE657885 2.31 cgm 2 Glucosyltransferase-like protein (Arabidopsis)
Gm-r1070-5369 BE820955 2.09 cgm 9 Putative alcohol dehydrogenase (Arabidopsis)

14-d Adaxial vs. 7-d adaxial down-regulated
Gm-r1070-8454 BE823813 0.41 u 1 GH1 protein (fragment; Glycine max)
Gm-r1070-7835 BE823122 0.48 to 1 Monopteros/ IAA24 (Arabidopsis)
Gm-r1070-8651 BE823776 0.50 cgm 1 Probable chaperonin-containing TCP-1 gamma

chain (Arabidopsis)
Gm-r1070-8476 BE824165 0.49 cgm 1 Actin (Vigna radiata)
Gm-r1070-1814 AW508084 0.46 cgm 1 Elongation factor 1-alpha 1 (Lilium longiflorum)
Gm-r1070-7490 BE822955 0.46 cgm 1 Pinhead (Arabidopsis)
Gm-r1070-8771 AW508084 0.46 cgm 1 Putative polygalacturonase (Arabidopsis)
Gm-r1070-5432 AW459885 0.46 cgm 1 Glutamyl-tRNA reductase precursor (Glycine

max)
Gm-r1070-6175 AW186469 0.45 cgm 1 Coat protein gamma-COP homolog (Arabidopsis)
Gm-r1070-6723 BE822303 0.45 cgm 1 Probable nucleolar GTP-binding protein 1

(Arabidopsis)
Gm-b10BB-1 AW318030 0.42 cgm 1 EF1-a (elongation factor 1-alpha; Glycine max)
Gm-r1070-5868 BE821694 0.35 cgm 1 Cell division cycle protein 48 homolog

(Glycine max)
Gm-r1070-8752 BE823964 0.34 cgm 1 Vacuolar-processing enzyme precursor

(Glycine max)

(Table continues on next page)
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Table III. Continued

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means setd Annotatione

21-d Adaxial vs 0.14-d adaxial up-regulated
Gm-r1070-806 BE657863 3.94 u 3, 4, 5f ADR12-2 (Glycine max)
Gm-r1070-7439 BE823019 2.49 to 5 DNA-dependent RNA polymerase II

(Arabidopsis)
Gm-r1070-9099 BE824364 8.13 sp 3 Albumin precursor/leginsulin (Glycine max)
Gm-r1070-8983 BE824085 5.12 sp 4 Lipoxygenase 1 (Glycine max)
Gm-r1070-6293 BE821976 4.50 sp 3 Napin-type 2S albumin 1 precursor (Glycine max)
Gm-r1070-8909 BE824331 4.47 sp 4 Beta-subunit of beta conglycinin (Glycine max)
Gm-r1070-484 BE819850 4.25 sp 3 Bowman-Birk-type proteinase inhibitor

precursor (Glycine max)
Gm-r1070-1184 BE658067 4.17 sp 4, 5f Lipoxygenase 2 (Glycine max)
Gm-r1070-111 AI735902 3.71 sp 4 Kunitz trypsin inhibitor 3 (Glycine max)
Gm-r1070-7343 BE822998 3.58 sp 3, 4, 5f Lipoxygenase 3 (Glycine max)
Gm-r1070-8014 BE823524 3.45 sp 4 Beta-conglycinin alpha-subunit (Glycine max)
Gm-r1070-9021 BE824328 3.42 sp 4, 3f Alpha�-subunit of beta-conglycinin (Glycine max)
Gm-r1070-941 BE657741 3.41 sp 3 Insulin-like growth factor S11 precursor

(Glycine max)
Gm-r1070-7467 AW459971 3.36 sp 5, 7f Glycinin A5A4B3 subunits precursor (amino acids

�23 to 539; Glycine max)
Gm-r1070-1653 BE658147 3.21 sp 5 Glycinin G1 precursor (glycinin A1A and BX

subunit; Glycine max)
Gm-r1070-1840 BE658199 3.05 sp 4, 5, 8f Beta-conglycinin alpha-chain precursor

(Glycine max)
Gm-r1070-265 AW397006 2.99 sp 3 Bowman-Birk proteinase isoinhibitor D-II

(Glycine max)
Gm-r1070-1596 AI748023 2.83 sp 5, 4f Glycinin A3B4 subunit (Glycine soja)
Gm-r1070-90 BE657402 2.71 sp 5 Glycinin G3 precursor (Glycine max)
Gm-r1070-1597 BE658140 2.61 sp 4 2S albumin precursor (Glycine max)
Gm-r1070-5245 BE820890 2.57 sp 4 Lipoxygenase 7 (Glycine max)
Gm-r1070-120 BE657237 2.55 sp 4 Trypsin inhibitor A (Kunitz) precursor (Glycine

max)
Gm-r1070-1818 AI938452 2.39 sp 5 Putative beta-amylase (Cicer arietinum)
Gm-r1070-7552 BE822977 2.39 sp 5 p24 Oleosin isoform b (p91; Glycine max)
Gm-r1070-9195 BE824378 3.58 ox 5 ATP-dependent protease LA, putative

(Methanococcus jannaschii)
Gm-r1070-8951 BE824071 3.46 ox 5 Putative Ser peptidase (Oryza sativa)
Gm-r1070-249 BE657221 2.84 ox 3 Cys-rich protein (Vigna radiata)
Gm-r1070-9092 BE824254 2.55 ox 5 Cys peroxiredoxin (Xerophyta viscosa)
Gm-r1070-9071 BE824348 2.36 ox 5 Cys proteinase (Glycine max)
Gm-r1070-8498 BE823815 2.23 ox 3 Cationic peroxidase 2 (Glycine max)
Gm-r1070-7468 BE823425 3.05 cgm 5 Formate dehydrogenase (Arabidopsis)
Gm-r1070-1750 BE658179 3.00 cgm 4 Suc-binding protein precursor (SBP; Glycine max)
Gm-r1070-1783 AI941280 2.97 cgm 4 S-adenosyl-Met synthetase (Phaseolus lunatus)
Gm-r1070-8705 BE823791 2.81 cgm 4 Seed maturation protein PM34 (Glycine max)
Gm-r1070-1205 AW570313 2.62 cgm 3 Ribonucleoside-diphosphate reductase small

chain (Nicotiana tabacum)
Gm-r1070-7536 BE823431 2.57 cgm 4 PII protein (Medicago truncatula)
Gm-r1070-8231 BE823589 2.52 cgm 5 Actin-related protein, putative (Arabidopsis)
Gm-r1070-8986 BE824223 2.51 cgm 5 Vacuolar-sorting receptor protein BP-80

(Glycine max)
Gm-r1070-5257 BE820863 2.42 cgm 11 Putative XET (Arabidopsis)
Gm-r1070-5132 BE821002 2.24 cgm 7 Histone H3 (Medicago sativa)
Gm-r1070-729 AW397196 2.22 cgm 5 Putative carbamoyl phosphate synthetase small

subunit (Oryza sativa)
Gm-r1070-9037 BE824099 2.20 cgm 5 Cytosine methyltransferase (Arabidopsis)
Gm-r1070-165 BE657201 2.17 cgm 5 Ribosomal protein L2 (Glycine max)
Gm-r1070-8406 BE823658 2.08 cgm 5 Similar to ATP binding associated with cell

differentiation (Arabidopsis)

(Table continues on next page)
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2000). Due to their presence in the same cluster, we
can speculate on a GST role for five cytochrome
P450s of unknown function and for the safener-
induced In2-1 gene. Some GSTs might be targets of
the transcription factors WRKY (Du and Chen, 2000),
two homologs of which are also in this cluster. In
addition, set 6 contains many genes of the flavonoid
pathway (for example, CHS, CI, F3�5�H, IFS, and IFR)
that synthesize phytoalexins and anthocyanins. As
opposed to GSTs, these genes are not directly in-
duced by H2O2 (Levine et al., 1994), but phytoalexins
are produced during oxidative stress (Wojtaszek,
1997) and might be transported to the vacuole by
GSTs (Marrs et al., 1995; Edwards et al., 2000). Ex-
pansin, pectinesterase, and glucanase, also in this set,
are expressed in response to auxin and induce loos-
ening of the cell wall. The mRNA abundance of genes
in set 6 is highest at 7 d and decreases consistently in
the adaxial side over the course of the experiment.
This pattern, consistent with the decrease of auxin in
the medium over time, which was mentioned previ-

ously, suggests that their expression profile is mod-
ulated by the concentration of 2,4-D in the medium.

Genes in sets 2 and 9 have similar mRNA abun-
dance profiles as genes in set 6, but, in the adaxial
side, the steady-state RNA levels of genes in sets 2
and 9 peaked later (14 and 21 d, respectively) than
those of genes in set 6. Both sets 2 and 9 contain genes
commonly induced during wounding or pathogen
infection. For example, set 2 comprises homologs of
genes encoding a PR1a precursor, a thaumatin, a
wound-inducible protein, and ACC oxidase, which
catalyzes the last step in ethylene synthesis (Ecker,
1995). Involved in defense and in set 9 are also ho-
mologs to receptor-like protein kinases (Cheong et
al., 2002) that are under the control of the transcrip-
tion factors WRKY (Du and Chen, 2000), and ho-
mologs to transcription factors containing an AP2
domain, a RING zinc finger, or a bHLH domain
(Cheong et al., 2002). RING zinc finger proteins par-
ticipate in the ubiquitination of targets destined to
proteasomal degradation (Freemont, 2000). Unsur-

Table III. Continued

Clone Identification
Genbank

Accession No.a
Ratio

Averageb Functionc k-Means setd Annotatione

21-d Adaxial vs. 0.14-d adaxial down-regulated
Gm-r1070-2675 BE658859 0.46 ox 6 Cytochrome P450 82A4 (Glycine max)
Gm-r1070-4841 BE820550 0.42 ox 6 Glutathione S-transferase (GST) 10 (Glycine max)
Gm-r1070-5621 AW459775 0.40 ox 6 Probable 2,4-D-inducible glutathione

transferase (Glycine max)
Gm-r1070-3058 BE659268 0.36 ox 6 NtPRp27 (Nicotiana tabacum)
Gm-r1070-1963 BE658517 0.48 ox 2 Endonuclease III homolog (Arabidopsis)
Gm-r1070-2779 BE659112 0.45 ox 2 Alliinase precursor (Allium cepa)
Gm-b10BB-4 AW707011 0.46 oth 6 CHS2 (chalcone synthase gene 2; Glycine max)
Gm-b10BB-7 AI441937 0.43 oth 6 CHS1 (chalcone synthese gene 1; Glycine max)
Gm-b10BB-10 BG157194 0.47 oth 6 CI (chalchone isomerase; Glycine max)
Gm-b10BB-6 AI437793 0.41 oth 6 CHS7 (Glycine max)
Gm-b10BB-2 BE806777 0.45 oth 10 PAL (Glycine max)
Gm-b10BB-18 AW569417 0.37 oth 6 F3�5�H (flavonoid-3�,5�-hydroxylase; Glycine max)

28-d Adaxial vs. 21-d adaxial up-regulated
Gm-r1070-3826 BE821412 2.69 u 3, 4f ADR12-2 (Glycine max)
Gm-r1070-8705 BE823791 2.03 cgm 4 Seed maturation protein PM34 (Glycine max)
Gm-r1070-1205 AW570313 2.29 cgm 3 Ribonucleoside-diphosphate reductase small

subunit (Nicotiana tabacum)
Gm-r1070-536 BE819864 2.13 cgm 8 Seed maturation protein PM41 (Glycine max)

28-d Adaxial vs. 21-d adaxial down-regulated
Gm-r1070-324 BE657471 0.47 ox 6 GST 11 (Glycine max)
Gm-r1070-8532 BE824189 0.42 ox 10 GST 8 (Glycine max)
Gm-r1070-1721 BE658311 0.37 ox 2, 9f Amino acid-specific endopeptidase inhibitor

(Momordica charantia)
Gm-r1070-7210 AW278706 0.30 ox 9 Cationic seed coat peroxidase precursor

(Glycine max)
Gm-r1070-1811 AI938533 0.32 ox 9 Peroxidase 1A (Medicago truncatula)
G0m-b10BB-37 AW309104 0.42 ox 9 PRP (Pro-rich protein SBPRP1; Glycine max)
Gm-b10BB-33 AW278000 0.34 oth 6 IFR1 (isoflavone reductase 1; Glycine max)
Gm-b10BB-19 BE805102 0.56 oth 6 F3�5�H (Glycine max)
Gm-b10BB-6 AI437793 0.42 oth 6 CHS7 (Glycine max)
a EST from the 3� or 5� end of the cDNA clone. b Average of two replicates. c cgm, Cell growth and maintenance; en, energy; oth, other; ox,

oxidative stress/defense; sig, signaling; sp, seed protein; to, transcription; u, unknown. d Refers to the sets presented on Figure 5. e BLASTX
hit of the 3� end EST or TIGR contig. f Gene represented by clones clustering in different sets.
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prisingly, a homolog to a subunit of the 26S protea-
some also clusters in set 9. Genes involved in cell wall
remodeling, which often occurs in response to stress,
are found in set 2: MMPs, which facilitate extracellu-
lar matrix degradation in senescing tissue (Delorme
et al., 2000) and during tumor invasion (Zhu et al.,
2001), homologs of glucosyltransferases, extensin,
which participate in the loosening of the cell wall,
and a homolog of the carrot EDGP (extra dermal
glycoprotein precursor), a protein found in the extra-
cellular matrix of unorganized callus tissue (Satoh et
al., 1992). Several genes in set 9 are active in the cell
wall as well: peroxidases that scavenge ROS, Pro-rich
proteins that fortify the cell wall in response to
wounding, a reticuline oxidase-like gene (Wojtaszek,
1997), and a pectinesterase.

Several genes in set 9 are reportedly directly in-
volved in the control of oxidative stress. They com-
prise homologs to a gene for adenosine 5�-
adenylphosphosulfate reductase, which participates
in sulfate assimilation (Kopriva et al., 2001), and to a
putative glutaredoxin, both of which are involved in
the synthesis of reducing thiol compounds; and a
homolog to a regulatory subunit of protein phospha-
tase 2A, which blocks the induction of H2O2 (Levine
et al., 1994). In set 2, a homolog to an Arabidopsis
endonuclease III involved in the replacement of oxi-
dized pyrimidines in DNA (Roldan-Arjona et al.,
2000) could induce DNA fragmentation, a phenome-

non characteristic of programmed cell death (PCD).
PCD can be triggered by high levels of ROS (Ten-
haken et al., 1995). It occurs at various times during
plant development and is interpreted as a way for
plants to recycle nutrients from unneeded structures.
In particular, PCD occurs during the switch from
pro-embryogenic masses to somatic embryos upon
removal of plant growth regulators in Norway
spruce as detected by DNA fragmentation (Filonova
et al., 2000).

Our analysis show that many genes increasing in
expression in the cotyledons during the first 2 weeks
on auxin (sets 2, 6, and 9) are involved in detoxifica-
tion, defense, or in the maintenance of the redox state
in other contexts. It suggests that an oxidative burst,
most probably caused by 2,4-D (Pfeiffer and Hoft-
berger, 2001), occurs during the development of so-
matic embryos and might lead to PCD of certain cells
(Fig. 6). Interestingly, Santarem et al. (1997) showed
that wounding of the cotyledons accelerates the ap-
pearance of somatic embryos in soybean. The oxida-
tive stress is likely to trigger a specific signaling
pathway. Ethylene could be involved because an
ACC oxidase gene clusters in set 2. Salicylic acid
might also participate because PR1, CHS, flavonol
synthase, thaumatin, GST, ACC oxidase, peroxidase,
an AP2 domain gene, and EDGP, homologs of which
are present in sets 6, 2 or 9, were shown to be induced
by salicylic acid in Arabidopsis (Schenk et al., 2000).

Figure 5. Cluster analysis of 495 cDNA clones
differentially expressed in at least one of nine
experiments. The clones were classified based
on the similarity of their expression profiles us-
ing the k-means technique. The following exper-
iments are on the x axis. 0 through 4, Adaxial
versus abaxial experiments at 0, 7, 14, 21, and
28 d, respectively. 5 through 8, Time course
experiments: experiment 5, 7 d (equal to 1, see
“Materials and Methods”); experiment 6, 14 ver-
sus 7 d; experiment 7, 21 versus 7 d; experiment
8, 28 versus 7 d. On the y axis are the average
ratios of the clones in the set. Bars � SE around
the mean of the ratios. See “Materials and Meth-
ods” and Figure 4 for ratio calculations.
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Table IV. k-Means set 6

Clone Identification GenBank Accession No.a Functionb Annotationc

Gm-r1070-1847 BE658232 cgm Glc-6-phosphate 1-dehydrogenase (cytoplasmic; Medicago
sativa)

Gm-r1070-2578 BE658921 cgm Probable coatomer complex subunit 33791-27676
(Arabidopsis)

Gm-r1070-9132 BE824285 cgm Glc-6-phosphate 1-dehydrogenase (cytoplasmic; Medicago
sativa)

Gm-r1070-1797 BE658222 cgm Beta-glucosidase (Arabidopsis)
Gm-b10BB-19 BE805102 oth F3�5�H (Glycine max)
Gm-b10BB-33 AW278000 oth IFR1 (Glycine max)
Gm-b10BB-29 AW201205 oth IFS2 (isoflavone synthase 2; Glycine max)
Gm-b10BB-30 BG044305 oth IFS1 (isoflavone synthase 1; Glycine max)
Gm-b10BB-31 AW707047 oth CYP93A1 (dihydroxypterocarpan-6a-hydroxy;

Glycine max)
Gm-b10BB-5 L03352 oth CHS6 (homologous to CHS1–5; Glycine max)
Gm-b10BB-10 BG157194 oth CI (Glycine max)
Gm-b10BB-18 AW569417 oth F3�5�H (Glycine max)
Gm-b10BB-4 AW707011 oth CHS2 (Glycine max)
Gm-b10BB-6 AI437793 oth CHS7 (Glycine max)
Gm-b10BB-7 AI441937 oth CHS1 (Glycine max)
Gm-r1070-2852 BE659055 ox Putative NtPRp27-like protein (Nicotiana tabacum)
Gm-r1070-3579 BE821421 ox GST 16 (Glycine max)
Gm-r1070-3642 BE821453 ox Probable glutathione transferase (Glycine max)
Gm-r1070-4730 BE820598 ox Endo-beta-1 4-glucanase (Fragaria ananassa)
Gm-r1070-4752 BE820601 ox GST 7 (Glycine max)
Gm-r1070-5160 BE820969 ox Probable disease resistance response protein

(Arabidopsis)
Gm-r1070-6214 AW186185 ox GST 19 (Glycine max)
Gm-r1070-8040 BE823238 ox Probable glutathione transferase (Glycine max)
Gm-r1070-929 BE819902 ox GST 8 (Glycine max)
Gm-r1070-3058 BE659268 ox NtPRp27 (Nicotiana tabacum)
Gm-r1070-324 BE657471 ox GST 11 (Glycine max)
Gm-r1070-4841 BE820550 ox GST 10 (Glycine max)
Gm-r1070-5439 BE821082 ox In2-1 protein (Glycine max)
Gm-r1070-5505 BE821526 ox Expansin (Cicer arietinum)
Gm-r1070-5621 AW459775 ox Probable glutathione transferase (Glycine max)
Gm-r1070-4989 BE820570 sig Calcium-binding protein like (Arabidopsis)
Gm-r1070-6079 AW185677 sig Auxin-responsive GH3 product (Glycine max)
Gm-r1070-1441 BE657902 to Homeodomain-Leu zipper protein 56 (Glycine max)
Gm-r1070-1657 BE658290 to WRKY4 (Petroselium crispum)
Gm-r1070-2262 BE658511 to NtWRKY2 (Nicotiana tabacum)
Gm-r1070-2675 BE658859 u Cytochrome P450 82A4 (Glycine max)
Gm-r1070-1577 BE658278 u Cytochrome P450 (Pisum sativum)
Gm-r1070-2238 BE658653 u None
Gm-r1070-2823 BE659130 u None
Gm-r1070-2998 BE659085 u None
Gm-r1070-3023 BE659194 u None
Gm-r1070-3778 BE821387 u Unknown protein
Gm-r1070-3918 BE659767 u Cytochrome P450 82A4 (Glycine max)
Gm-r1070-4927 AW396292 u None
Gm-r1070-4972 BE820646 u Cytochrome P450 (Pyrus communis)
Gm-r1070-5056 BE820941 u None
Gm-r1070-549 BE657516 u Cytochrome P450 (Pisum sativum)
Gm-r1070-5643 BE821162 u None
Gm-r1070-6965 BF219577 u Unknown protein
Gm-r1070-7084 BE822789 u Unknown protein
Gm-r1070-8628 BE824219 u Hypothetical protein
Gm-r1070-2522 BE658907 u Unknown protein
Gm-r1070-7753 AW472132 u Unknown protein
Gm-r1070-2856 BE659056 u None
Gm-r1070-3118 AW432447 u Putative ripening-related protein (Vitis vinifera)
Gm-r1070-3957 BE659569 u Putative ripening-related protein (Vitis vinifera)
a EST from the 3� or 5� end of the cDNA clone. b cgm, Cell growth and maintenance; en, energy; oth, other; ox, oxidative stress/defense;

sig, signaling; to, transcription; u, unknown. c BLASTX hit of the 3� end EST or TIGR contig.
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Transcript Profiling Suggests That Cell Proliferation
Peaks in the First 7 d

Histological data in soybean and conifers showed
that somatic embryos form by division of epidermal
and subepidermal cells of the cotyledon (Santarem et
al., 1997; Salajova and Salaj, 2001). Genes indicative
of cell division cluster in set 1. Transcript abundance
of genes in set 1 peaks in the adaxial side at 7 d,
decreases by one-half by 14 d, and is increasingly
high in the adaxial side compared with the abaxial
side overtime. Markers of the S-phase of the cell cycle
such as histone H4 (Frank et al., 2000), histone H3
(Gown et al., 1996), and histone H2A (Tanimoto et al.,
1993) suggest that genes in this set are involved in
DNA replication. Their clustering with a cell division
cycle 48 homolog (CDC48) suggests that DNA repli-
cation is concomitant with cytokinesis because
CDC48 participates in the formation of spindle poles
in proliferating tissue of plants (Feiler et al., 1995).
Several other genes in set 1 have been linked to cell
proliferation, such as homologs of actin, alpha-
tubulin, the chaperonin TCP1 (Ursic et al., 1994), and
FKBP62, which binds the cell proliferation inhibitor
rapamycin (Vucich and Gasser, 1996). This set also
includes homologs of genes participating in transla-
tion: translation factors 1-alpha and Pinhead (Lynn et
al., 1999), glutaminyl-t-RNA reductase, 40S ribo-
somal protein, and plastid ribosomal protein S11.
Although the variations in expression of genes in set
1 are small over the time course (their average ratios
range from 0.5–1.6), the average profile of the genes

in this set suggest that cell proliferation peaks at 7 d
in both the adaxial and abaxial sides of cotyledons,
thus coinciding with the potential oxidative burst
mentioned previously, but becomes localized to the
adaxial side after 14 d (Fig. 6).

Transcripts for GA Synthesis Increase Steadily in the
Developing Embryos

Set 11 (Table V) includes homologs of genes par-
ticipating in photosynthesis (several chlorophyll-
binding proteins, a Rubisco small subunit, and a
chloroplast ribonucleoprotein) and translation (ho-
mologs to the translation factor argonaute and ribo-
somal protein S2). Most noticeable in this set are
homologs to GA3 biosynthesis genes: GA 20 oxidase
(two clones), ent-kaurenoic acid hydroxylase (two
clones), ent-kaurene oxidase, and GA-regulated
genes (homologs to GAST1, LTCOR11, and a GA-
regulated protein). Two clones annotated as cyto-
chrome P450 and identified as specific to the pollen
tubes of orchid (Nadeau et al., 1996) are present in
this set and could also participate in the synthesis of
GA. Transcripts of genes in set 11 show increasing
polarity between the adaxial and abaxial side and
increasing expression in the developing somatic em-
bryos over time (Fig. 6). Interestingly, the polarity in
expression for genes in this set is apparent as early as
7 d after the beginning of the treatment (average ratio
of 1.27), suggesting that they may play a role early in
the initiation of somatic embryos. Little is known of
the effect of GA on embryo development. Conflicting
reports exist on the effect of exogenous application of
GA on somatic embryogenesis. In alfalfa, application
of GA3 increased the number of somatic embryos,
whereas inhibitors of GA prevented the formation of
embryos (Rudus et al., 2002). The exact opposite ef-
fects were observed in Pelargonium � hortorum
Bailey, using hypocotyls as explants (Hutchinson et
al., 1997). In pea, a mutation in ent-kaurene oxidase
caused lower rate of survival and reduced seed
weight (Swain et al., 1997), and GA plays an essential
role in axis elongation by promoting cell elongation
(Hays et al., 2002). On 2,4-D medium, soybean so-
matic embryos are arrested in the globular stage,
suggesting that GA is not sufficient to induce axis
elongation. Two clones with homology to Arabidop-
sis XET are found in sets 11 and 1. XET enzymes
catalyze the cleavage of xyloglucan, thereby inducing
loosening of the cell wall. Expectedly, XETs are
highly expressed in developing tissue, where they
allow cell growth under turgor pressure (Fry et al.,
1992). Given their clustering with genes involved in
GA synthesis, it is possible that a soybean XET gene
is up-regulated by GA as was demonstrated for the
tomato LeXET2 expressed in mature tissues (Catala
et al., 2001).

Figure 6. Summary of the putative physiological changes occurring
in the adaxial sides of immature cotyledons during the differentiation
of somatic embryos. The timescale represents the number of days the
cotyledons were on 40 mg L�1 2,4-D. The heights of the blocks
reflect the intensity of the response at the transcript level.
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Table V. k-Means set 11

Clone ID GenBank accessiona Functionb Annotationc

Gm-r1070-123 BE657421 cgm Argonaute-like (zwille, pinhead) protein (Arabidopsis)
Gm-r1070-5257 BE820863 cgm Putative xyloglucan endotransglycolase (Arabidopsis)
Gm-r1070-5312 BE821057 cgm ATP-dependent Clp protease proteolytic subunit

(Lotus japonicus)
Gm-r1070-6877 BE822339 cgm Ribosomal protein S2 (Lotus japonicus)
Gm-r1070-7482 AW460113 cgm Phosphatidyl-Ser decarboxylase (Arabidopsis)
Gm-r1070-7508 BE822956 cgm SMT3 ubiquitin-like protein (Arabidopsis)
Gm-r1070-7571 BE823365 cgm Histone H2A.F/Z (Arabidopsis)
Gm-r1070-7579 BE823362 cgm Acetyltransferase (Olea europaea)
Gm-r1070-8697 BE823786 cgm Tyrosyl-tRNA synthase (Nicotiana tabacum)
Gm-r1070-9084 BE824267 cgm Putative epimerase/dehydratase (Oryza sativa)
Gm-r1070-5866 BE821693 cgm Histone H2A.F/Z (Arabidopsis)
Gm-r1070-3997 BE659580 en Chlorophyll a/b-binding protein of LHCII type I prec. (cab-3; Glycine

max)
Gm-r1070-5038 BE820966 en Chlorophyll a/b-binding protein of LHCII type I prec. (cab-3; Glycine

max)
Gm-r1070-7043 BE822600 en Rubisco small subunit RBCS1 (Glycine max)
Gm-r1070-7920 BE823502 en PSII type I chlorophyll a/b-binding protein (Glycine max)
Gm-r1070-8717 BE824039 en Chlorophyll a/b-binding protein type I prec. (Lycopersicon esculen-

tum)
Gm-r1070-7893 BE823134 oth 4-Coumarate-CoA ligase-like protein (Arabidopsis)
Gm-r1070-7709 BE823267 ox Glutathione reductase chloroplast precursor (Glycine max)
Gm-r1070-42 BE657386 sig Ent-kaurenoic acid hydroxylase (Arabidopsis)
Gm-r1070-7723 BE823259 sig Ent-kaurenoic acid hydroxylase (Arabidopsis)
Gm-r1070-7797 BE823089 sig GA 20-oxidase (Phaseolus vulgaris)
Gm-r1070-7836 AW472167 sig Protein kinase C inhibitor-like (Zea mays)
Gm-r1070-819 AW100772 sig Receptor-like kinase 2 (Glycine max)
Gm-r1070-8358 BE823656 sig Ent-kaurene oxidase (Cucurbita maxima)
Gm-r1070-8991 BE824089 sig GA 20-oxidase (Phaseolus vulgaris)
Gm-r1070-7777 BE823087 sig Zinc finger protein like, Ser/Thr protein kinase like (Arabidopsis)
Gm-r1070-7851 BE823255 sig Nodulin-like protein (Arabidopsis)
Gm-r1070-7636 BE822993 sp Kunitz-type trypsin inhibitor KTI2 precursor (Glycine max)
Gm-r1070-5613 BE821543 sp Beta-amylase (Glycine max)
Gm-r1070-8597 BE823764 sp Lectin precursor (agglutinin; Glycine max)
Gm-b10BB-52 AI736089 sp Lectin precursor (Glycine max)
Gm-r1070-7209 BF219549 to Putative ribonucleoprotein chloroplast precursor (Nicotiana sylvestris)
Gm-r1070-5305 BE820875 to Filamentous flower protein FIL/YABBY1 (Arabidopsis)
Gm-r1070-7252 BE822573 u GA-regulated protein GAST1 like (Arabidopsis)
Gm-r1070-7726 BE823315 u GA-regulated protein (Arabidopsis)
Gm-r1070-8165 BE823572 u None
Gm-r1070-3678 AI965366 u None
Gm-r1070-5655 AW457938 u Hypothetical protein
Gm-r1070-7540 BE822967 u Cytochrome P-450 (Phalaenopsis sp. SM9108)
Gm-r1070-7549 BE822890 u None
Gm-r1070-7671 BE823390 u None
Gm-r1070-7968 BE823514 u Unknown protein
Gm-r1070-7995 BE823295 u None
Gm-r1070-7575 BE823368 u None
Gm-r1070-8016 BE823531 u Putative protein
Gm-r1070-8166 BE823586 u Putative protein
Gm-r1070-8566 BE823825 u None
Gm-r1070-138 AW397125 u Hypothetical protein
Gm-r1070-3314 AW432306 u None
Gm-r1070-3964 AW119711 u None
Gm-r1070-7822 BE823333 u None
Gm-r1070-6094 BE821924 u Putative senescence-associated protein (Pisum sativum)
Gm-r1070-7816 BE823346 u Putative protein
Gm-r1070-8594 BE823833 u Cytochrome P-450 (Phalaenopsis cv. SM9108)
Gm-r1070-8987 BE824086 u LTCOR11 (Lavatera thuringiaca)
a EST from the 3� or 5� end of the cDNA clone. b cgm, Cell growth and maintenance; en, energy; oth, other; ox, oxidative stress/defense;

sig, signaling; sp, seed protein; to, transcription; u, unknown. c BLASTX hit of the 3� end EST or TIGR contig.
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Storage Proteins Transcripts Accumulate in the
Globular Somatic Embryos

At 0 d, transcripts for storage proteins (Bowman-
Birk trypsin inhibitor and lectin) were more abun-
dant in the abaxial side of the cotyledons (Fig. 3B, 0-d
adaxial versus abaxial). This observation supports in
situ hybridizations performed with Kunitz trypsin
inhibitor, beta-conglycinin, lectin, and glycinin
probes that show progression of the expression in a
wave-like pattern from the abaxial to the adaxial side
during the development of the cotyledon (Goldberg
et al., 1989).

We showed that developing somatic embryos ac-
cumulated transcripts for storage proteins from 14 d
on (Fig. 4A, 21-d adaxial versus abaxial and 21 versus
14 d; Fig. 6). The corresponding genes clustered in
sets 3 to 5. Their steady-state mRNA levels increased
in the adaxial side over time and are higher in the
adaxial side than in the abaxial side at 21 d. It is
important to note that although the same amounts of
transcripts for seed proteins were found within
equal-sized pools of RNA from the adaxial and ab-
axial side of the cotyledons at 28 d (as reflected by the
microarrays), at this time point the amount of extract-
able RNA in the abaxial side was 2 to 3 times lower
than in the adaxial side (data not shown). Sets 3 to 5
differed primarily by the amplitude of the transcrip-
tion response to the 2,4-D treatment, which is sum-
marized in the 28- versus 7-d average ratio: 12 in set
3, 4.5 in set 4, and 2.5 in set 5. Members of set 3, and
leginsulin in particular, showed the highest increase
in the adaxial side of all the genes on the array in the
course of the experiment. Soybean leginsulin was
found to have insulin-like binding properties and to
stimulate the phosphorylation of its receptor, a 7S
globulin, Bg7S (Watanabe et al., 1994). Insulin-like
growth factors were characterized in pea (Higgins et
al., 1986), lupine (Lupinus angustifolius; Ilgoutz et al.,
1997), and also in maize (Garcia Flores et al., 2001),
where it was shown to enhance maize seedling
growth presumably by increasing phosphorylation of
a 40S ribosomal subunit protein, rpS6 (Garcia Flores
et al., 2001). Rp S6 is speculated to preferentially
induce the translation of 5�-terminal oligopyrimidine
mRNAs (Brown and Schreiber, 1996), most of which
are ribosomal proteins and proteins involved in
translation (Levy et al., 1991). In humans, insulin-like
growth factors were shown to mediate epidermal
growth in cervical cancer cells (Steller et al., 1995)
and to decrease apoptosis (Parrizas et al., 1997).
Therefore, leginsulin could play an important role in
cell proliferation and in the mitigation of cell death in
the developing embryos. However, the gene for the
soybean leginsulin receptor, Bg7S, also represented
on the array, is expressed uniformly throughout the
cotyledons.

Alternatively, leginsulin, the Bowman-Birk pro-
tease inhibitor, and the Cys-rich protein present in
set 3 are all sulfur-rich proteins. Bowman-Birk pro-

tease inhibitors and the pea PA1, which encodes
leginsulin, are transcriptionally up-regulated by sul-
fur (Higgins et al., 1986; Biermann et al., 1998). The
timing of their increase (14 d for leginsulin or 21 d for
the others) in the adaxial side coincides with the
decline in abundance of transcripts associated with
oxidative stress, a time when the availability of re-
ducing thiol compounds such as glutathione might
become less important, and sulfur reserves can be
replenished. The clustering of Bowman-Birk and le-
ginsulin genes with ADR12-2, a small polypeptide
characterized by its negative regulation by auxin
(Datta et al., 1993), suggests that they might be down
regulated by auxin or the ensuing oxidative burst
and is consistent with our hypothesis.

Set 4 includes conglycinin genes, a Met-rich 2S
albumin, but also lipoxygenase 1, 2, and 3. Lipoxy-
genases constitute 1% to 2% of the protein content of
soybean seeds (Loiseau et al., 2001). These iron-
containing enzymes, in their oxidative state, catalyze
the hydroxiperoxidation of fatty acids (Maccarrone et
al., 2001). Their action can lead to membrane degra-
dation in oxidative conditions, and can result in the
synthesis of jasmonic acid, which is involved in se-
nescence or necrosis (Creelman and Mullet, 1997).
However the expression profile of lipoxygenases in-
dicate that they are transcribed later than the genes
involved in the putative oxidative burst (mostly in
sets 2, 6, and 9) and are therefore not likely to play a
major role in the oxidative process. Their clustering
with the storage protein conglycinin suggests that
they have a storage rather than a signaling function.
Set 5 is more diverse and comprises genes of the
glycinin and lipoxygenase families and genes associ-
ated with carbohydrate metabolism such as ho-
mologs to a hexokinase, a transcriptional activator of
sugar kinases, and beta amylase.

Our data show that most genes encoding storage
proteins cluster in sets 3, 4, and 5, indicating that
their expression increases very early in the globular
phase of embryo development. Although small
amounts of storage compounds can be detected in
globular embryos of broad bean (Vicia faba; Panitz et
al., 1999), zygotic embryos start accumulating tran-
scripts for storage proteins at the maturation stage
(Walling et al., 1986) and generally after cell divisions
end. Therefore, the transcription of genes encoding
storage proteins in globular embryos is unexpected
and may represent an important difference between
somatic and zygotic embryos.

Summary

Using a 9,280-cDNA clone array, we have identi-
fied 495 cDNA clones showing modulation of expres-
sion in response to 2,4-D treatment during the devel-
opment of somatic embryos. Clustering the clones by
similarity of expression profile over the course of the
study allowed us to determine the timing of the
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molecular events taking place during embryogenesis.
Of course, mRNA abundance data alone does not
ensure that a physiological event is actually occur-
ring because control of expression can be exerted at
multiple levels. However, transcript profiles do give
a strong point of reference and are particularly valu-
able for systems that have not been characterized
extensively at the molecular level, such as somatic
embryogenesis.

We have shown that 2,4-D induces the dedifferen-
tiation of the cotyledon within 7 d and that differen-
tial expression in the adaxial and abaxial side of the
cotyledons is apparent only after more than 14 d of
treatment, when auxin levels have probably de-
creased in the medium. Transcripts participating in
cell proliferation suggest that cell division is induced
early (within 7 d) in both adaxial and abaxial sides of
the cotyledons and persists at a slower rate until 28 d
in the adaxial side. A possible oxidative burst con-
comitant with cell division reaches a peak at 14 d and
gradually becomes more important in the abaxial
side. Finally, we show strong indications that GA3 is
produced in the adaxial side from 7 d on and that
transcripts for storage proteins accumulate in the
developing somatic embryos after 14 d on 2,4-D.

MATERIALS AND METHODS

Tissue Collection

Soybean (Glycine max L. Merrill cv Jack) plants were grown in the
greenhouse. Pods containing 4- to 6-mm seeds were surface sterilized. Seeds
were removed from the pods. The chalazal end of the seed was cut, thus
separating the axis from the cotyledon, and the cotyledons were pushed out
of the seed coat. Cotyledons were plated on MSD40 3% (Murashige and
Skoog basal medium, 40 mg L�1 2,4-D, 3% (w/v) Suc; Finer, 1988), at a
density of 25 cotyledons per plate, abaxial side in contact with the medium,
and placed at 24°C in 3 to 7 �E of light. Cotyledons were collected randomly
from each plate at 0, 7, 14, 21, and 28 d (Fig. 1). The adaxial side, consisting
of one-fourth to one-half of the cotyledon thickness or when the somatic
embryos were visible, the green tissue was carefully cut from the abaxial
side of the cotyledons with a sterile scalpel (Fig. 2) so as to avoid any brown
tissue. Adaxial and abaxial sides were frozen in liquid nitrogen and freeze
dried. Seven replicate experiments were conducted, each comprising be-
tween 65 and 454 cotyledons.

Isolation and Pooling of RNA

RNA was extracted from each biological replicate’s adaxial and abaxial
sides for each time point as described previously (Sambrook et al., 1989).
Equal microgram amounts of total RNA from tissue sampled at identical
time points were pooled across biological replicates. Each pool was purified
with RNeasy Mini columns (Qiagen, Valencia, CA) according to the manu-
facturer’s instructions. The purified RNA was concentrated with YM-30
Microcon columns (Millipore, Bedford, MA) and used for the adaxial/
abaxial comparison. More RNA was added to each pool for the time course
experiment. Once again, the proportions were kept equal between the
replicates, except for the 21-d adaxial tissue pool, in which replicate 5 is
underrepresented, and the 7-d adaxial tissue pool, in which replicates 6 and
7 are overrepresented.

Preparation of Labeled Probes

For each probe, 35 to 60 �g of total purified RNA was reverse transcribed
in the presence of Cy3- or Cy5-dUTP (Hegde et al., 2000). The same amount

of total RNA was used for probes hybridized to the same array. In brief, the
RNA and 5 �g of oligo(dT) (Operon, Qiagen) were denatured in a 10-�L
volume at 70°C for 10 min and cooled on ice before the following 30-�L
reaction was set up: 10 �L of the RNA and oligo(dT) mixture; 1� first strand
reaction buffer; 10 mm dithiothreitol; 0.5 mm dATP, dCTP, and dGTP; 100
�m Cy3- or Cy5-dUTP (Amersham-Pharmacia Biotech, Uppsala); and 400
units of SuperscriptII (Invitrogen, Carlsbad, CA). The reaction was incu-
bated 120 min at 42°C, with the addition of 200 units of SuperscriptII after
the first 60 min, and treated with RNAse A and H (0.25 �g and 0.5 units,
respectively) for 30 min at 37°C. The resulting Cy3 and Cy5 probes were
paired according to the intended experiment, and unincorporated nucleo-
tides were removed using a PCR cleaning kit (Qiagen). Cleaned probes were
concentrated in a SpeedVac (Savant Instrument, Holbrook, NY).

Microarray Hybridization and Analysis

ESTs from embryo, seed coat, flower, and pod libraries were contigged to
identify unigenes. Clones representative of 9,216 unigenes were reracked to
build the library Gm-r1070 (Table I), and their 3� ends were sequenced.
Purified PCR products of the library Gm-r1070 were single spotted on amine
slides (Telechem International, Sunnyvale, CA) using a PixSys 8200 arrayer
(Cartesian, Irvine, CA). An additional 64 choice clones were each printed
eight times on the array. Details of the unigene selection and of the microar-
ray construction will be provided elsewhere. All cDNA clones are available
to the public from the American Type Culture Collection (http://www.
atcc.org). The accession number of the microarray platform in the Gene
Expression Omnibus is GPL229 (http://www.ncbi.nlm.nih.gov/geo).

For each slide, the labeled cDNA and 15 �g of poly(A�) were denatured
at 95°C for 3 min. An equal amount of prewarmed 2� hybridization buffer
was added to the mixture, and the probe was deposited on the coverslip
(Grace Biolab) or pipetted between the prehybridized slide (slides were
incubated in 5� SSC, 0.1% [w/v] SDS, and 1% (w/v) bovine serum albumin
at 42°C for 45–60 min) and the coverslip (LifterSlip, Erie Scientific Company,
Portsmouth, NH). The slide was placed in a hybridization chamber (Corn-
ing, NY) overnight at 42°C and washed three times in 1� SSC and 0.2%
(w/v) SDS, 0.2� SSC and 0.2% (w/v) SDS, and 0.1� SSC successively. The
slides were scanned with a ScanArray 3000 or ScanArray Express (Perkin
Elmer Life Sciences, Boston), the spots were found, and their fluorescence
was quantitated by GenePix Pro 3.0 (Axon Instruments, Union City, CA).
Local background was subtracted from each spot intensity. Spots showing
signal intensity below the 95th percentile of the background distribution in
the Cy3 or Cy5 channel were filtered out. The ratio of Cy5 mean to Cy3
mean (r) was computed and used to adjust the Cy3 values to Cy3 X sqrt(r)
and the Cy5 values to Cy5/sqrt(r). A between-replicate correction was made
using an ANOVA model, which equalized average grid intensity between
replicates for Cy3 and Cy5 separately. The ratio of the resulting adjusted
intensities of Cy5 to Cy3 was computed for each spot. The CV (sd/mean)
across replicates was calculated for each spot to evaluate repeatability of the
hybridizations.

Experimental Design

In a first set of experiments, labeled cDNA from the adaxial and abaxial
sides of same-stage cotyledons were competitively hybridized to the mi-
croarray. The initial time point (0 d) comparison was done in duplicate. All
the other comparisons were done in triplicate. To eliminate potential dye
bias, the dyes were swapped. The correlation between intensities in replicate
slides using same tissue/dye combinations were not higher than correlation
between intensities in replicate slides with different tissue-dye combina-
tions, and ranged from 0.86 to 0.96. Raw and normalized data from these
hybridized slides was deposited in the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo). Accession numbers of these hybridizations
are GSM3255, GSM3256, GSM3257, GSM3259, GSM3261, and GSM3263 to
GSM3271.

A loop design (as shown in Fig. 4) was used for a second set of experi-
ments. In these experiments, RNA from adaxial tissue at time point n was
competitively hybridized to RNA from adaxial tissue at time point n � 1.
The following hybridizations were performed: 14 versus 7 d (GSM3246 and
GSM3247), 21 versus 14 d (GSM3248 and 3249), and 28 versus 21 d
(GSM3250 and GSM3251; Fig. 4, dotted lines). Each was repeated once with
a dye swap. We also hybridized two slides with cDNA from 28 d versus
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cDNA from 7 d (GSM3252 and GSM3254). The normalized ratio of each gene
in this control should be the same as the product of the following normal-
ized ratios: 14 versus 7 d, 21 versus 14 d, and 28 versus 21 d. The correlation
factor was calculated to be 0.90.

Genes showing a ratio above 2 (below 0.5) in at least two of two or three
replicates of the same experiments were considered up- (down) regulated.
For these genes, TCs to which the corresponding ESTs belonged were
identified in the TIGR soybean gene index (version 7; Quackenbush et al.,
2000), and their consensus sequence, or the 3� EST if a singleton, was
subjected to BLASTX for annotation (Altschul et al., 1997). The E-value
threshold was set at 1.0 E-6.

Cluster Analysis

Normalized data from the two sets of experiments were analyzed with
GeneSpring 4.1 (Silicon Genetics, Redwood City, CA). A total of 120 of 9,280
cDNA clones (1.3%) exhibited poor quality in 11 or more of the 22 hybrid-
izations performed and were not used in the analysis. A total of 495 of 9,280
(5.3%) of the cDNA clones on the array exhibited a ratio above 2 or below
0.5 in at least two replicates of one or more experiment. These 495 cDNA
clones were clustered according to their expression patterns across the nine
experiments into 11 sets using the k-means unsupervised clustering tech-
nique (Gordon, 1999). In brief, this algorithm arbitrarily separated the genes
(“vectors”) into 11 groups. The centroid of each group was calculated by
averaging the coordinates attached to each gene. In one iteration, each clone
was then reassigned to the centroid to which it is closest and the coordinates
of the centroids were recalculated. The data converged after 30 iterations. To
simplify the interpretation, we transformed the ratios of the time course
experiments so that the expression level at any time point is relative to
the 7-d time point. Thus, we arbitrarily set the 7-d value to 1 and graphed
the following ratios: 14 versus 7 d, 21 versus 7d (obtained by multiplying the
ratios 14 versus 7 d and 21 versus 14 d), and 28 versus 7 d (obtained by
averaging the measured ratio 28 versus 7 d and the product of the ratios 14
versus 7 d, 21 versus 14 d, and 28 versus 21 d; Fig. 4, solid lines). In addition,
the ratios of all the genes in one set were averaged so that they are
represented by a single point at each time point, with bars representing the
se around the mean of the ratios (Fig. 5).

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes.
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