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We have used cDNA microarray analysis to examine changes in gene expression during embryo development in soybean
(Glycine max) and to compare gene expression profiles of two soybean cultivars that differ in seed isoflavonoid content. The
analysis identified 5,910 genes that were differentially expressed in both soybean cultivars grown at two different locations for
two consecutive years in one of the five different stages of embryo development. An ANOVA analysis with P value , 0.05
and , 0.01 indicated that gene expression changes due to environmental factors are greater than those due to cultivar
differences. Most changes in gene expression occurred at the stages when the embryos were at 30 or 70 d after pollination. A
significantly larger fraction of genes (48.5%) was expressed throughout the development and showed little or no change in
expression. Transcript accumulation for genes related to the biosynthesis of storage components in soybean embryos showed
several unique temporal expressions. Expression patterns of several genes involved in isoflavonoid biosynthesis, such as
Phenylalanine Ammonia-Lyase, Chalcone Synthase (CHS) 7, CHS8, and Isoflavone Synthase2, were higher at 70 d after pollination in
both the cultivars. Thus, expression of these genes coincides with the onset of accumulation of isoflavonoids in the embryos. A
comparative analysis of genes involved in isoflavonoid biosynthesis in RCAT Angora (high seed isoflavonoid cultivar) and
Harovinton (low seed isoflavonoid cultivar) revealed that CHS7 and CHS8 were expressed at significantly greater level in
RCAT Angora than in Harovinton. Our study provides a detailed transcriptome profiling of soybean embryos during
development and indicates that differences in the level of seed isoflavonoids between these two cultivars could be as a result of
differential expression of CHS7 and CHS8 during late stages of seed development.

Soybean (Glycine max) L. Merr. is the world’s most
widely grown grain legume. It combines in one crop
both the major supply of vegetable oil and protein,
with a variety of uses in human food and animal feeds.
Soybean also contains eight essential amino acids that
are crucial for human nutrition and are not made
naturally in the body (Carpenter et al., 2002).

Soybean seed is virtually devoid of endosperm and
comprises a well-developed embryo and a surround-
ing seed coat. During embryo development, the fer-
tilized egg cell differentiates into a mature embryo
containing cells with different roles. The entire embry-
ogenesis can be divided into five stages: globular, heart,
cotyledon, maturation, and dormancy (Walbot, 1978).
Each stage consists of unique morphogenic, cellular,
and physiological events that are determined by

changes in gene expression patterns. A complex regu-
latory network activates commencement of maturation
and accumulation of storage products in the seeds. The
whole process includes transcription and physiological
reprogramming reconciled by many different path-
ways (Wobus and Weber, 1999). During maturation,
embryonic cells synthesize a substantial amount of pro-
teins and secondary metabolites. For example, storage
proteins, lectins, trypsin inhibitors (Orthoefer, 1978),
and isoflavonoids (Dhaubhadel et al., 2003) are made
and accumulated in developing embryos.

Soybean seed has a unique chemical composition
that makes it a valuable industrial and agricultural
commodity. It contains 40% of the seed dry weight as
proteins. Soybean seeds are a rich source of isoflavo-
noids that are associated with many health benefits
(Dixon and Ferreira, 2002). The aim to optimize the
protein and isoflavonoid content, and thereby improve
the overall nutritional quality of soybean seeds, has
received a lot of attention recently. Genetic and envi-
ronmental factors control the synthesis of these com-
pounds and their accumulation in the mature seed. A
complex regulation and synchronization of various
biosynthetic pathways during different stages of
embryo development is critical to obtain a definite
composition of seed reserves. We are interested in
understanding the transcriptional changes during em-
bryo development that may control seed quality in
soybean. A natural starting point for this work would
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be to undertake an in-depth study of transcriptome
changes during the seed development in soybean. Mi-
croarray technology offers an opportunity to accom-
plish this (Schena et al., 1995) and has been adopted
successfully to study the changes in gene expression
during seed filling in rice (Oryza sativa; Zhu et al., 2003),
maize (Zea mays; Lee et al., 2002), Arabidopsis (Arabi-
dopsis thaliana; Ruuska et al., 2002; Hennig et al., 2004),
and tomato (Lycopersicon esculentum; Alba et al., 2005).

In this study, we have examined the temporal
changes in gene expression during embryo develop-
ment in soybean when seeds undergo major changes in
metabolism. Soybean cDNA microarray chips consist-
ing of over 18,000 cDNAs were used to define patterns
of gene expression during five different embryo devel-
opmental stages in two soybean cultivars. We describe
here the global gene expression profile during embryo
development in soybean and discuss the transcrip-
tional networks that synchronize the response to de-
velopmental programs, leading to the production of
various components that accumulate in seeds. We also
portray a detailed comparison of gene expression
between soybean cultivars that differ in the seed
isoflavonoid content and discuss the potential regula-
tion points for isoflavonoid synthesis in soybean seeds.

RESULTS

The 18 K-A microarray slides were obtained from
Dr. Lila Vodkin, University of Illinois (Vodkin et al.,
2004). The arrays were comprised of 18,462 single-
spotted PCR products from cDNAs of the low redun-
dancy Gm-c1021, Gm-c1083, and Gm-c1070 unigene
cDNAs and 64 choice clones spotted multiple times on
the slide. The unigene set represented on the array pro-
vides highly representative mRNAs expressed in roots
of seedlings and adult plants, flower buds, flowers,
pods, and various stages of immature embryos and
seed coats. These microarray slides have platform
GPL3015 in the Gene Expression Omnibus (GEO).

We focused our study on five different developmen-
tal stages of embryos from two different soybean
cultivars (RCAT Angora and Harovinton) to examine
the steady-state transcript abundance. These stages
included the early maturation stage as represented by
30, 40, and 50 d after pollination (DAP) to late matu-
ration stage (60 and 70 DAP), when seeds had attained

their full size but the process of desiccation was not
complete (Fig. 1). A decrease in chlorophyll content of
the embryos was noticed at 50 DAP. Embryos were
collected from plants grown at two different locations
(London and Delhi, Ontario, Canada) for two consec-
utive years (2003 and 2004). A dye swap and four bio-
logical replications were conducted per gene for each
developmental stage to minimize the technical and
biological variations, respectively. A total of 32 analy-
ses per choice clone were performed, because they
were represented four times in each array. The data
analysis was done using computer software (Gene-
Spring v7.3, Agilent Technologies), and normalization
was performed by per spot, per chip, intensity-
dependent LOWESS. Only those genes that showed
intensity .10 were combined together and selected for
further analysis. This method allowed increased reli-
ability in expression analysis.

Effect of Environment and Cultivar Difference
on Gene Expression

One of the major objectives of this research was to
delineate the temporal patterns of gene expression
during embryo development in soybean and interpret
the results in the context of our existing knowledge of
seed development and storage reserve accumulation.
We identified several developmentally regulated genes
by hybridizing the microarrays with mRNA samples
from five distinct stages of seed development. A total
of 11,480 genes showed intensities .10 at any time
point during the development. These genes were
chosen for further analysis by examining their hybrid-
ization intensities using a single channel method. An
ANOVA test with P value , 0.05 and , 0.01 with
different parameters was performed to calculate the
number of genes that show a significant difference in
their expression. An estimation of the effect of envi-
ronmental factors on gene expression is summarized
in Table I and Figure 2. A total of five representative
genes (P , 0.01) were chosen from each parameter to
demonstrate the common pattern of gene expression
during the development. The results show that culti-
var differences have very little effect compared to
either the location or the growing season effects. The
general patterns of gene expression were very similar
in RCAT Angora and Harovinton for plants that were
grown at the same location in different years, or in the

Figure 1. Developmental stages of soybean embryos during the study
period. Representative embryos from early, mid, and late maturity
(before complete desiccation) are shown. Numbers at the bottom
indicate embryo developmental stages in DAP.

Table I. Number of differentially expressed genes in developing
soybean embryos

An ANOVA test was performed on 11,480 genes with different
parameters and P values.

Parameters P , 0.05 P , 0.01

Developmental stage 6,295 4,488
Location 526 88
Year 99 19
Cultivar 5 5
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Figure 2. Selected genes showing the greatest level of change in expression based on location, year, developmental stages, and
cultivars. An ANOVA analysis with P value , 0.01 was performed on 11,480 genes that showed intensity .10 at least once
during the development in soybean cultivars RCAT Angora (RCAT) and Harovinton (Hvtn). The analysis was performed using
different parameters. A, Location. B, Year. C, Embryo developmental stage expressed in year. D, Embryo developmental stage
expressed in location. E, Cultivars expressed in year. F, Cultivars expressed in location. Shown above are five genes from each
analysis with the most significant P value that display various expression profiles when the RCATand Hvtn were grown at London
(Ldn) and Delhi or in year 2003 (03) and 2004 (04). Identity of genes with blast hit and cDNA source are: A, DNA polymerase
l (Gm-r1083-2907), pectinesterase (Gm-r1083-3987), hypothetical protein (Gm-r1070-9004), oligouridylate binding pro-
tein (Gm-r1021-2348), Asp aminotransferase (Gm-r1021-2151); B, hypothetical protein (Gm-r1070-8066, Gm-r1070-2773,
Gm-r1021-3499), fiber protein Fb15 (Gm-r1021-3282), and ribosomal protein L28 (Gm-r1021-313); C and D, imbibition protein
(Gm-r1083-2642), dehydrogenase (Gm-r1083-2142), splicing factor PRP8 homolog (Gm-r1070-7746), polyprotein (Gm-r1070-
7423), annexin (Gm-r1070-7252); E and F, NPR (Gm-r1070-495), BBI (Gm-r1070-399), ARF 17 (Gm-r1070-8247), and
hypothetical protein (Gm-r1070-591, Gm-r1070-1795).
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same year at different locations, during different de-
velopmental stages (Fig. 2, A and B). A hierarchical
clustering analysis using one-way ANOVA also grouped
the cultivars together for particular developmental
stages irrespective of location or the year (data not
shown), confirming the greater effect of environmental
factors on gene expression. A large difference in the
temperature and precipitation was not observed be-
tween the locations during two growing seasons (Sup-
plemental Table S1). However, the soil composition of
the two locations was very different. Delhi soil had a
significantly higher amount of sand compared to
London (Table II). When ANOVA analysis was per-
formed on developmental stages, genes were selected
that displayed consistent developmental changes in
their expression profiles. Thus, for this set of genes,
only small differences were observed between the dif-
ferent locations and years for both RCAT Angora and
Harovinton. The representative genes in Figure 2, C
and D for both the cultivars showed a similar pattern
of expression during embryo development irrespec-
tive of environmental conditions. The ANOVA anal-
ysis on cultivar was the most restrictive filter and
resulted in the selection of only five genes. These genes
have the highest probability of differential expression
between the cultivars at all five developmental time
points that were sampled (Fig. 2, E and F). Other
cultivar-specific gene expression profiles that are de-
velopmentally specific were identified by further anal-
yses (below).

Cluster Analysis of 5,910 Differentially Expressed

cDNAs in Developing Soybean Embryos

Our analysis grouped the total number of genes on
the array into three categories based on the intensity
and differential expression (Fig. 3A). Using single
channel intensities for each cultivar, data was normal-
ized per chip to the 50th percentile and then per gene
to the median of the measurement for that gene, with a
cutoff value .0.5 and ,2.0 in all developmental stages
for both cultivars. Only the genes that passed the fil-
tering criteria were considered as genes that changed
in expression based upon the experimental conditions.
A total of 5,910 genes changed in their expression in all
the biological replicates in at least one embryo devel-
opmental stage used in the study. Only those genes
with intensities .10 were included in this group. A
group of 5,570 genes showed intensities .10; however,
their expression did not change significantly during
the development. Another group of 6,872 genes
changed in their expression with time but possessed

very low intensity. A complete list of genes belonging
to each of three groups is deposited in GEO (see
‘‘Materials and Methods’’). To acquire an overall pic-
ture of gene expression changes, we clustered 5,910
differentially expressed genes by a k-means analysis.
This separated the differentially expressed genes into
five sets according to their profiles irrespective of lo-
cations or growing seasons. The general hypothesis of
k-means cluster analysis is that genes involved in a
similar function or common metabolic pathway will
have similar profile of expression and thus likely to be
grouped into the same group. The analysis was carried
out for RCAT Angora and Harovinton separately.
These cultivars do not possess a close common lineage
that is evident from their pedigree information (Buzzell
et al., 1991; G. Ablett, personal communication).
Shown in Figure 3B is the average pattern of the genes
that are included in the specific group. Each group
consisted of several diverse genes with some func-
tional correlations. Group A included genes whose
transcripts accumulated to moderate level at 30 DAP
and then remained lower after that during the devel-
opment. Many cell wall-related genes, receptor ki-
nases, Leu-rich repeat family proteins, homologs of
genes encoding polyubiquitin, Suc synthase, and vac-
uolar protein sorting were included in group A.

Genes in groups B and C showed similar expres-
sion profiles in that they contain genes that were up-
regulated at the later stages of embryo development.
However, a considerable increase in the level of gene
expression was noticed for the genes included in
group C at 70 DAP. Genes encoding minor allergen,
homolog to zinc binding protein, oxalyl-CoA decar-
boxylase, pathogen inducible trypsin inhibitor-like
protein, and calmodulin are included in group B,
while group C included genes such as a lipid transfer
protein precursor, late embryogenesis abundant pro-
teins, desiccation protective protein, catalase 4, Pro-
rich protein, plasma membrane Ca21 ATPase, and
many transcription factor genes such as TATA box
binding protein, APETALA2 domain-containing pro-
tein, and WRKY family transcription factors. This
group included many genes that are required for
seed maturity or are reported to accumulate during
embryo maturation. For example, maturity related
protein, many Cyt P450, senescence related proteins,
receptor kinases, and ethylene responsive proteins
were all within this group. Most of the genes partici-
pating in isoflavonoid biosynthesis are also clustered
in group C.

Unlike the gene expression patterns for the genes
belonging to group B and C, group D included genes
that did not show major change in the level of expres-
sion from 30 to 60 DAP followed by a dramatic de-
crease in the level of transcript accumulation at 70 DAP.
Examples include several chlorophyll a/b-binding pro-
teins, b-conglycinin, Gly-rich protein, Bowman-Birk
type protease inhibitor, P34 allergen protein, Rubisco
small subunit, and brassinosteroid up-regulated pro-
tein 1 precursor.

Table II. Soil characteristics of London and Delhi, Ontario

Sand Silt Clay

London 35.60% 48.70% 15.70%
Delhi 87.00% 8.00% 5.00%
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Group E illustrates the expression patterns charac-
teristic for a collection of genes that increased gradu-
ally in their transcript accumulation from 30 to 40 DAP
followed by a slight increase or decrease in expression
or reached a plateau. Examples include genes encod-
ing lipooxygenase, WRKY family transcription factor,
xyloglucan endotransglucosylase/hydrolase, seed cal-
cium dependent protein kinase, and putative ATP-
binding cassette transporters.

Expression Profiles of Genes Involved in Storage
Product and Isoflavonoid Biosynthesis

The major storage products of soybean seed are
proteins and triacylglycerols. Significant amounts of
isoflavonoids also accumulate in the seed during de-
velopment (Dhaubhadel et al., 2003). Of the 5,910
genes described above, expression profiles of a total of
17 genes (0.3%) encoding soybean seed storage pro-
teins were analyzed. All the storage protein cDNAs
produced signals with very high intensity compared
to other cDNAs on the array. The abundant glycinin
(11S) and con-glycinin (7S) storage proteins consist of
several unique subunits in soybean seeds. Our analy-
sis classified the 17 genes into three major categories. A
representation of each category is shown in Figure 4A.
The first category with seven genes included three
genes of a-subunit of b-conglycinin and four genes of
glycinin with subunits G3, G4, and G5 (Fig. 4A, in red).
The expression level of these genes was low at the
beginning (30 DAP) and reached the peak activity
within 40 to 60 DAP before declining toward matura-
tion (70 DAP). The second category consisted of eight
genes with an expression pattern very similar to the
previous group but the level remained lower for the
entire duration of development, followed by a sharp
decline 60 DAP (Fig. 4A, in green). This group in-
cluded seven a-subunit of b-conglycinin and a gly-
cinin subunit G1. The two b-conglycinin genes with
a and a’ subunits belonging to the third category
showed a distinct profile of gene expression compared
to other storage proteins. These genes were expressed
at a lower level at 30 DAP, and the level of expression
increased with time, reaching its maximum toward
maturity (Fig. 4A, in blue).

The array used in this study allowed simultaneous
analysis of 46 genes involved in fatty acid metabolism
that showed intensity .10. These genes could be char-
acterized by three main patterns of expression. The

Figure 3. Cluster analysis of differentially expressed genes in soybean
embryos. A, Grouping of 18 K genes into three categories. Category A
included 5,910 genes that changed in their level at least once during
the embryo development and had intensity .10. Category B included
5,570 genes that showed intensity .10 but level of gene expression did

not change during embryo development, and category C included
6,872 genes that were differentially regulated but showed the intensity
,10. B, Cluster analysis of 5,910 differentially regulated genes in RCAT
Angora and Harovinton. The genes were classified using the k-means
technique into five groups. Genes belonging to each group were
averaged together and presented. The y axis is the normalized level of
expression as a function of developmental stages (30, 40, 50, 60, or 70
DAP) in RCAT Angora (RCAT) and Harovinton (Hvtn).
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patterns of the first group followed a slow decline in
expression from the early embryo development to late
maturity stage (Fig. 4B, in red). Some of the represen-
tative genes in this category include: acyl carrier
proteins (ACPs), V-3-fatty acid desaturase, b-ketoacyl-
ACP synthetase, enoyl-ACP reductase, etc. The second
group showed an increase in gene expression from 30
to 60 DAP followed by a sharp decrease in the expres-

sion. This group also includes many ACPs, two V-6-
desaturase FAD 2 to 1, d-12-fatty acid desaturase, and
fatty acid elongase (Fig. 4B, in green). The third group
showed a very different profile of gene expression. The
expression of genes belonging to this group initially
increased slowly and then more rapidly after 60 DAP.
v-6-desaturase FAD 2 to 1 and FAD2-2, acetyl CoA
carboxylase, and many putative AIM1 proteins are
included in this group (Fig. 4B, in blue).

We also studied the expression patterns of genes
that are involved in shikimic acid and phenylpropa-
noid biosynthesis, because these routes lead to the
isoflavonoid pathway. Out of 430 genes that are po-
tentially involved in those pathways and were in-
cluded on the array, only 168 (39%) showed the
intensity .10. These genes were classified into three
main groups according to their expression profiles
(Fig. 4C). The first group started with high expression
at 30 DAP, decreased at 40 DAP, and increased slightly
at 50 DAP then decreased later on the development
(Fig. 4C, in red). Some of the representative genes in
this group are: Phe ammonia-lyase (PAL) 2, NAD(P)H-
dependent 6-deoxychalcone synthase/reductase, and
prephenate dehydrase. The second group was charac-
terized by a set of genes with maximum expression at
60 DAP followed by a sharp decline in the expression
level with time during the later stages of development
(Fig. 4C, in green). For example, the expression of
isoflavone reductase, 4-coumarate:CoA ligase isoen-
zyme 2, cinnamic acid 4-hydroxylase, and chalcone
isomerase (CHI). The last group included genes with a
distinctly different pattern, with maximum expression
later in development (Fig. 4C, in blue). This group
included PAL1, chalcone synthase (CHS) 7, CHS8,
isoflavone synthase (IFS) 1, IFS2, and UDP-Glc:flavo-
noid glucosyltransferase. The complete list of genes
for all three seed storage products belonging to each
group is available in Supplemental Table S2.

Transcriptional Regulation of Isoflavonoid Biosynthesis
in RCAT Angora and Harovinton

We have previously shown that RCAT Angora ac-
cumulates a higher level of seed isoflavonoids com-
pared to Harovinton (Dhaubhadel et al., 2003). Here,
we have measured the total isoflavonoid content in
RCAT Angora and Harovinton during embryo devel-
opment and used the same embryo development
stages for microarray analysis to measure the differ-
ences in gene expression between the two cultivars
that could possibly contribute to the differential iso-
flavonoid accumulation in the seed. Isoflavonoids
were extracted from developing embryos grown in
the year 2004 at the London and Delhi locations,
hydrolyzed, and separated using HPLC. The peaks
corresponding to isoflavonoids were identified and
measured using authentic standards. The results indi-
cate that RCAT Angora accumulates a significantly
higher level of isoflavonoids compared to Harovinton
in almost all the stages of embryo development

Figure 4. Expression profiles of genes encoding soybean seed storage
compounds during embryo development. A group of: A, 17 seed stor-
age protein genes; B, 46 fatty acid related genes; and C, 168 shikimic
acid/phenylpropanoid pathway genes were analyzed by 3k-mean
cluster analysis. The expression level of the genes in each cluster was
averaged and presented by color-coded lines for RCAT Angora (RCAT)
and Harovinton (Hvtn) during the embryo development (30, 40, 50, 60,
or 70 DAP). The number in parentheses indicates total number of genes
under each category.
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(Fig. 5A). The level of isoflavonoid accumulation in-
creased rapidly 60 DAP in both the soybean cultivars.

For the comparison of genes involved in iso-
flavonoid biosynthesis between RCAT Angora and
Harovinton, a total of 430 genes that are involved
either in shikimic acid pathway or in phenylpropanoid
pathway were chosen. Results from different years
and locations but for identical developmental time

points were pooled together, and the mean normalized
ratio between RCAT Angora and Harovinton for each
gene was calculated. Of 430 genes, only 168 genes had
intensity .10, and 26 genes showed a 1.5-fold differ-
ence in expression between two cultivars at one of
the five embryo developmental stages under study
(Table III). In fact, 19 genes were up-regulated, and
seven genes were down-regulated in RCAT Angora
compared to Harovinton. Only four genes revealed a
2-fold or greater change in expression, of which one
was down-regulated. The expression of CHS7 and
CHS8 genes was greater in RCAT Angora compared to
Harovinton at 70 DAP (Fig. 5B; Table III). This differ-
ence was reproducible, statistically significant, and
occurred at the stage when the embryo starts accumu-
lating noticeably higher levels of isoflavonoids. The
IFS2 (1.68-fold) and a putative dihydroflavonol reduc-
tase (2.19-fold) were also found to be expressed at
higher levels in RCAT Angora versus Harovinton as
were many upstream genes involved in the phenyl-
propanoid pathway, such as PAL, CHS, CHI, and
certain Cyt P450 genes. The differences in isoflavonoid
pathway gene expression between the two cultivars
were even greater when separate analysis was per-
formed for years and locations (data not shown).

Verification of microarray results with reverse tran-
scription (RT)-PCR analysis using gene-specific primers
confirmed that IFS1 transcripts were present at similar
levels in the developing embryos from early embryo
development until maturity, while IFS2 transcript
levels increased in both the cultivars during embryo
development. Both CHS7 and CHS8 genes were ex-
pressed at a higher level in RCAT Angora compared to
Harovinton at 70 DAP (Fig. 5C).

Comparative Analysis of RCAT Angora and Harovinton
Developing Embryos

To identify other differentially expressed genes be-
tween RCAT Angora and Harovinton developing em-
bryos, we prepared a list of genes that showed 2-fold
or greater differences in expression between the culti-
vars at any particular stage of development (Table IV).
To supplement the fold-change analysis, we performed
a t test with P value of 0.01 by comparing a specific
developmental stage between the two cultivars. The
relationship between the P value from the t test and
fold difference are represented by volcano plot for
different stages of embryo development (Fig. 6).

The genes selected by this analysis show a signifi-
cant difference between the two cultivars that are in-
dependent of location or year. Most of the differences
observed between the two cultivars were at 30 DAP or
near maturity. Three genes that were up-regulated in
RCAT Angora at most of the developmental stages
under study were a NADPH-protochlorophyllide
oxidoreductase (NPR), a Bowman-Birk type protease
isoinhibitor C (BBI), and a homolog to hypothetical
protein from Arabidopsis. The maximum difference in
normalized intensity of BBI between RCAT Angora

Figure 5. Analysis of isoflavonoid content and IFS and CHS gene
expression in RCAT Angora and Harovinton. A, Total embryo isoflavo-
noid content in RCAT Angora (RCAT) and Harovinton (Hvtn) during
embryo development as determined by HPLC analysis. Data are mean
values from three independent experiments. B, Comparison of temporal
expression patterns of CHS genes in RCAT Angora (RCAT) and
Harovinton (Hvtn) developing embryos at 30, 40, 50, 60, or 70 DAP
obtained from microarray analysis. C, RT-PCR analysis of IFS1, IFS2,
CHS7, and CHS8 transcripts with gene-specific primers. Template for
RT-PCR was total RNA isolated from developing embryos (30–70 DAP)
from RCAT Angora (RCAT) and Harovinton (Hvtn). Shown as control is
rRNA visualized by staining with ethidium bromide (EtBr).
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and Harovinton was 12.8-fold at 30 DAP. The gene
encoding NPR was expressed 6.1-fold higher in RCAT
Angora at 30 DAP, and the minimum fold difference
was 2.9 at 50 and 70 DAP. The transcripts for an auxin
response factor (ARF) 17 and an unknown protein
were accumulated to a significantly higher level in
Harovinton compared to RCAT Angora. The normal-
ized intensity of ARF17 was 6.3-fold higher at 60 DAP
and 3-fold higher at other stages of development in
Harovinton than in RCAT Angora.

A b-glucosidase was expressed 5.2-fold higher in
RCAT Angora compared to Harovinton at 70 DAP,
while no major change in the level of expression for
this gene in both the cultivars was observed at earlier
stages of embryo development. Interestingly, a gene
encoding apyrase GS50 was expressed 2.5-fold higher
at 30, 40, and 60 DAP, and the level dropped down to
1.5-fold at 50 and 70 DAP in Harovinton as compared
to RCAT Angora. Many genes with unknown func-
tions were also differentially expressed in RCAT An-
gora and Harovinton.

Finally, to determine whether the differential gene
expression observed between Harovinton and RCAT
Angora was due to the difference in their genome
structure and copy number, we performed microarray
hybridization of an 18 K-A chip with the probes de-
rived from the genomic DNA from each of the culti-
vars. The result indicated that the differences in
transcript accumulation for the genes described above

are not due to major differences in gene copy number
with the genomes of each of the cultivars.

DISCUSSION

One of the major challenges of plant developmental
biology is to identify the genes involved in seed de-
velopment and determine their functions. During seed
development, various amino acids and metabolites are
transported into the developing embryo and distrib-
uted to different biosynthetic pathways for the syn-
thesis of major seed storage compounds. Transcriptome
analysis is an important step toward gaining an un-
derstanding of the complexity and coordination of the
various pathways. Here, we present a comprehensive
analysis of the soybean transcriptome at five stages of
embryo development. Our analysis identified 11,480
genes that are expressed in developing embryos of
soybean. To select constitutively expressed genes that
do not change, we filtered for genes that possessed the
normalized intensity .0.5 and ,2.0 in both the culti-
vars at both the locations and years. A total of 5,570
genes showed consistent expression level throughout
development in our study. Thus, almost 50% of the
genes that were detected as expressed genes did not
change in their expression level during seed develop-
ment. Using solution hybridization, Goldberg et al.
(1981) have shown that many mRNAs present in the

Table III. List of phenylpropanoid related genes with 1.5- or greater fold difference between RCAT Angora and Harovinton

Source cDNA
RCAT/Hvtn (DAP)

GenBank No. Annotation
30 40 50 60 70

Gm-r1021-1507 1.23 1.61 1.55 1.03 2.81 AI441937 CHS8
Gmr1021-698 1.46 1.27 1.38 0.96 2.62 AI437793 CHS7
Gm-r1083-3853 1.25 1.30 1.18 0.94 1.86 BE020072 Phenyl-Ala ammonia-lyase (soybean)
Gm-r1070-2682 0.88 0.98 1.10 0.73 1.73 AW460211 Glutathione S-transferase 24 (soybean)
Gm-r1070-496 1.22 1.24 1.11 1.10 1.69 AW397276 Glutathione S-transferase 10 (soybean)
Gm-r1083-1082 1.16 1.08 0.98 1.08 1.65 AI930620 Putative cinnamyl alcohol dehydrogenase
Gm-r1083-3171 1.25 1.07 1.20 1.13 1.64 AW704573 Similar to chalcone-flavonone isomerase
Gm-r1083-179 0.81 0.89 0.72 0.73 1.61 AW102036 Putative Cyt P450 (Populus 3 canescens)
Gm-r1083-3468 1.03 0.79 0.81 0.76 1.58 AW832016 Cyt P450 (CYP72C; Madagascar periwinkle)
Gm-r1070-9192 0.83 0.93 0.72 0.82 1.55 AW567634 Putative UDP rhamnose-anthocyanidin-3-glucoside

rhamnosyltransferase (Arabidopsis)
Gm-r1083-3218 1.46 1.31 1.69 1.20 1.22 AW830241 IFS2 (Beta vulgaris)
Gm-r1070-97 0.69 0.69 0.79 0.63 1.17 AI735901 Glutathione peroxidase (Malus 3 domestica)
Gm-r1070-1370 1.55 1.03 1.18 1.32 1.16 AI794960 Malonyl-CoA:ACP transacylase (Perilla frutescens)
Gm-r1083-646 1.65 0.80 1.05 0.72 1.10 AW278307 Isoflavone reductase homolog 1 (soybean)
Gm-r1070-17 0.87 0.63 0.75 0.72 1.07 AI735873 Cyt P450 (Arabidopsis)
Gm-r1070-8607 1.01 1.03 1.36 1.62 1.03 AW507837 CYP83D1p (soybean)
Gm-r1070-8518 0.46 0.59 0.98 1.21 1.02 AW507888 Putative CCR4-associated factor 1 (Arabidopsis)
Gm-r1070-323 1.57 0.92 1.17 1.22 1.01 AW396976 Putative malonyl-CoA:ACP transacylase (Arabidopsis)
Gm-r1083-4281 1.20 1.09 1.18 1.51 1.01 BE020747 UDP-glycose:flavonoid glycosyltransferase (Vigna mungo)
Gm-r1070-4384 0.83 1.13 0.67 0.81 0.96 AW395890 CHS2 CHS (Antirrhinum majus)
Gm-r1021-462 1.14 1.11 1.52 2.19 0.95 AI437762 Putative dihydroflavonol reductase (Ipomoea trifida)
Gm-r1070-5044 0.60 0.89 1.04 0.82 0.93 AW458737 4-Coumarate-CoA ligase-like protein (Arabidopsis)
Gm-r1070-4479 0.65 1.21 0.95 0.77 0.86 AW423274 Laccase (diphenol oxidase; Arabidopsis)
Gm-b10BB-19 1.15 0.99 0.98 1.53 0.83 BE805102 Cyt P450 71D8
Gm-r1070-4089 0.76 0.84 0.77 0.67 0.80 AW099347 Chalcone reductase (Sesbania rostrata)
Gm-r1070-3671 0.64 0.86 0.82 0.69 0.79 AI966752 Probable glutathione peroxidase (Arabidopsis)
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maturation stage in soybean embryos are also present
in the cotyledon stage embryo, suggesting that many
of these messages are present in the embryos through-
out development. We identified 5,910 genes that
changed in their expression at least once during the
development. Grouping of these genes into different
categories according to their expression profiles led to
clusters of genes that change in a similar fashion and
possibly share certain functional characteristics (Fig. 3).
Of 5,910 genes that showed differential expression,
760 genes (12.8%) were annotated as unknown. Some
of the unknown genes were highly expressed at certain

stages of development and may possibly play a major
role in seed development and metabolism. Therefore,
this new information on expression profiling can guide
potential work in functional genomics and may offer
the foundation for reverse genetic methods to identify
the function of these highly expressed genes during
embryo development in soybean. The expression pro-
files of the vast majority of the genes follow the same
pattern in RCAT Angora and Harovinton. The similar-
ity in expression suggests that there are minor cultivar-
specific differences in soybean, and thus the results
may be broadly applicable. Two genes that displayed

Table IV. List of genes that are differentially expressed a in RCAT Angora and Harovinton (Hvtn) during embryo development expressed as
RCAT/Hvtn

Source cDNA
RCAT/Hvtn (DAP)

Genbank No. Annotation
30 40 50 60 70

Genes overexpressed in RCAT Angora
Gm-r1070-399 12.84 3.71 1.58 2.21 4.71 AW397761 BBI (Glycine soja)
Gm-r1070-591 9.12 4.13 2.54 4.19 3.03 AW395691 Unknown protein (Arabidopsis)
Gm-r1070-495 6.16 3.78 2.87 5.25 2.99 AW395780 NPR (Vigna radiata)
Gm-r1070-7835 2.56 1.34 1.39 1.07 0.77 AW471705 Pro-pol-dUTPase polyprotein (Mus musculus)
Gm-r1070-8548 2.41 1.34 1.55 1.69 1.61 AW508008 Histone deacetylase family protein (Arabidopsis)
Gm-r1070-687 1.80 1.64 1.59 2.57 1.49 AW397511 Putative ADPATP carrier (Arabidopsis)
Gm-r1083-91 1.33 0.92 1.23 2.31 0.63 AW101976 Dicyanin (tomato)
Gm-r1021-951 1.31 0.94 1.27 2.26 0.70 AI443187 Polyubiquitin
Gm-r1021-2958 1.21 0.98 1.38 2.21 1.10 AI495397 b 1 Tubulin (maize)
Gm-r1083-1766 1.39 0.99 1.43 2.26 0.70 AW133197 Mcp20 (Matricaria chamomilla)
Gm-r1021-1736 1.24 0.94 1.25 2.13 0.67 AI461256 Ubiquitin (tomato)
Gm-r1070-4767 1.21 1.64 1.51 2.13 1.23 AW458996 Putative ZF-HD homeobox protein
Gm-r1070-8715 1.30 1.42 1.40 1.76 12.26 AW508321 Putative protein (Arabidopsis)
Gm-r1070-8811 1.35 1.53 1.67 2.02 6.35 AW508210 Unknown (Arabidopsis)
Gm-r1070-1797 0.47 0.53 0.55 0.59 5.29 AI941073 b-Glucosidase (Arabidopsis)
Gm-r1070-1770 0.74 0.47 0.60 0.70 2.83 AI930811 ATP-dependent Clp protease proteolytic subunit

(ClpR3) putative (Arabidopsis)
Gm-r1083-2390 0.93 1.18 0.89 1.02 3.24 AW704319 Putative tropinone reductase (Arabidopsis)
Gm-r1070-7506 1.07 1.30 1.25 1.28 2.92 AW433146 Putative immunophilin (Hordeum vulgare)
Gm-r1021-1507 1.23 1.61 1.55 1.03 2.81 AI441937 CHS8 (soybean)
Gm-r1021-957 0.99 0.99 0.94 0.89 2.65 AI443665 Putative tropinone reductase (Arabidopsis)
Gm-r1021-698 1.46 1.27 1.38 0.96 2.62 AI437793 CHS7 (soybean)
Gm-r1083-556 1.32 1.47 1.40 1.03 2.49 AW278434 Disease resistance response protein (Arabidopsis)
Gm-r1021-955 1.24 1.06 1.21 1.64 2.50 AI443646 Unnamed protein (Arabidopsis)
Gm-r1021-1051 1.12 1.04 1.34 1.65 2.53 AI443281 Unknown protein (Arabidopsis)
Gm-r1021-633 1.25 1.04 1.27 1.43 2.23 AI438104 ADP-ribosylation factor (Vigna unguiculata)
Gm-r1070-7823 0.70 1.23 0.78 1.07 2.17 AW472392 Hypothetical protein, imported (Arabidopsis)
Gm-r1070-760 1.04 1.17 1.13 1.45 2.28 AW100830 Putative lipase/acylhydrolase (Arabidopsis)
Gm-r1021-3678 1.05 1.31 1.37 1.30 2.14 AI496545 Protein F28K19.28, imported (Arabidopsis)

Genes overexpressed in Harovinton
Gm-r1070-1795 0.35 0.32 0.39 0.30 0.76 AI941182 Putative protein (Arabidopsis)
Gm-b10BB-57 0.41 0.37 0.55 0.42 0.83 AF207687 Gly soja apyrase GS50 mRNA
Gm-r1070-8247 0.30 0.31 0.34 0.16 0.71 AW508839 ARF 17 (Arabidopsis)
Gm-r1070-5473 1.00 0.95 0.87 0.41 1.30 AW459595 Putative acyl CoA thioesterase (Arabidopsis)
Gm-r1070-7210 0.79 0.76 0.71 0.38 1.13 AW278706 Ribosomal protein S14 (Lupinus luteus)
Gm-r1070-5532 0.64 0.92 0.71 0.36 1.22 AW509288 Unnamed protein (M. musculus)
Gm-r1021-1039 0.81 0.77 0.60 0.31 0.92 AI441825 Pyrophosphate-dependent phosphofructo-1-kinase-

like protein (Arabidopsis)
Gm-r1070-8357 0.80 0.77 1.21 0.82 0.44 AW509456 bZIP transcription factor ATB2 (soybean)
Gm-r1070-8922 0.80 0.81 1.09 0.55 0.38 AW567823 Unknown protein F2P9.17, imported (Arabidopsis)
Gm-r1083-3569 1.00 0.98 0.81 1.10 0.36 AW832203 Anthranilate N-hydroxycinamoyl/bensoiltransferase-

like protein (Cicer arietinum)
Gm-r1083-13 1.02 1.16 1.11 0.51 0.28 AI736505 Galactinol synthase (soybean)

a2-fold difference.
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greater hybridization signals in RCAT Angora were
BBI and NPR (Fig. 2, E and F). BBI is a sulfur-rich pro-
tein that inhibits trypsin and chymotrypsin proteases
(Wilson, 1997). NPR catalyzes the first light-dependent
reaction in chlorophyll biosynthesis, and its expression
is related to chlorophyll synthesis in green tissues
(Kuroda et al., 1995). Because both the cultivars were
grown under the same conditions and possess a sim-
ilar maturity profile, it is not clear why RCAT Angora
embryos accumulate higher levels of these transcripts
compared to Harovinton.

A major change in gene regulation was observed at
30 and 70 DAP as compared to other stages of devel-
opment. This was particularly true for the three main
storage products of the soybean seeds (Fig. 4). The
storage proteins of soybean seeds are comprised of

two multimeric globulins, namely 7S and 11S globu-
lins. The 7S globulin consists of b-conglycinin subunits
and the 11S consists of glycinin proteins (Hill and
Breidenbach, 1974; Thanh and Shibasaki, 1976). From a
total of 17 transcripts for seed storage proteins, only
two showed a varied pattern compared to transcripts
for other seed storage proteins. The expression pattern
of these two storage protein transcripts matched with
their protein profile (Hajduch et al., 2005). A similar
pattern of temporal expression of storage protein genes
has been found in Arabidopsis during seed filling
(Ruuska et al., 2002). The other 15 storage protein tran-
scripts were expressed at a high level throughout the
earlier stages of embryo development with a sharp
decline toward maturity, despite that the storage pro-
teins themselves seem to accumulate throughout seed

Figure 6. Comparison of level of gene expression between RCAT Angora and Harovinton. The relation between the 2-fold
difference and statistical significance using t test are presented by volcano plots in RCAT Angora (RCAT) and Harovinton (Hvtn) at
30, 40, 50, 60, or 70 DAP. For each time point, the genes with the greatest significant difference (RCAT/Hvtn ratio) are shown in red.
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development (Hajduch et al., 2005). This pattern of
storage protein gene expression was also observed
during rice grain filling (Duan and Sun, 2005). It ap-
pears that there is a developmental stage specific to
posttranscriptional regulation of storage protein gene
expression in soybean embryos. Identification of reg-
ulatory factors that contribute to the control of storage
protein gene expression will allow us to dissect the
mechanism of storage protein synthesis in seed.

Regulation of fatty acid composition is one of the
challenging areas in any oilseed breeding program,
and this has gained a lot of attention in soybean
breeding. Oils low in polyunsaturated fatty acids and
high in 18:1 have increased stability and possibly nu-
tritional benefits (Liu and White, 1992; Yadav, 1996).
The seed-specific expression of microsomal V-6 desa-
turases FAD2-1 and FAD2-2 play a role in desaturation
of 18:1 in soybean seeds (Heppard et al., 1996). These
genes are up-regulated when embryos approach ma-
turity phase. Most of the ACPs and fatty acid elonga-
ses were expressed at a higher level during early
maturity stage and subsequently declined in expres-
sion at 70 DAP. In Arabidopsis, fatty acid associated
genes are expressed at a higher level during seed
maturity (Ruuska et al., 2002).

One of the major emphases of this study was to ana-
lyze expression patterns of genes involved in isofla-
vonoid synthesis and to correlate the patterns with
seed isoflavonoid accumulation. A rate-limiting en-
zyme for isoflavonoid synthesis is IFS. This Cyt P450
enzyme converts naringenin and liquiritigenin to their
corresponding isoflavones and defines a branch point
in the synthesis of these natural products (Steele et al.,
1999; Jung et al., 2000). Among two IFS genes, IFS1 and
IFS2, IFS2 increased in expression during embryo de-
velopment and showed greatest intensity near embryo
maturity at 70 DAP (Supplemental Table S3). These
results are concordant with a previous study of IFS1
and IFS2 gene expression that employed gene-specific
primers and RT-PCR methods (Dhaubhadel et al.,
2003). The expression patterns of IFS, CHS7, and
CHS8 correlate well with seed isoflavonoid accumu-
lation, indicating there is a close relationship between
expression of these genes and metabolite accumula-
tion in the seed. Because RCAT Angora and Harovinton
differ in the level of seed isoflavonoids, it was hypoth-
esized that some genes in the biosynthetic pathway
may differ in their expression level. Indeed, CHS7 and
CHS8 genes were expressed at a significantly higher
level in RCAT Angora compared to Harovinton (Table
III; Fig. 5B). These two members of the CHS multigene
family belong to the same clad and share a high degree
of sequence identity (Matsumura et al., 2005). A tissue-
specific expression of CHS7 and CHS8 in the seed coat
has been observed, and an increase in transcript accu-
mulation was correlated with pigmented seed coat
color (Tuteja et al., 2004). Our results suggest that
CHS7 and CHS8 genes have diversified in their tissue-
specific expression patterns. Despite the difference in
isoflavonoid accumulation in the embryos of RCAT

Angora and Harovinton (Fig. 5A), no significant dif-
ference in the level of IFS gene expression was ob-
served between the two cultivars.

Past studies that have explored the control of
isoflavonoid accumulation in plant tissues may help
us to interpret our data. For example, expression of a
chimeric R and C1 transcription factor, which in-
creases anthocyanin levels in maize tissues (Bruce
et al., 2000), induced the accumulation of isoflavones
in transgenic soybean seeds compared to their wild
type (Yu et al., 2003). In contrast, the introduction of
IFS genes into a nonlegume background resulted in
the production of isoflavones in Arabidopsis (Liu et al.,
2002), tobacco (Nicotiana tabacum; Jung et al., 2000), and
rice (Sreevidya et al., 2006). The introduction of IFS
expression possibly diverts the naringenin substrate to
isoflavonoid synthesis and adds a new branch in
phenylpropanoid pathway in nonlegumes. However,
increased isoflavonoid synthesis in legumes does not
necessarily result from higher levels of IFS expression.
An increase in the level of CHS expression at the
protein level and transcripts for PAL, CHR, dihydro-
flavonol reductase, cinnamic acid 4-hydroxylase, and
CHI genes were also demonstrated in the chimeric R
and C1 seeds versus wild type. Our results are con-
gruent with this finding. Thus, genes upstream of IFS
were up-regulated in RCAT Angora versus Harovin-
ton embryos, resulting in greater isoflavonoid accu-
mulation in RCAT Angora.

For isoflavonoid biosynthesis, chalcone is a critical
metabolite that is produced by CHS/CHR and is either
used in isoflavonoid synthesis or diverted to the other
branch of the pathway. It is possible that the increase in
CHS expression enhances production of chalcone that
may be diverted toward isoflavonoid synthesis in
RCAT Angora and not affect the rest of the phenyl-
propanoid pathway. In contrast, no significant increase
in isoflavone level was observed when CHS was
expressed in soybean seed under the control of seed-
specific promoter (Yu and McGonigle, 2005). It appears
that CHS7 and CHS8 genes are crucial for isoflavonoid
synthesis and that enhanced expression of one or both of
these genes during development is specifically associ-
ated with higher seed isoflavonoid content at maturity.

The hypothesis that CHS7 and CHS8 expression
may influence seed isoflavonoid content is supported
by independent, quantitative trait loci (QTL) analyses
that were performed to identify markers associated
with isoflavone levels. These past studies have iden-
tified several QTL that lie in the same linkage group as
CHS genes (Kassem et al., 2004; Primomo et al., 2005).
For example, the QTLs for glycitein share the same
linkage groups D1a and B1 as CHS7 and CHS8, re-
spectively, supporting the proposal that these genes
are key players for increased isoflavonoid production
in seeds. The linkage groups A1 and K also share QTL
for isoflavone aglycones and possess the CHS2 and
CHS6 genes.

In conclusion, our results illustrate that transcrip-
tional control during soybean embryo development is a
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highly coordinated process. We found much evidence
demonstrating that the synthesis and transport of stor-
age proteins, fatty acids, and isoflavonoids are tran-
scriptionally regulated from the early developmental
stage to maturity in soybean embryo. Our results show
that environmental effects on the transcriptome of the
developing seed are large and exceed cultivar-specific
effects. The information obtained from this study pro-
vides a powerful tool for studying and understanding
gene functions for many unidentified genes that may
have crucial roles in regulating and coordinating the
expression of nutrient partitioning genes during em-
bryo development. This study also provides a detailed
comparison of gene expression between two cultivars
that differ in isoflavonoid content and points to CHS7
and CHS8 as genes that influence isoflavonoid biosyn-
thetic flux in soybean seeds.

MATERIALS AND METHODS

Plant Materials and Tissue Preparation

Soybean (Glycine max) L. Merr. cv RCAT Angora (3150 CHU) and cv

Harovinton (3100 CHU) were obtained from Dr. Istvan Rajcan (Department of

Plant Agriculture, University of Guelph, Ontario) and Agriculture and Agri-

Food Canada, Harrow, respectively. Both the cultivars belong to late maturity

group I to early maturity group II. Soybean seeds were planted at two Agri-

culture and Agri-Food Canada experimental stations in southern Ontario,

London and Delhi, in 2003 and 2004. Regular agronomic practices and planting

dates were followed. The pods were tagged on the first day of pollination and

harvested at 30, 40, 50, 60, and 70 DAP. The pods were collected randomly

from five to seven plants, and embryos were excised from seeds, frozen in

liquid nitrogen, and stored at 280�C.

RNA Isolation and RT-PCR Analysis

Total RNA was isolated from developing embryos following the procedure

of Wang and Vodkin (1994). Total RNA was quantified using a spectropho-

tometer, and samples of total RNA (2 mg each) were electrophoretically sepa-

rated in formaldehyde gels (1.5% w/v) and stained with ethidium bromide to

ensure concentration and integrity. Samples of 400 mg total RNA were used

to purify poly(A) RNA using MicroPoly(A) Purist TM kit (Ambion) according

to the manufacturer’s protocol with some modifications. The concentration

and purity of poly(A) RNA was assessed spectrophotometrically. RT-PCR

reactions for IFS1 and IFS2 were performed as described previously (Dhaub-

hadel et al., 2003). Gene-specific primer sequences for CHS7 and CHS8 were:

CHS7, 5#-CCCTCCCATCCACTCTCTC-3#, 5#-CCCGCTAGCAAACAAGGT-

TAC-3#; CHS8, 5#-CCCCAAATAGCTCCCAGTACT-3#, 5#-GGCCATCCAGG-

GAGGTAA-3#. PCR conditions were as follows: 94�C for 1 min, 63�C for 30 s,

and 72�C for 1 min 45 s (35 cycles) for CHS7. For CHS8, the PCR conditions

were the same as for CHS7 except that annealing temperature was 58�C.

Experimental Design, Probe Labeling, Hybridization,
and Data Analysis

Soybean cDNA microarray slides consisting of 18,432 cDNAs spotted onto

amine-coated glass slides (18 K-A) were obtained from Dr. Lila Vodkin (Uni-

versity of Illinois, Urbana). A total of 42 microarray slides were hybridized, 40

from four separate biological samples using independent samples of mRNA

for each experiment with dye swaps to minimize technical variation. Each

experiment included mRNA samples from soybean cv RCAT Angora and cv

Harovinton at five different embryo developmental stages (30, 40, 50, 60, and

70 DAP). An additional two slides were hybridized with labeled genomic

DNA to compare the two cultivars at the genomic level.

Probe labeling was performed by using CyScribe First-Strand cDNA

Labeling kit (Amersham BioSciences) according to the manufacturer’s in-

struction. Samples of 1.5 mg mRNA were used in labeling reaction with

CyDye-labeled dCTP. Purification of labeled cDNA and removal of unincor-

porated nucleotides were performed by using CyScribe GFX Purification kit

(Amersham BioSciences) according to the manufacturer’s instruction, except

that the labeled cDNAs were eluted in two steps to a total elution volume of

80 mL. The incorporation of cyanine-3- and cyanine-5-labeled nucleotides into

cDNA was determined spectrophotometrically by measuring the absorption

at 550 nm and 650 nm, respectively.

Microarray slides were exposed to an additional cross-linking at 50 mJ

cm22 and then prehybridized for 45 min at 42�C in prehybridization buffer

containing 5 3 SSC, 0.1% SDS, and 1% bovine serum albumin, followed by

two washes in 0.1 3 SSC at room temperature. The slides were rinsed with

sterile water and dried by centrifugation. Equal amounts of purified CyDye-

labeled probes were combined together, dried under vacuum at 45�C (Speed

Vac, Savant Instrument), and resuspended in a hybridization solution (40 mL

total volume) containing 1.25 ng/mL poly(A) DNA, 50% (v/v) formamide,

and 25% (v/v) hybridization buffer (Amersham BioSciences). The hybridiza-

tion mix was denatured at 100�C for 2 min, cooled to room temperature, and

applied to the prehybridized slide. The slide was covered with a 24- 3 60-mm

coverslip and placed in a hybridization chamber containing 10 mL water. The

hybridization was carried out at 42�C for 20 h, the coverslip removed in 2 3

SSC, 0.1% SDS, followed by one posthybridization wash in 2 3 SSC, 0.1% SDS

at 42�C for 5 min, two washes in 0.1 3 SSC, 0.1% SDS at 42�C for 2 min, and

two room temperature washes in 0.1 3 SSC for 1 min. Slides were rinsed with

sterile water and dried under nitrogen gas prior to laser scanning (Bio-Rad

ChipReader with VersArray ChipReader v3.0, Bio-Rad). Spot intensities were

quantified individually for background signals (Array Vision v6.0 software).

Background subtracted intensities were imported into GeneSpring v7.3

(Agilent Technologies) and normalized by per spot, per chip, intensity-

dependent LOWESS. A dye swap was performed in each experiment, and

final normalized ratios were averaged from each location and year for a

particular cultivar at a given time point. The differential gene expression be-

tween RCAT Angora and Harovinton at a particular stage of embryo devel-

opment was monitored by taking the ratio of RCAT Angora and Harovinton

from the two-color hybridization of each slide. The relative gene expression

for embryo development as a function of time was calculated as an alternate

approach to the data using a single channel input for each cultivar imported

into GeneSpringGX, normalized by per chip to 50th percentile, and per gene to

the median of the measurement of that gene. To further validate this approach,

two-color hybridizations were performed on two time points of the same

cultivar, RCAT Angora 30 DAP and 70 DAP. A comparative genomic DNA

hybridization using genomic DNA from RCAT Angora and Harovinton was

conducted as described in Gijzen et al. (2006). Data were background sub-

tracted and genes with intensity ,10 were removed from the list. Data was

MIAME validated and deposited to the GEO (National Center for Biotech-

nology Information, http://www.ncbi.nih.gov) series GSE 4194; samples

GSM94935 to GSM94976.

Technical and Biological Variation

To estimate technical variation, control experiments in which the same

RNA was labeled with cyanine-3 and cyanine-5 were performed. The degree

of biological and environmental variability in the embryos was assessed by

growing them for two different years at two different locations.

Isoflavonoid Analysis

Embryo samples of identical developmental stages that were used in the

microarray experiment were ground to a fine powder in liquid nitrogen and

extracted with 50% acetonitrile in water followed by sonication for 30 min in

an ice water bath. The samples were centrifuged for 25 min at 3,000g and the

supernatant was collected. The extraction process was repeated two times

with the pellet and the supernatant fractions were pooled together and filtered

(Acrodisc, nylon, 0.45 mm). The malonyl- and acetyl-isoflavonoids were

converted to their corresponding glucosides by hydrolyzing the filtered

samples with 1.3% KOH at room temperature for 4 h followed by neutrali-

zation of the sample with 3% KH2PO4. The solvent was evaporated and

samples were redissolved in 40% dimethyl sulfoxide prior to HPLC analysis.

Isoflavonoids were separated by injecting 20 mL of the samples on a C18

column (Symmetry Column, Waters Corporation, 5 mm). A guard column of

the identical packing material was connected before the analytical column.

The samples were run at room temperature applying a mobile-phase gradient

of 10% to 35% acetonitrile in 0.1% acetic acid over 45 min at a flow rate of
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1 mL/min (Waters Limited). The total separation time was 63 min, which

included a 4-min wash and 14-min equilibration. Isoflavonoid peaks were

compared with the retention time and UV spectra of the aglycone and glu-

coside standards (LC Laboratories) and quantified using the Millenium32

Software (Waters Limited).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Temperature and precipitation in London and

Delhi in 2003 and 2004.

Supplemental Table S2. List of genes involved in seed storage products in

RCAT Angora and Harovinton developing embryos.

Supplemental Table S3. List of genes with 3.5 or greater fold change in

expression during embryo development.
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