














(Winter et al., 2007). Unlike our data set, these data sets
were generated from developing whole seeds (Hennig
et al., 2003; Schmid et al., 2005; Winter et al., 2007). For
the majority of the genes analyzed, especially those
active in late embryogenesis, the expression patterns
were comparable (Supplemental Fig. S2a). In addition
to the above analyses, we isolated putative promoters
of 12 differentially expressed genes and tested their
expression patterns with a GUS reporter. Ten of the 12
selected genes showed GUS expression in the embryos
consistent with the corresponding microarray data
sets (Fig. 4; Supplemental Table S8c). Together, these
validation studies provided experimental evidence for
the microarray data sets generated in this study.

We selected 16 genes encoding TFs that were mod-
ulated at different stages of embryo development for
functional characterization (Supplemental Table S8, d
and h). Loss-of-function screens for T-DNA insertion
lines for these genes did not produce detectable em-
bryo phenotypes, presumably due to functional redun-
dancy. In another approach, we used the Drosophila
Engrailed (En) repressor domain that was shown to
produce dominant-negative phenotypes in Arabidopsis
(Markel et al., 2002): 11 of the 16 TF constructs showed a
range of strong embryo phenotypes (Fig. 5; Supple-
mental Table S8, d and h), and the rest showed weaker
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embryo, endosperm, and in some cases postembryonic
phenotypes (Supplemental Table S8, d and h). Among
these, five putative zinc-finger-encoding genes that are
modulated in Z and Q stages caused developmental
arrest at early stages of embryogenesis. These include,
developmental arrest at two-, four-, and eight-cell
stages and additionally also displayed abnormal cell
divisions further affecting basal lineage, suspensor, and
endosperm development (Fig. 5). These phenotypes
suggest that the putative zinc-finger TFs are likely re-
dundantly involved in conferring important functions
during early phases of embryogenesis in Arabidopsis.
Interestingly, recent studies have also implicated zinc-
finger TFs in the early embryo development in Droso-
phila (Liang et al., 2008). We have also observed mutant
embryo phenotypes with BELL1 LIKE, WOX6, TCP16,
and SCL7 TFs (Fig. 5; Supplemental Table S8, d and h).
These dominant phenotypes observed for some of the
TFs suggest that their expression and functions may be
critical for embryo development.

Dynamic Regulation of Metabolic Networks

A hallmark of plant embryos is their accumulation
of storage reserves and secondary metabolites (Vicente-
Carbajosa and Carbonero, 2005). However, there is

Figure 4. Expression patterns of GUS reporter con-
structs during Arabidopsis embryo development.
Promoter:GUS transcriptional fusion constructs
were generated with 10 selected embryo-expressed
genes: Atdg17800 (A); At1g67320 (B); At5g20885
(O); At5g43250 (D); At5g66070 (E); At1g27470
(F); At2g27250 (G); At5g41880 (H); At5g37478
(I); and At5g63780 (J). The expression values of
these genes are shown in Supplemental Table
S8c. These 10 reporter constructs were intro-
duced into Arabidopsis and the corresponding
transgenic lines were analyzed for GUS expres-
sion during embryo development. A range of
expression patterns were observed including
broad expression in the embryo (B, H-J), expres-
sion in the basal region (A), predominant expres-
sion in the apical region of the embryo and
suspensor (D), expression in the axis and provas-
cular domain (C and F), and expression in the
shoot apical meristem (E and G) that includes
CLAVATA3 (At2g27250)-based GUS reporter
with a consistent expression pattern as previously
reported (G). Overall, these GUS reporter expres-
sion patterns are consistent with the correspond-
ing microarray results.
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Figure 5. Functional analysis of selected TFs
during Arabidopsis embryo development. No-
marski images of embryo-defective phenotypes
observed with translational fusions of TFs with En
repressor domain under the control of 35S pro-
moter (“Materials and Methods”). Putative zinc-
finger TFs: At3G24050 (A); At3G51080 (B);
At5G66320 (C); At3G54810 (D); At4G32890
(E); HD-ZIP At4G37790 (F); BELLT LIKE homeo-
domain, A4G34610 (G); WOX6, At2G28610 (H);
TCP16, At3G45150 (I); GRAS family SCL7,
At3G50650 (J); and MYB, At3G55730 (K). Em-
bryo phenotypes (arrows) observed include arrest
at two-cell stage (E), quadrant (G), and octant (1);
defective hypophyseal cell division (J); abnormal
divisions in the basal region of the embryo at later
stages of development (A, B, E, F, H, and K);
abnormal divisions in the upper suspensor cells (B
and C); and abnormal endosperm cell division (D
and 1). Details of observed phenotypes summa-
rized in Supplemental Table S8d. Bar = 0.01 mm.

very little information on the dynamic aspects of
metabolism vis-a-vis embryo development. Using the
Kyoto Encyclopedia of Genes and Genomes (KEGG;
Kanehisa and Goto, 2000) and our embryo-specific
global gene expression data, we constructed stage-
transition metabolic networks that contains 723 nodes
and 1,568 links (Supplemental Fig. S6; Supplemental
Table S6; “Materials and Methods”). The torpedo to
bent stage (T — B) transition metabolic network that
displayed most dynamic changes is shown in Figure 6.
In this study, we focused on the genes associated with
biochemical pathways in fatty acid, carbohydrate,
amino acid, nucleotide, vitamin metabolism, as well
as tricarboxylic acid cycle. The six-stage transition
networks were constructed by mapping the modu-
lated genes of adjacent stages onto the network. As
shown in Supplemental Figure S6, the resulting net-
works suggest that gene regulation between adjacent
stages is highly dynamic during embryogenesis (Sup-
plemental Table S513). We studied the gene regulatory
patterns in the networks by examining the network
structure characteristics, i.e. upstream nodes, down-
stream nodes, hubs, and cutpoints (see “Materials and
Methods”; Supplemental Table S12b, legend). We
identified 71 network hubs that represent intersections
of many pathways that are preferentially regulated in
most stage transitions (Supplemental Tables S12b and
S14) whereas many cutpoints and their downstream
nodes are least preferentially regulated (Supplemental
Table S15). The gene coexpression network modules,
clusters of nodes that are either up- or down-regulated
in the networks, were examined using modulated
genes in stage-transition networks. The relatively
larger up-regulated coexpression network modules
were found in the Q - G, G —- H H — T, and
T — B stage transition networks whereas the largest
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down-regulated network module was found in the
B — M transition network (Supplemental Fig. S7a).
These network modules reflect the turning on or off
of different metabolic activities such as fatty acid,
carbohydrate, and protein synthesis during stage tran-
sitions.

The top 10% of the highly expressed genes across all
embryo stages involved in metabolism was mapped
onto the network to identify the network core (“Ma-
terials and Methods”). The network core contains 28
connected nodes (reactions), most of which are in-
volved in glycolysis, pentose phosphate pathway,
pyruvate metabolism, and carbon fixation (Supple-
mental Table 516), indicating the essential role of these
nodes in core metabolic activities that operate during
embryogenesis (Supplemental Table S17). A signifi-
cantly larger number of links was found between
nodes in the network core (Supplemental Table 518)
that is consistent with the overrepresentation of hubs
in the core (i.e. 46% of the core nodes are hubs; hubs
are highly connected nodes representing reactions that
share metabolites, see Supplemental Table S12b).
These characteristics of the network core indicate
that metabolites can be easily converted in both direc-
tions in the core. Interestingly, the stage transitions
between Q and T stages showed higher number of up-
regulated nodes than the others (Supplemental Table
S19), highlighting the coordinated elaboration of met-
abolic pathways during embryo development.

Gene-Regulation Relationships between the Network
Core and Its Periphery

Examination of the fractions of differentially regu-
lated (modulated) nodes in nth-order neighbors from
the network core in the transition networks (“Materials
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Figure 6. lllustration of the dynamic
metabolic network for torpedo-bent
stages of Arabidopsis embryo develop-
ment. The network model was gener-
ated in Pajek using the microarray data
sets and KEGG database (Supplemen-
tal Table S6; “Materials and Methods”).
Numbers represent the metabolites
and the lines (with arrows) that con-
nect the metabolites represent the
genes encoding enzymes that catalyze
their reactions (Supplemental Table
S6). The pathways that represent six
key biochemical reactions for carbo-
hydrates, nucleotides, fatty acids, tri-
carboxylic acid cycle, amino acids,
and vitamins are outlined in color
(details in the bottom left box; see
Supplemental Fig. S6 for metabolic
networks of other embryo stages).
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and Methods”) revealed a positive correlation be-
tween the increase of modulated nodes in the core
and their neighbors (Supplemental Table S20), indi-
cating that they are coordinately regulating metabolic
activities. Closer look at the up- and down-regulated
pathways in these transition networks revealed that
fatty acid biosynthesis and other metabolism-related
genes were significantly up-regulated in the transition
networks, namely, H - Tand T — B (Supplemental
Table S21, a and b). Furthermore, we observed that
carbohydrate metabolism and biosynthesis genes were
up-regulated relatively earlier than fatty acid biosyn-
thesis, whereas the protein synthesis genes were up-
regulated relatively later than fatty acid biosynthesis
(Supplemental Table S21, a and b). However, genes
involved in the metabolism of fatty acids and carbo-
hydrates were all significantly up-regulated from the
G and H to B embryo stages consistent with previous
reports (Girke et al., 2000; Schmid et al., 2005).

Embryo-Defective Mutations Maps to End Nodes

To gain biological insights into the metabolic net-
work models, we selected 52 of the known Arabidop-
sis embryo-defective mutants (EMBs; 358 EMBs listed
at www.seedgenes.org; Tzafrir et al., 2003) associated
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with metabolic pathways that cause embryo lethality
(Tzafrir et al., 2003, 2004) and mapped them onto the
metabolic networks (Supplemental Table S12a). By
calculating the enrichment of different node types
(Supplemental Table S12b), we found that the end
nodes (i.e. the last reaction in a pathway) are enriched
for EMBs. These EMBs are associated with biosyn-
thetic and metabolic pathways of fatty acids, carbo-
hydrates, nucleotides, and amino acids. Therefore,
lesions in the genes associated with the end nodes
are not compensated by alternative feedback from
neighboring pathways and can result in embryo le-
thality and perturb embryo development (Supplemen-
tal Fig. S8; www.seedgenes.org; Kajiwara et al., 2004).
However, interestingly EMBs associated with hub
nodes display patterning defects (e.g. accl), suggesting
that these metabolic lesions also likely impact on
embryo developmental programs.

CONCLUSION

In this study, we have successfully isolated live
zygote to late-stage embryos of Arabidopsis and stud-
ied global gene expression patterns that regulate em-
bryogenesis. To our knowledge, this represents the
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first genome-wide gene expression profiling of em-
bryogenesis in Arabidopsis and in plants, and the data
presented here will serve as foundational resource for
future studies addressing fundamental molecular and
developmental mechanisms that govern plant embryo-
genesis. The digital expression of individual genes and
entire data sets for Arabidopsis embryo development
can be viewed and downloaded (Supplemental Table
S1; Supplemental Fig. S1b) at http://www2.bri.nrc.ca/
plantembryo/. The highlighted in-depth analyses
clearly show the dynamics of embryo-specific gene
expression and metabolic pathways as the embryo
progresses from a zygote to a physiologically mature
embryo. The metabolic networks developed in this
study provide an integrated view of modulated and
progressively elaborated biochemical pathways. Fur-
ther, mapping of critical genes in embryogenesis on the
networks illustrates the validity and utility. Implica-
tions of the findings from this study of Arabidopsis
embryogenesis will contribute to future plant embryo
research.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used in this
study. Plants were grown under 16-h light/8-h dark photoperiod with
constant temperature of 22°C at 120 uE m 2 s ™! light intensity.

Embryo Dissection, Total RNA Isolation, and
Microarray Experiments

Embryo isolations were performed as described in Figure 1 using the
dissecting microscope and fine forceps (Dumont 55 forceps, catalog no. 11295-
55, Fine Science Tools) in a 5% Suc solution that contained 0.1% RNALater
(Ambion, catalog no. AM7021) solution. Total RNA was extracted from
each stage embryo sample following the protocol of RNAqueous-micro kit
(Ambion, catalog no. 1927). These RNAs were used to make probes for the micro-
array experiments as well as for qRT-PCR analysis (Supplemental Table S22).

RNA Amplification and Labeling

The quantity of RNA isolated from the embryos was insufficient for
preparation of probes for the microarray experiments. Therefore the mRNA
was amplified prior to labeling. The first round of mRNA amplification was
conducted according to the protocol provided in the MessageAmp aRNA kit
(Ambion, catalog no. 1750). During the second round of amplification,
aminoallyl-UTP was incorporated into the newly synthesized aRNA; 3 uL
of aminoallyl-UTP (50 mwm) plus 2 uL of UTP (75 mwm) instead of 4 uL of UTP
were added. The purpose of incorporating aminoallyl-UTP is to provide a
reactive chemical group to which the fluorescent dyes can be attached. After
purification of the aRNA, the NHS-ester dyes were coupled to the modified
bases of aRNA in a chemical reaction.

Microarray Experimental Design and Hybridization

The Arabidopsis 70-mer oligo array slides prepared by University of
Arizona were used in all the microarray experiments (http://ag.arizona.edu/
microarray/). Antisense RNA labeling was performed following the protocol
of Wellmer et al. (2004). The aRNA samples representing four biological
replicates from each of the seven embryo stages were labeled (two cy3 and two
cy5) and hybridized to these slides following the protocol described in http:/ /
ag.arizona.edu/microarray and the experimental design shown in Supple-
mental Figure Sla. Hybridized slides were scanned sequentially for Cy3- and
Cyb-labeled mRNA targets with a ScanArray 4000 laser scanner at a resolution
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of 10 um. The image analysis and signal quantification were performed using
the QuantArray program (GSI Lumonics).

qRT-PCR

Embryo isolation was performed as described in Figure 1 and total RNA
samples were isolated from different embryo stages as described in RNA
queous-micro kit (Ambion, catalog no. 1927) and the respective double-strand
cDNAs were produced using amplified aRNA following the protocol of
MessageAmpTM II aRNA kit (Ambion, catalog no. 1751). Gene-specific
primers were designed using Primer 3 software. qRT-PCR reactions were
performed using the protocol and equipment of Applied Biosystem Step One.

Construction of En-TF Plasmids

PCR fragments were amplified with Phusion Taq polymerase (Biolabs)
and subcloned into pSTBlue-1 (Clontech) or pENTR/D-TOPO (Invitrogen)
before cloning in the binary vectors. A new multiple cloning site (MCS)
including a C-terminal E-tag (5'-GTTTAAACCAACTAGTAAAGATCTAC-
AAGTTTGTACAAAGTGGTTCCGGGTGCGCCGGTGCCGTATCCGGATC-
CGCTGGAACCGCGTGCTCGAGCATCGCGAGCTCTAGA-3') was generated
by overlapping primers and cloned in the Pmel and Xbal sites of the binary
Gateway destination vector pK7WG2 (VIB-Ghent University). The t35S ter-
minator was amplified with primers 5'-CACCTCGCGATGACGGCCATGC-
TAGAGTCCGCA-3’ and 5'-TCTAGAGTCACTGGATTTTGGTTTITAGG-3’,
and cloned as an Nrul/Xbal fragment in the respective sites of the new
MCS. The BsrGI Gateway cassette (GW) fragment and the Pmel/Spel p35S
promoter fragment were reintroduced from pK7WG2 by cloning in the
respective sites of the new MCS resulting in pER310. The En repressor
domain was PCR amplified from pLD16125 (Drosophila Genomics Resource
Centre) with primers 5'-CACCACTAGTATGGCCCTGGAGGATCGCTG-3’
and 5-AGATCTGGATCCCAGAGCAGATTTCTC-3' and inserted at the
N-terminal side of the GW site in pER310 resulting in pER311. To accommo-
date different reading frames of a collection of TFs in relation to the upstream
Gateway attL1 site, the intermittent BgIII site was filled in with Klenow
enzyme and self ligated (pER311A). The entry clones containing the TF genes
were recombined with the pER311A using LR clonase (Invitrogen) and the
resulting expression T-DNA vectors were sequenced and after confirmation
shuttled into Agrobacterium strain MP90 by three-parental mating.

Microarray Analysis

Limma Software (Smyth, 2004) was used to normalize and to determine the
modulated genes from microarray data. Signal background correction was
carried out using normexp method and offset = 50 as suggested by Limma. To
determine which genes are expressed in each embryo stage, we used the
single-channel normalization. Within-array normalization was carried out
using loess method while between-array normalization was performed using
a quantile method (Smyth, 2004). For individual genes from each embryo
stage, we performed ¢ tests using the expression values of the gene and the
black spots (background spots) on the chips. To estimate the expressed genes
in a conserved manner, we multiplied the values of black spots by 1.05. False-
positive discovery rate was applied to correct raw P values. If a corrected P
value is less than 0.05, the gene is counted as expressed. To determine the
modulated genes between embryo stages, we applied the two-channel nor-
malization. The methods applied for within and between array normaliza-
tions, were the same as described above. Empirical Bayes statistics was
applied to determine the differential expression of the genes (Smyth, 2004).

Microscopy

Isolated embryos representing different key stages of Arabidopsis embryo-
genesis were cleared in chloral hydrate solution (8:1:2, chloral hydrate:
glycerol:water; w/v/v) and viewed under Leica DMR compound microscope
with Nomarski optics. Images were captured using the Magnafire camera
(Optronics) and were edited in Abobe Photoshop CS.

Network and Statistical Analysis

Microarray data were processed using Limma package (Smyth, 2004).
Metabolic network construction, analysis, and randomization tests were fol-
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lowed as described previously (Wang and Purisima, 2005; Tibiche and Wang,
2008). Details of these analyses are provided in “Materials and Methods.”

Supplemental Data

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

Supplemental Figure S1. Microarray experimental design and snapshot of
the embryo-specific gene expression Web site.

Supplemental Figure S2. Expression patterns of biosynthesis- and devel-
opment-related genes, auxin-related genes, and abscisic acid-related
genes.

Supplemental Figure S3. Expression patterns of ribosomal and proteaso-
mal genes.

Supplemental Figure S4. Pathway-associated genes are coordinately
expressed.

Supplemental Figure S5. Gene distribution on Arabidopsis and Caenor-
abditis elegans chromosomes.

Supplemental Figure S6. Dynamic regulation of metabolic networks
during embryo development.

Supplemental Figure S7. Number of genes expressed at each of the seven
embryo stages and comparison of gene expression levels in our data
versus the laser capture microdissection study.

Supplemental Figure S8. Metabolic lesions affect embryo development.

Supplemental Table S1. Gene expression values of different embryo
developmental stages.

Supplemental Table S2. Shared expressed genes between the pollen or
female with the zygote.

Supplemental Table S3. Overlap of expressed genes during seven embryo
stages.

Supplemental Table S4. List of embryo stage-specific genes.

Supplemental Table S5. Expression levels of genes related to plant
hormone pathways.

Supplemental Table S6. Genes and their respective KEGG/Pajek identi-
fications used for networks.

Supplemental Table S7. Number of genes expressed at each of the seven
embryo stages and comparison of gene expression levels in our data
versus the LCM study.

Supplemental Table S8. Percentage of modulated TFs, expression levels of
chromatin modification genes and data related to promoter-GUS anal-
ysis, QRT-PCR analysis and dominant-negative studies.

Supplemental Table S9. Modulated genes overlap between transition
stages.

Supplemental Table S10. Number of observed gene domains in Arabi-
dopsis chromosomes.

Supplemental Table S11. Highly expressed gene domains in Arabidopsis
embryogenesis.

Supplemental Table S12. Arabidopsis EMBs mapped on the metabolic
network and their distribution on the network.

Supplemental Table S13. Modulated genes and nodes represented on
metabolic networks.

Supplemental Table S14. Enrichment of modulated network hubs in
embryo stage transitions.

Supplemental Table S15. Network cut points and input nodes are non-
preferentially modulated.

Supplemental Table S16. Core nodes on the metabolic networks.
Supplemental Table S17. Pathway enrichment in the network core.

Supplemental Table S18. Modulated nodes represented as links in the
network core.
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Supplemental Table S19. Up- and down-regulated nodes in the network
core.

Supplemental Table S20. Fraction of modulated nodes in core and its nth
order neighbors.

Supplemental Table S21. Modulated pathways in transition networks.

Supplemental Table S22. Arabidopsis embryos dissected for microarray
analysis.
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