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What Are the Major Questions? 

Seed 
Stages Studied 

Seed  
Development 

•  What are the genes and regulators that are active in specific seed 
compartments throughout soybean seed development? 

 
•  How does gene activity change during seed development? 

•  What biological processes are unique or prevalent in different seed 
compartments throughout development? 

•  What are the genes required to make a seed? 



How Did We Study Gene Activity in Different Seed 
Compartments during Development? 

Soybean Globular-Stage Seed 

Laser Capture 
Microdissection 

Seed Compartments/Regions/
Tissues 

Amplified RNA 

cDNA 

Affymetrix 
GeneChip 

qRT-PCR RNA-Seq 

Total RNA 

Why Soybean?-A Reminder 
 

• Second Major US Crop 
•  Total Crop Value $32Billion    
(50% Value Exported) 

•  Major Food Source        
• Important Biofuel Source
(Biodiesel ~20% of US Soybean Oil 
Production) 

•  Excellent Model Plant 
(Transformation, Knockdowns, Genetics) 

•  Genome Sequenced 
•  Seed Gene Expression Data 



What Soybean Developmental Stages Were Studied? 
Differentiation & 

Morphogenesis 
Maturation & 

Preparation for Dormancy Dormancy 
Post-

Dormancy 

- The differentiation of the embryo, endosperm, and seed coat happens at 
Globular, Heart, and Cotyledon stage 

- The developmental program is switched to storage protein deposition and 
preparation for dormancy at Early-Maturation stage 

What Soybean Seed Compartments, Regions, and 
Tissues Were Studied? 

Globular Stage Heart Stage Cotyledon Stage 

Early- 
Maturation  

Stage 

40 Different Soybean Seed Compartments, Regions, and Tissues 
throughout Soybean Seed Development Were Studied 



How Many LCM Sections Were Captured and How Many 
Hours Were Spent for LCM Capturing? 

Developmental 
Stage 

Number of 
LCM 

Captures 

Globular 5,832 

Heart 2,230 

Cotyledon 2,254 

Early- 
Maturation 7,912 

Total 18,228 

Person-Hour Spent for LCM Capturing: 
608 hr 

Globular Stage Embryo Proper and Suspensor 

What Are the Genes Active in Soybean Compartments, 
Regions, and Tissues throughout Development? 

1. Similar number of 
genes active in each 
seed tissue 

2. Majority are 
shared  

3. Small number 
of specifics!

5. 51,000 genes 
are required to 
make a seed 

4. Majority shared 
and small number 
of specifics 

*Total RNA was amplified using NuGEN Ovation RNA-Seq System 



How Are mRNAs Regulated in Different Seed Compartments, 
Regions, and Tissues during Soybean Development? 

An Example-The Globular Stage 

Hierarchical Clustering of 
4000 Varying mRNAs 

Hierarchical Clustering  
of TF mRNAs 

Hierarchical Clustering 
of Enzyme mRNAs 

1. Tissue Enriched 
Sets of mRNAs up-

regulated in a specific 
seed tissue 

3. Mosaic 
Sets of mRNAs Co-

upregulated in multiple 
seed tissues of the 
different origins  
(e.g., EP-ES) 

Patterns of Regulation 

2. Compartment Enriched 
Sets of mRNAs Co-

upregulated in multiple 
seed tissues of the same 
origin (e.g., Seed Coat) 

What Biological Processes Are Prevalent or Unique in 
Different Seed Compartments at Globular Stage? 

Hierarchical Clustering of 
4000 Varying mRNAs 

Enriched GO Terms 
* GO Terms Enriched at Glob, HRT, and COT stages  

Distinct GO Terms Are Enriched in Different Seed Compartments 



What Metabolic Pathways Are Prevalent or Unique in 
Different Seed Compartments at Globular Stage? 

Hierarchical Clustering 
of Enzyme mRNAs 

* Pathways: Prevalent only at Glob stage 
  Pathways: Prevalent at Glob, HRT, and COT stages 
  Pathways: Prevalent at Glob, HRT, COT, and EM stages 

Distinct Metabolic Pathways Are Prevalent in 
Different Seed Compartments  

What Transcription Factor mRNAs Are Prevalent or Unique 
in Different Seed Compartments at Globular Stage? 
Hierarchical Clustering  

of TF mRNAs 
G H C EM 

Distinct Set of TF mRNAs Are Up-Regulated in Different Seed Compartments 



What Biological Relationships Are Observed among 40 Different 
Seed Compartments throughout Development? 

Principal Component Analysis 

Hierarchical Clustering 

Samples cluster with respect 
to seed compartment  
(Seed Coat Tissues)  

What Are the Major Temporal and Spatial mRNA Accumulation 
Patterns throughout Seed Development? 

1. 2. 3. 4. 



What Biological Processes Are Prevalent or Unique in 
Different Seed Compartments throughout Development? 

Enriched GO Terms 

Biological Processes are Compartmentalized Spatially and Temporally 
during Soybean Seed Development 

" "

"

Hierarchical Clustering of 
4000 Varying mRNAs 

What Metabolic Pathways Are Prevalent or Unique in 
Different Seed Compartments throughout Development? 

Hierarchical Clustering of 
Enzyme mRNAs 

Metabolic Pathways are Compartmentalized Spatially and Temporally 
during Soybean Seed Development 

 

GLOB, HRT, and COT Stages 



What Transcription Factor mRNAs Are Prevalent or Unique 
in Different Seed Compartments throughout Development? 

Hierarchical Clustering  
of TF mRNAs 

GLOB, HRT, & COT Stage 

GLOB, HRT, COT & EM Stage 

Transcription Factor mRNAs are Compartmentalized Spatially and 
Temporally during Soybean Seed Development 

Early-Maturation Stage 

What are the Functions of Soybean Seed 
Compartments during Development?  

Anything New Uncovered?!

Globular Stage Heart Stage 

Cotyledon Stage Early-Maturation Stage 



 What Is the Function of the Suspensor?  
Globular Heart Cotyledon 

Lipid localization 
Cuticular wax & Very long chain fatty acid synthesis!
NAD/NADH phosphorylation & dephosphorylation  
Thiamine synthesis!

Plant cell wall organization 

Toxin metabolic process 
Isoflavone synthesis 

ANAC033, MYB78, WRKY47, ERF9, PLT1, Lec1-like, ATHB1, WOX9 

ANAC073! SHY2!

WRKY6, WRKY23 !

Biological  
Process/

Metabolic 
Pathway 

Transcription  
Factor 

Suspensor Could Be Involved in Regulating Defense Response 
against Pathogen Attack and Stress Response!

 What is the Function of the Hilum?  
Globular Heart Cotyledon Early-Maturation 

Isoflavone synthesis 

Lipid licalization 
2,3-cis-flavanols synthesis 
Cellulose synthesis!

Quercetinsulphates, Methylquercetin, Suberin synthesis 
Proanthocyanidin synthesis 
Brassinosteroid synthesis 
Homogalacturonan degradation!

UDP-L-arabinose, 
Xylan synthesis 
Cuticular wax  
synthesis!

HSFB4 

ANT, AIL5 

AP3, DAG2, BEL1, KNAT4, CPC, SHI 

HN3, WRKY65,  
RAP2.12 

Transcription  
Factor 

DAG2 

Biological  
Process/

Metabolic 
Pathway 

Hilum could be Involved in Regulating Defense Response by 
Synthesizing Isoflavone, Tannin, and Brassinosteroid!



Where Are the Pathways for Soybean Health-Related 
Products Localized within the Seed? 

Isoflavones 

- Soybean is best known source of Isoflavones 
-  The chemical structure of Isoflavones is very similar to Estrogen 

Genistein Daidzein 

Health Benefits of Isoflavones  
 - Ease menopause symptoms  
 - Improve bone health by increasing bone density 
 - Reduce heart disease risk  
 - Reduce cancer risk 

What are the Health-Related Benefits of Isoflavone? 



CHI (3-4) 
IFS2 (4) 

CHI (2-10) 
IFS1 (4) 

PAL (4-11) 
4-CL (4-39) 
CHS (5-27) 
CHI (3-4) 
2-HID (7-20) 

Seed coat 
Palisade 

Cotyledon 
Parenchyma 

Axis Root 
meristem & 
Parenchyma 

>2-fold up-
regulated 
mRNAs (fold)  
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Where Are the Pathways for Isoflavone Biosynthesis 
Localized Within the Seed? 

mRNAs Encoding Enzymes in Isoflavone 
biosynthesis are up-regulated in Early 

maturation-stage seed Cotyledon 
Parenchyma, Axis Parenchyma and Root 

meristem and Seed coat Palisade.!

mRNAs Encoding Enzymes in Health-Related Metabolic Pathways 
are Up-Regulated in Specific Seed Tissues!

Where Are the Pathways For Soybean Health-Related 
Products Localized Within the Seed? 

PARENCHYMA 
Isoflavones (Genistein, Daidzein) 
Storage Protein (β-conglycinin) 

EPIDERMIS 
Vitamin B1 

HILUM 
Amino acids (Asn, Phe) 

PARENCHYMA 
Sucrose, Stachyose 
Amino acid (Gln) 

HOUR GLASS 
Vitamin B9,C, E 
Sucrose 
Amino acids (Cys, Gln, Gly, Lys) 

PALISADE 
Isoflavones (Genistein, Daidzein) 
Fatty acids (Linoleate, Oleate) 
Sucrose 
Amino acids (Gln, Phe, Ser) 

AXIS 

COTYLEDON 

ROOT MERISTEM 
Isoflavones (Genistein, Daidzein) 

SEED COAT 

SHOOT MERISTEM 
Storage Protein (β-conglycinin) 
Amino acids (Ser, Trp) 

ADAXIAL EPIDERMIS 
Storage Protein (Glycinin) 

PARENCHYMA 
Isoflavonoes (Genistein,Daidzein) 
Vitamin B1, B2, B5, B9, C, E  
Fatty acids (Linoleate, Oleate) 
Amino acids (Asn, Asp, Cys, His, 
Ile, Leu, Lys, Met, Thr, Val) 
Storage Proteins (β-conglycinin, 
Glycinin) 
Sucrose, Stachyose 

Vitamin B2, B9 
Stachyose 
Amino acid (Gln) 

Aleurone 



1.  What is the spectrum of genes that 
are active in seed compartments on 
a whole-genome basis? 

2. What are the regulatory processes 
required to make a soybean seed?   

  - What microRNAs are present in 
specific tissues and what are their 
targets?  

 - What are epigenetic changes that 
occur in the genome in specific 
tissues?  

 
3. What are the correlations between 

methylome, microRNAs, and 
compartment specific gene 
expression? 

 
4. What are the gene networks 

required to program seed 
differentiation and maturation?   

What Questions Are Remained to Answer for Unraveling 
the Gene Regulatory Networks that are Required to 

Make a Seed?  

Chromatin 

DNA Methylation 
Histone Modification 

Gene 

Transcription Factors 

Primary RNA Transcript 

mRNA 

 Protein 

 Functional Protein 

mRNA Degradation 

Genome 

Transcription 

Post-Transcription 

Translation 

Post-Translation 

Small RNAs  

NUCLEUS 

CYTOPLASM 

MAIN LEVELS OF  
GENE EXPRESSION 

* Under Investigation 
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