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“The Bravest are surely those who have the 
clearest vision of what is before them, glory 
and danger alike, and yet notwithstanding go 

out to meet it” 

                 Thucydides 400 BC 



OVER THE NEXT 40 YEARS WE WILL NEED TO ~ DOUBLE THE 
WORLD’S FOOD SUPPLY IN ORDER TO PRODUCE MORE FOOD 

THAN IN ALL OF HUMAN HISTORY  (FAO, October 2009)  
AND DO IT ON LESS ARABLE LAND!!!! 

CROP YIELDS NEED TO BE INCREASED SIGNIFICANTLY 
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) 6,910,956,168 
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We Face Major Challenges In Agriculture 

Year 



And…….If We Are Going To Use Plants For Energy 
Production Crop Yields Will Need To Increase In Order 
To Grow More On Less Land……… 



…By Using a Variety of Approaches to Identify Genes and 
Processes That Will Help Increase Crop Yields and Food 

Production Significantly in the 21st Century…. 

Yield (Developmental Traits) 
•  Seed Number 
•  Seed Size 
•  Growth Rate 
•  Organ Size (More Seeds) 
•  Plant Architecture 
•  Flowering Time 
•  Senescence 
•  Maturity 
•  Stature 
 

Yield (Stress Traits)  
•  Nutrient Uptake 
•  Drought Resistance 
•  Heat Resistance 
•  Cold Tolerance 
•  Salt Tolerance 
•  Shade Tolerance 
•  Disease Resistance 

…….And by Using Breeding and Genetic Engineering to Introduce These 
“Yield” Genes Into Crops  (One thing we can be sure of-we can’t predict what  

new technology will be the driver 10-25 years out!) 



Engineering Bigger Seeds 10,000 
Years Ago 

Our American Ancestors, 10,000 BC 

“Manipulating” Plants to Increase Seed Yield Is Not 
New………………….. Seed Size! 

Engineering Bigger Seeds Today 

Jofuku et al., PNAS, 2005 

But Need to Identify the Critical Genes 



Scientists ALWAYS overestimate how much can be 
accomplished in a short period of time (1 month to a 
year) ……… ………….but underestimate how much will be 
accomplished over the LONG TERM (5-10 years)…….. 

 
One thing we can be sure of is - we can’t predict what will be 
the driver of new agriculturally important breakthroughs 15-25 
years in the future! 

2025?? 

2008: NextGen Sequencing 



Seeds Are Used in Many Ways as Food, Beverages, Spices, and Fuels! 

Why Seeds and a Reminder of Why They are Important!  

Beans Wheat Peas Corn 

Cashew Nuts Peanuts Pecans Coconut 

Nutmeg Cocoa Beans Coffee Beans Mustard 

22,300 Seed-Bearing Plant Species 
(90% of all known plants) 

$36.5 Billion Dollars is the Value of 
the World Seed Market (2010) 



  Most Importantly….. Our Food is Derived From 14 Major 
Food Crops & Over Half Produce Seeds For Human and 

Animal Consumption 

Seed Crops  
•  Wheat 
•  Rice 
•  Corn 
•  Barley 
•  Sorghum 
•  Soybean 
•  Common Bean 
•  Coconut 

Non-Seed Crops  
•  Potato  
•  Sweet Potato 
•  Cassava 
•  Sugar Beet 
•  Sugar Cane 
•  Banana 
 
 

Soy Oil is ~11% of World’s Oil/Fat Caloric Intake & Soy Cake is 
~61% of World’s Meal/Cake Production!      (Fao Report, 2004) 

Seeds are Important!!!! 



How Is a Seed Formed? 

A Short Reminder……………………………… 



http://seedgenenetwork.net 



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 
•  Major Funding Source 



What Are the Questions Focused On In This Talk? 

•  What Is The Spectrum Of Genes And Regulators That Are Active In 
Specific Seed Compartments Throughout Development? 

•  What Biological Processes Are Specific For Different  Seed 
Compartments/Development? 

•  How Does Gene Activity Change During Seed Development?  

•  What Are The Genes And Epigenetic Processes Required To Make A 
Seed? 

Seed 
Stages Studied 

Soybean Seed  
Development 



Ultimate Goal……To Uncover Regulatory Genes and Circuits 
Driving Seed Differentiation and Development Using Genomics 

Eric Davidson et al. Science, 2007 Knowledge of Cell-Specific TF mRNAs and Knock-
Down Effects On Embryo Phenotype and TF mRNAs  

Learn How To Make a 
Seed!! 

•  Big Seeds 
•  More Seeds 
•  More Yield 
•  Increased Food 
and Fuel 



How Study Gene Activity in Different Seed 
Compartments During Development? 

GLOBULAR-STAGE SEED AS AN EXAMPLE 

Laser Capture Microdissection & Affymetrix GeneChip/RNASeq 
BEFORE 

AFTER 
    All Compartments Of The Seed!! 
•  Embryo (Embryo-Proper & Suspensor) 
•  Endosperm 
•  Seed Coat (All Layers) 



1st Generation GeneChip 
SEQUENCING 

2nd Generation GeneChip* 

cDNA-Based Array 
37,000 Probe Sets 
>25,000 Gene Models 

Whole Gene Array 
1.2 Million Probes 
>66,000 Gene Models 

How Did We Study Gene Activity in the Seed? 

1. mRNA 

2. RNA Fragmentation 

3. Double-stranded 
cDNAs 

4. Adapter Ligation 

5. Sequencing and 
analysis 

Genomic position 
(bp) 

340K 341
K 

342
K 343K 

gene model 

*Note: 2nd generation GeneChips are available  
and library files can be found at: 

http://seedgenenetwork.net/annotate#soybeanWT 

GENECHIP 
RNASeq 



Storage Protein 
Deposition 

Preparation or Dormancy 

Morphogenesis Maturation Dormancy Germination 

cot 

cot 

axis 

cot 

axis 

Differentiation of 
Compartments, Tissues,  

and Regions 

Mature Seed, Dormancy 
and Germination 

Food Reserve Accumulation 

Soybean Seed Development-A Very Short Overview 



What Developmental Stages and Seed Compartments Studied? 

Early Maturation 

Generated >100,000 Sections (>3.4 x 106 Data Points) 
Ran >10,000 qRT-PCR Reactions 

SEED STAGE GLOB HRT COT EM TOTAL 
# Compartments 

Studied 8 8 8 16 40 
# GeneChip 
Experiments 26 21 18 34 99 

# Genes Validated 
by qRT-PCR (TF) 42 (28TFs) 36 (20TFs) 55 (55TFs) 21 (21TFs) 154 

Globular Heart Cotyledon 



PROBE SET ANNOTATION 

DATA SUMMARY PLOT 
Globular-Stage Soybean Seed ESTs 

Probe Sequence 

Target Sequence 
Consensus Sequence 

GENOME BROWSER 

ANALYSIS TOOLS ARRAY ANNOTATIONS EST SEQUENCING 

Gene Model 

Illumina ESTs 

Affymetrix 
Soybean 
GeneChip 

Search Gene of 
Interest 

The Interactive Seed Gene Network Website 
http://seedgenenetwork.net 
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Globular Stage Seed 
After Fertilization 

What Are The Genes Required To Make a Seed? 
An Example-The Globular Stage 

Suspensor  

Epidermis 

Outer Integument 

Inner Integument  

Endothelium 

Endosperm  

Embryo proper 

Hilum 

1mm 

Seed 

Embryo 



WM SUS EP ES ENT II OI EPD HI Union 

Total mRNAs 
(TFs) 

19,938 
(1,373) 

10,439 
(642) 

15,975 
(1,040) 

13,880 
(872) 

15,274 
(976) 

14,767 
(952) 

16,402 
(1,102) 

13,451 
(865) 

16,153 
(1,086) 

21,989 
(1,558) 

Unique mRNAs 
(55 TFs) 

62    
(2) 

70  
(14) 

115 
(13) 

47    
(4) 

44    
(5) 

79    
(7) 

29    
(2) 

66    
(8) 

Shared mRNAs 
(TFs)                       7,664 (400) 

How Is Gene Activity Regulated in Different 
Compartments of a Globular-Stage Seed?  

Seed coat Endosperm Embryo 

Whole Mount 

( ) indicates the number of transcription factor transcripts 

•  ~ Same Number of mRNAs in each compartment, region, & tissue 

•  Most mRNAs shared by all seed compartments, regions, & tissues 

•  There is a small number of compartment-specific transcripts, including 
transcription factor mRNAs 



GLOB HRT COT EM Whole Seed 
LCM WM 
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Affymetrix GeneChip RNASeq 
50,000 

40,000 
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GLOB HRT COT 

COT AXIS 

EM 

20,874 

40,759 

10,000 

20,000 

15,000 

5,000 
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Most Seed mRNAs Are Shared By Different Compartments & Regions 



WM SUS EP ES ENT II OI EPD HI Union 

Total mRNAs 
(TFs) 

19,938 
(1,373) 

10,439 
(642) 

15,975 
(1,040) 

13,880 
(872) 

15,274 
(976) 

14,767 
(952) 

16,402 
(1,102) 

13,451 
(865) 

16,153 
(1,086) 

21,989 
(1,558) 

Unique mRNAs 
(55 TFs) 

62    
(2) 

70  
(14) 

115 
(13) 

47    
(4) 

44    
(5) 

79    
(7) 

29    
(2) 

66    
(8) 

Shared mRNAs 
(TFs)                     7,664 (400) 

Seed coat Endosperm Embryo 

Whole Mount 

52% quantitatively regulated 
(ANOVA, p<0.01) 

Are Shared Transcripts Regulated in Globular-Stage Seed 
Regions and Tissues? 

•  Most mRNAs shared by all seed compartments, regions, & tissues 
 

•  Do shared mRNAs have compartment, region, and tissue-specific patterns? 



How Are Shared Transcripts Regulated in Globular-Stage Seed  
Compartments, Regions, and Tissues? 

Hierarchical 
Clustering of the Top 
2000 Varying mRNAs, 

p<0.001 

Hierarchical 
Clustering of the 

Varying TFs 
mRNAs, p<0.001 

SUS&ES 

ENT&II 

SUS 

SUS&ES 

SUS 

ENT&II 

Mosaic 
Sets of mRNAs Co-upregulated in 

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

SUS & ES 

Compartment Enriched 
Sets of mRNAs Co-upregulated in 
multiple seed tissues of the same 

origins (e.g., Embryo, ENT-II) 

II & ENT 

Tissue-Specific Enriched 
Sets of mRNAs up-regulated in 

individual seed tissues 

SUS 



How Many Genes Are Active in the Globular Stage Seed? 

Whole Seed 

LCM 

GeneChip RNA-Seq 

EP SUS 2,927 
(323) 

11,920 
(1,198) 

835 
(91) EP SUS 5,978 

(563) 
24,915 
(2,553) 

2,474 
(245) 

(EP + SUS) = 15,682 (1,612)  (EP + SUS) = 33,367 (3,361) 

TECHNOLOGY TISSUE/REGION GENECHIP RNA-SEQ # Mapped 
Reads 

Whole 
Mount 

Whole 
Seed 

17,057 
(1,748) 

45,821 
(4,717) 49.5M 

LCM 

EP 14,847 
(1,521) 

30,893 
(3,116) 11.6M 

SUS 12,755 
(1,289) 

27,389 
(2,798) 8.4M 

EP + SUS 15,682 
(1,612) 

33,367 
(3,361) 20M 



How Many Genes Are Active in the Globular Stage Seed? 

Whole Seed GeneChip 

17,057 
(1,748) 

LCM GeneChip 

18,092 
(1,904) 

Whole Seed RNASeq 

45,821 
(4,717) 

( ) Transcription Factors 

Platform Illumina GA II 

# Reads 89.4M 

# Bases 6.8Gb 

# Genes Detected 45,821 

Platform EP SUS ES ENT II OI EPD HI WS 

GeneChip A 5,907 A A A A A A A 

qPCR 
(fold-reduction) 1,328 1 539 ND ND 33,341 ND 1,474 N/A 

RNA-Seq 0 323 12 

Putative Aldo/Keto Reductase mRNA 
Glyma18g52250 
(GmaAffx.92851.1.S1_s_at) 



What Are the Genes Active in Every Soybean 
Compartment, Region, & Tissue Thoughout Development? 



What Are the Genes Active in Every Soybean 
Compartment, Region, & Tissue Throughout Development? 

GLOB HRT COT 

COT AXIS 

EM 

•  ~ Same Number of mRNAs/Compartment 

•  Most mRNAs Within a Seed Shared by All Compartments 

•  Most  TF mRNAs Within the Seed Shared by All Compartments 

•  Most  mRNAs Shared by All Stages of Development 

•  ~ Small Number of Compartment & Stage Specific mRNAs 

•  ~ 50,000 Genes Required to Make a Seed 

•  Large Quantitative Changes in Shared mRNA Prevalences 



How Are Genes Regulated During Soybean Seed Development? 



1 

A Spatial pattern of mRNA Up-Regulation 
During Early Development  
(GLOB-HRT-COT) 

2 

A Spatial pattern of mRNA Up-
Regulation During Early Maturation  
(EM)  

3 

A Spatial pattern of mRNA Up-Regulation 
Throughout All Developmental Stages  
(GLOB to EM) 

4 

Mosaic mRNA Up-Regulation Pattern 

mRNA Accumulation Patterns Throughout 
Soybean Seed Development – A Summary 



Top 4K Varying 
mRNAs 

-3.0   -2.0   -1.0   0   1.0   2.0   3.0 

1 

A SPATIAL pattern of mRNA 
accumulation is apparent 

(GLOB-HRT-COT) 

II 

OI 

SUS 

ES & EP 

ENT 

HI 

EPD & PA 

EP 

ES & AL 

mRNA sets up-regulated 
throughout development  

(GLOB to EM) 

3 

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

Morphogenesis phase 
Maturation 

phase 

2 

A TEMPORAL 
pattern of mRNA 
accumulation is 

apparent 
(Early 

Maturation)  

EM Embryo 

EM Seed Coat 



1,930 TF mRNAs Present in 
at Least One Compartment 
During Seed Development -3.0   -2.0   -1.0   0   1.0   2.0   3.0 

1 

A SPATIAL pattern of TF 
mRNA accumulation is 

apparent (GLOB-HRT-COT) 

ENT 

SUS 

HI 

What Are the Temporal and Spatial Transcription Factor mRNA 
Accumulation Patterns Throughout Seed Development? 

2 

A TEMPORAL 
pattern of TF 

mRNA 
accumulation is 

apparent 
(Early 

Maturation)  

  

  EM Seed Coat 

EM Embryo 

3 

TF mRNA sets up-regulated 
throughout development  

(GLOB to EM) 

OI & PY 

ES & AL 

Morphogenesis phase 
Maturation 

phase 



Hierarchical 
Clustering 

Principal 
Component 
Analysis 

What Are the Biological Relationships Between 40 Seed 
Compartments, Regions, and Tissues Throughout Development? 



Are Different Seed Compartments Specialized For 
Specific Metabolic Processes? 

Composition of Soybean Seed 

20% Oil (Oleate, 
Linoleate etc) 

40% Protein 
(Glycinin, Beta- 
conglycinin etc) 

15% Soluble 
Carbohydrates 
(Sucrose, Raffinose, 
Stachyose) 

15% Insoluble 
Carbohydrates 
(Dietary fiber) 

10% “Other” 
(Isoflavones, 
Vitamins, etc) 



Nucleotide 
Metabolism 

Carbohydrate 
Metabolism 

Amino Acid 
Metabolism 

Lipid 
Metabolism 

Energy 
Metabolism 

Biosynthesis of 
Secondary Metabolites 

Biosynthesis of 
Cofactors and Vitamins 

Metabolism of 
Other Amino Acids 

Biodegradation 
of Xenobiotics 

Glycan Biosynthesis 
and Metabolism 

Examined 325 Metabolic Pathways in 40 Different Seed Compartments  

Globular 

Heart 

Cotyledon 

Early Maturation 

Are Seed Compartments Specialized For Specific  
Metabolic Processes?  



SUS 
(G-H-C) 

COT PY 
(EM) 

ENT 
(G-H-C) 

OI 
(G-H-C) 

ES&AL 
(G-H-C-

EM) 

EP 
(G-H-C) 

COT PY 
& SC 
PA 

(EM) 

1,726 mRNAs for 317 
pathways (ANOVA, p<0.001)  

-3.0                         0                          
3.0 

PA 
(EM) 

HG 
(EM) 

II 
(G-H-C) 

What are the Accumulation Patterns for mRNAs Encoding Enzymes in  
Metabolic Pathways During Seed Development? 

Cutin, Suberin, & Flavonoid Biosynthesis 

Spatial Pattern of Enzyme mRNA 
Accumulation During Early Seed 

Development 
(GLOB-HRT-COT) 

SUS 

Jasmonic Acid & Oleate Biosynthesis 
OI 

EP 
Photosynthesis, Purine Biosynthesis, 
Sucrose Degradation  

ENT 
Terpene, Phenylpropanoid, Flavonoid 
Biosynthesis 

II 

Xyloglucan Biosynthesis 

EPD 
Cutin, ABA Glucose Ester Biosynthesis 

HI 
Flavonoid & Suberin Biosynthesis 

1 

Spatial Pattern of Enzyme mRNA 
Accumulation Late in Seed 

Development 
(Early Maturation) 

Flavonoid & Suberin Biosynthesis 

SC  
PA 

COT 
PY Lipid Desaturation, Fatty Acid 

Biosynthesis 

2 

Enzyme mRNA Sets Up-Regulated 
Throughout Seed Development  

(GLOB to EM) 

Cellulose Biosynthesis, Purine and 
Pyrimidine Salvage Pathways 

ES & AL 

3 
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Are Seed  Compartments Specialized For Specific Metabolic 
Processes? The Outer Integument/Seed Coat-Parenchyma Case 

30.0 

22.5 

15.0 

7.5 

0 
SC COTY 

JA
 (
ng

/g
 F

W
) 

EM 

SC COTY 

N.D. 

High detection of JA in the seed coat! 

Globular Heart Cotyledon Early Maturation 

cross section 

Jasmonic acid biosynthesis pathway mRNAs are up-regulated in the outer 
integument & seed coat parenchyma tissue during seed development 

OI  

SC-PY 

OI  OI  



EMBRYO PROPER 
Starch Degradation 
Fatty Acid Biosynthesis 
Thiamine Biosynthesis 
Photosynthesis 
TF mRNAs: STF, GRF3, PAP2 

EMBRYO 

SUSPENSOR 
Thiamine Biosynthesis  
Aromatic Compound Biosynthesis                    
TF mRNAs:  
MYB78, LEC1-like, ABI4 

ENDOSPERM 
Pathways:  
Amino Acid Biosynthesis (Ile, 
Val, Leu) 
Carotenoid Biosynthesis 
TF mRNAs: VRN, Zinc Finger, 
BES1/BZR1 

ENDOSPERM 

HILUM 
Cell Wall Biogenesis 
Quercetin Biosynthesis 
Regulation of Transcription 
TF mRNAs: Dof-type Zinc Finger, 
DAG2,Ethylene-Responsive 

ENDOTHELIUM 
Triterpenoid Biosynthesis 
Quercetin Biosynthesis 
Cutin Biosynthesis 
Vitamin E Biosynthesis 
TF mRNAs: TT1, GRF5, Zinc 
Finger   

INNER INTEGUMENT 
Cellulose Biosynthesis 
Starch Biosynthesis 
Sucrose Biosynthesis 
Vitamin E Biosynthesis 
TF mRNAs: AP2-EREBP, PCL1, 
ATAF1 

OUTER INTEGUMENT 
Photosynthesis 
Jasmonic Acid Biosynthesis 
Fatty Acid Biosynthesis 
Lipid Biosynthesis 
TF mRNAs: MYB, GBF6, LIM  

EPIDERMIS 
Anthocyanin Biosynthesis 
Cellulose Biosynthesis 
Cutin Biosynthesis 
TF mRNAs: TINY, GLABRA 2, 
WRKY44 

Functional & Regulatory Specialization of of Seed Compartments 
During Development SEED COAT 



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

EPIDERMIS 
Vitamin B1 HILUM 

Amino acid (Phe) 

PARENCHYMA 
Sucrose, Stachyose 

HOUR GLASS 
Vitamin E 
Sucrose 
Amino acids (Leu, Lys, Ser) 

PALISADE 
Isoflavones (Genistein, Daidzein) 
Linoleate 
Sucrose 
Amino acid (Phe) 

AXIS 

COTYLEDON 

ROOT MERISTEM 
Isoflavones (Genistein, Daidzein) 

SEED COAT 

*Biosynthetic pathways having mRNAs more than 2-fold up-regulated in the indicated tissue compared with  
all other tissues in early maturation-stage are listed 

SHOOT MERISTEM 
Storage Protein (β-conglycinin) 

PLUMULE 
Storage Protein (β-conglycinin) 

ADAXIAL EPIDERMIS 
Storage Proteins (β-conglycinin, 
Glycinin) 

ABAXIAL EPIDERMIS 
Amino acids (Arg, Gln, Leu) 

PARENCHYMA 
Vitamin C, Vitamin E 
Fatty acids (Linoleate, Oleate) 
Amino acids (Arg, Gln, Leu, Lys) 
Storage Proteins (β-conglycinin, 
Glycinin) 

Where Are the Pathways For Soybean “Health” Products Made in the Seed? 



Regulatory Specialization of Seed Compartments  
During Development 

( ) developmental stage 



How Many Genes Are Active Throughout the 
Soybean Life Cycle? 

There are 55,343 Genes Active Throughout The Soybean Life Cycle! 
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A Blast From the Past………... 

Gene Numbers in Seed 
Soybean 
Rot Curve 

1981 

32,000 

Soybean 
RNASeq 
2011 

51,000 

1 

Majority of mRNA 
sequences are 
present throughout 
seed development 2 

DEVELOPMENTAL BIOLOGY 83, 201-217 (1981) 



Are There mRNAs Specific to Seed Development? 

*Union of all LCM & WM (glob-dry) 

45,186 

(4,686) 

3,193 

(248) 

*Union of Whole Seed & Seed Compartment 
RNASeq Sets = 52,685 mRNAs (5,294) 

1,400 

(105) 
495 

(50) 

REPRODUCTIVE 

SDLG 

VEGETATIVE 

SEED 



1.  Using RNAi to knock down  compartment-specific TF mRNAs during seed development  

2.  Identifying Downstream Targets of Compartment-Specific Transcription Factors 

3.  Characterization of compartment-specific microRNA populations during seed development 

4.  Characterization of DNA methylation & histone modification patterns in seed compartments  

Chromatin 

Gene 

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 

Unraveling the Gene Regulatory Processes that Are 
Required to “Make a Seed” (a beginning!)  

Histone Modification 
DNA Methylation 

Regulatory Factors 

1 

2 

3 

4 



Are Their Compartment-Specific MicroRNAs & Do 
They Regulate Specific mRNAs? 

Enriched Small 	  
RNA Isolation 

cDNA Library 
Construction 

Illumina 
Sequencing 

Chromatin 

DNA Methylation	  
Histone Modification 

Gene	  	  

Transcription Factors 

Primary RNA Transcript 

mRNA 

 Protein 

 Functional Protein 

mRNA 
Degradation 

Small RNAs  

NUCLEUS 

CYTOPLASM 

small RNAs 

Illumina adapters 



Using LCM to Sequence and Identify Seed  
Compartment-Specific MicroRNAs? 

Before LCM After LCM 

A LCM Section 	  
of Seed Coat 
Parenchyma 

Early Maturation 
Stage Seed 

Longitudinal	  
Section 

# Longitudinal sections (10µm) 23 

Avg. # LCM sections per longitudinal section  20 

Total # LCM sections captured 460 

Amount of Enriched Small RNAs obtained (ng) ~126 

Cotyledon 

Axis 

Whole seed 

Early Maturation  
Seed Coat Layers 

Palisade 

Hourglass 

Aleurone 

Parenchyma 



LOB Domain Protein 21 (LBD21) 
(Glyma11g35500) 

EM-WS EM-SCPY 

# Reads 28M  
(2.1Gb) 

28M  
(2.1Gb) 

# Cleaned Reads (18-24 nt) 
(e.g. remove tRNA, rRNA) 15M 7.7M 

# Cleaned Reads With Homology 
to Known miRNAs   493,034  124,590 

# Known miRNA Families 
Identified 175 135 

Early Maturation  
Seed Coat Parenchyma 
(EM-SCPY) 

Palisade 
Hourglass 

Aleurone 

Parenchyma 

Early Maturation 
Whole Seed 
(EM-WS) 

Whole seed 

cotyledon 

axis 

113 22 62 

EM-WS EM-SCPY 
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Do MicroRNAs Regulate Compartment-Specific mRNAs? 



What Role Does Epigenetics Have in Establishing 
Compartment-Specific Gene Expression Patterns? 

"Basic	  Principles	  of	  Gene1cs,"	  h4p://cnx.org/content/m26565/1.1/	  

Histone 

Chromosome 

Chromatin 

Nucleosome 

Histone Modification 

Unmethylated 
DNA 

DNA Methylation 

Methylated 
DNA 

Methylation 
Acetylation 

Phosphorylation 

Me 

Me 

H 



Me	  

How Is DNA Methylation Studied Using Bisulfite 
Sequencing (BS-Seq)? 

Unmethylated 
Cytosine 

Methylated 
Cytosine 

DNA 	  
Isolation 

Bisulfite Conversion 

T	  	  C	  	  G	  	  A	  	  T	  	  G	  	  G	  	  T	  	  C	  	  T	  

PCR Amplification Illumina Sequencing 

H 

T	  	  U	  	  G	  	  A	  	  T	  	  G	  	  G	  	  T	  	  C	  	  T	  

T	  	  T	  	  G	  	  A	  	  T	  	  C	  	  G	  	  T	  	  C	  	  T	  

Me	  

Sodium 
Bisulfite 

Unmethylated Cytosines 
Converted to Uracil 

Uracil (U) Replaced by 
Thymine (T) During PCR 
Amplification 

Align Sequences to Soybean Genome 

T	  	  C	  	  G	  	  A	  	  T	  	  G	  	  G	  	  T	  	  C	  	  T	  

T	  	  T	  	  G	  	  A	  	  T	  	  G	  	  G	  	  T	  	  C	  	  T	  

Reference 

BS-Seq 
Read 

C ➔ T 
mismatch 

C ➔ C 
match 

Unmethylated C Methylated C 



# Longitudinal sections (10µm) 190 

Avg. # LCM section per longitudinal section  20 

Total # of LCM sections captured 3,800 

Amount of DNA obtained (ng) ~445 

How Much DNA Was Isolated From LCM Captured Early 
Maturation Stage Seed Coat Parenchyma?   

~445 ng DNA obtained from early-maturation 
seed coat parenchyma layer for bisulfite 
sequencing 

7.2 mm 

 Longitudinal 
Section 

LCM Section of Seed Coat 
Parenchyma 

Early Maturation Stage 

Before LCM After LCM 
cotyledons 

axis 

whole seed 



Library Globular Stage  
Whole Seeds 

Early Maturation Stage 
Whole Seeds 

Early Maturation  
Seed Coat Parenchyma 

# Reads 102M	  (8.4Gb) 77M	  (6.3Gb) 154M	  (12.1Gb) 

# Unique Reads 
(i.e. non-clonal reads) 

58M	  (4.4Gb) 48M	  (3.7Gb) 81M	  (6.1Gb) 

# Aligned Unique Reads 37M	  (3.4Gb) 26M	  (2.5Gb) 24M	  (2.2Gb) 

Coverage of Each Strand 1.7 fold 1.25 fold  1.1 fold 

How Many BS-Seq Sequences Do We Have To Date? 

Early Maturation  
Seed Coat Parenchyma 

Palisade 
Hourglass 

Aleurone 

Parenchyma 

Early Maturation 
Whole Seed 

Globular Stage 
Whole Seed 

cotyledons 

axis 

ep 

whole seed whole seed 

Total Sequences ~ 27X Soybean Genome 



BS-DNA Sequencing of Globular- and Early Maturation-Stage 
Whole Seed  

Uniquely Mapped Reads 
(Gigabases) 

Coverage Per 
Strand 

37M (3.4Gb) 1.7 fold 

Early Maturation 
Whole Seed 

Globular  
Stage 

Cotyledon 

Axis 

Uniquely Mapped Reads 
(Gigabases) 

Coverage Per 
Strand 

26M (2.5Gb) 1.25 fold 
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BS-DNA Sequencing of Early Maturation Seed Coat 
Parenchyma Layer (EM SCPY) 

Aligned Unique Reads 
(Gigabases) 

Coverage per 
Strand 

24M (2.2Gb)  1.1 fold 

7.2 mm 
Before LCM After LCM 

Seed Coat Parenchyma 

~25% 
methylated 

75% 
8% 

17% 

Not Methylated 

Mosaic 
Pattern 

All Methylated CG CHG CHH 

20% 

40% 

60% 

80% 

100% 

0% 

Not Methylated Methylated Mosaic Pattern 



CG 

100 

0 

CHG 

CHH 

100 

0 

5 

0 

100 

0 

60 

0 

Gene 

TE 

Genomic Position (Mb) 

What is The Methylation Pattern Along the Genome For Whole 
Seeds and Seed Compartment Layers? 

Methylation Level is 
Higher Around the 
Centromere and 
Pericentromere 
Regions! 

Methylation Level is 
Inversely Related to 
Gene Density! 

Methylation Level is 
Related to TE Density! 

Chromosome 1 (Mb) 

pericentromere 
centromere 



CG Methylation Distribution Across 46,367 High Confidence Genes 

Parenchyma 

Globular Seed 
(GLOB-WS) 

Early Maturation Seed 
(EM-WS) 

Early Maturation Seed 
Coat Parenchyma 

(EM-SCPY) 

Translation Start Site Translation Termination Site 

5’ 3’ UPSTREAM GENE BODY GENE BODY DOWNSTREAM 

GLOB 

EM 

EM-SCPY 



Are There Differences in Methylation Level 
Between the Globular Stage and Early Maturation 

Stage Seed at the Genome Level ? 

GLOB 

EM 

GLOB 

EM 

10 kb Windows 

60 Windows ≥ 2-fold 

315 Windows ≤ -2-fold 

Window 284: 2,8400,000 – 2,850,000 

Allinase 

Ratio: 2.79 

Delta: 4.02 

GLOB: 90 reads  

     EM:   0 reads 



EM SCPY 

EM Whole Seed (WS) 

Genes In Different Seed  
Compartments Can Have  

Distinct Methylation Patterns 



What Are The Functions of Compartment-Specific 
Transcription Factor mRNAs? 
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A
ve

ra
ge

 G
en

eC
hi
p 

Si
gn

al
 

A A A A A A A 

ep
d 

en
t 

su
s hi
 

oi
 

es
 

ep
 ii 

EP-SPECIFIC 

400 

300 

200 

100 

0 A A A A A A A 

ep
d 

en
t 

su
s hi
 

oi
 

es
 

ep
 ii 

Globular Stage 
6000 

4500 

3000 

1500 

0 

SC-HG-ENRICHED EP-SPECIFIC 

Early Maturation 

300 

400 

0 

100 

200 

ab
-e

pd
 

al
 

ad
-p

y vs
 

vs
 

pl
 

ab
-p

y 

sm
 

ep
d py
 

pa
 

py
 

ad
-e

pd
 

hg
 

hi
 

rm
 

GmSpeechless TF 
(Glyma04g41710) 
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(Glyma09g40620/Glyma18g45529) 
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RNAi Gene Suppression Strategy 

Analysis 

M
on

sa
nt

o 
U
CL

A
 

Identify Seed 
Specific TFs 

Validation 
(qRT-PCR) 

Gene 
Nomination 

Develop RNAi Constructs 

Transgenic Soybean  
Pipeline 

Generate Transgenic Plants  
and Characterize RNAi  

Phenotypes 

Select Promoter 



35S-RNAi (GUS) suppresses the 35S-Gus reporter 
in stably transformed shoot leaves. 

35S-GUS 35S-GUS; 35S-RNAi (GUS) 

35S-GUS 

anti-sense 

35S 

sense 

spacer 3‘UTR 

RNAi Construct 

GUS GFP 

Using RNAi to Knock-Down Seed Compartment-
Specific Transcription Factor mRNAs 



Sampling and Quality Control 

R1 seed 
population 

RNA isolation 
for qRT-PCR 

Fix tissue for 
histology 

Phenotyping 

Seed Chipping 
(Genotyping) 

R2 seed 
population 

Project Metrics 

Constructs 

  Promoters:GUS Reporters 23 

  RNAi Suppression Constructs 70 

Transgenic Material 

  Transgenic Promoter:GUS 230 

  Transgenic RNAi Plants 1,716 

Tissue Sampling 

  Tissue samples for qRT-PCR 20,592 

  Samples for histology 3,432 

Harvest RNA 
isolation for 
qRT-PCR 

Fix tissue for 
histology 

Phenotyping 

R0 – single copy plants Transformation  
Pipeline 

R1 homozygous 
    



SCARECROW TF 
(Glyma09g40620/Glyma18g45520) 

Parental Line RNAi Line 1 RNAi Line 2 

“Inverted” 
Petiole 
Growth 

GRAS TF 
(Glyma01g38360) RNAi Line 1 

RNAi Line 2 Parental Line 

GmFIE 
(Glyma10g02690) 

Parental Line RNAi Line 1 RNAi Line 2 

SC-HG-ENRICHED 

Knocking Out Seed Transcription Factor mRNAs 



63 

Soybean Speechless-Like TF mRNA Prevents Stomata  
Formation on Developing Cotyledons  

GmSpeechless 
(Glyma04g41710) 

Transcript 1 

RNAi target region 

1305 753 1076 

1 328 
bHLH 
Protein 

Globular Stage 

A A A A A A A 

ep
d 

en
t 

su
s hi
 

oi
 

es
 

ep
 ii 

EP-SPECIFIC 

A
ve

ra
ge

 G
en

eC
hi
p 

Si
gn

al
 

400 

300 

200 

100 

0 

anti-sense 

35S 

sense 

spacer 3‘UTR 

RNAi Construct 

Line 1 Line 2 Line 3 
Wild 
Type 

RNAi Transformants Re
la
ti
ve

 F
ol
d-

Re
du

ct
io
n 

Parental 
Line 

Line 3 Line 2 Line 1 

RNAi Lines 
(GmSpeechless) 

speechless RNAi Line Parental Line 

Stomata 
Precursor 
Cells 

Guard 
Mother 
Cells 



Will the GmSpeechless cDNA rescue the 
Arabidopsis Speechless Mutant? 

spch3 mutant wild type seedling AtSPCH::GmSPCH cDNA 
(spch3 background) 

GmSpeechless cDNA 
At_Speechless promoter 

15 days after germination 



What Are the Regulatory Circuits Controlling  
Soybean Seed Development? 

Eric Davidson et al. Science, 2007 

Come Back in 
 Five Years! 



The End………….. 

…….or is it the Beginning? 
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+ + = 

(Transcription 
Factors) 

What are the Genes Active in Every Tissue, Cell Type, and 
Compartment During All of Soybean Seed Development? 

+ 

51,058 
(5,199) 

UNION 

Most genes are shared in different seed compartments throughout 
seed development 

+ 

Cotyledon Globular Heart 
Early 
Maturation 

+ + 
2mm 1mm 1mm 1mm 

GeneChip 

RNASeq 45,396 
(4,712) 

45,821 
(4,717) 

17,057 
(1,748) 

16,938 
(1,715) 

17,213 
(1,725) 

16,906 
(1,680) 

45,331 
(4,743) 

45,227 
(4,680) 

GeneChip 

RNASeq In Progress In Progress 

18,092 
(1,904) 

18,564 
(1,929) 

18,939 
(1,985) 

19,621 
(2,047) 

33,367* 
(3,361) 

34,521** 
(3,404) 

WHOLE 
SEED 

LCM 
SEED 

19,098 
(1,968) 

In 
Progress 

Gene Models 

20,874 
(2,213) 

39,013 
(3,943) 

* EP & S - only ** SCPY-only 


