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Today’s Headlines



OVER THE NEXT 50 YEARS WE WILL NEED TO PRODUCE

MORE FOOD THAN IN THE WHOLE OF HUMAN HISTORY

AND DO IT ON LESS ARABLE LAND!!!!

CROP YIELDS NEED TO BE INCREASED SIGNIFICANTLY

World Population (millions)

6,705,488,339

6/23/08

We Face Major Challenges In Agriculture Even

Greater Than Those in Today’s Headlines



And……..There’s Also A Problem With Using Land For 

Energy Production………………



A Reminder……….Seeds Are Used in Many Ways

as Food, Beverages, Spices, and Fuels!

NutmegCocoa Beans Coffee Beans

Beans WheatPeas Corn

Cashew Nuts Peanuts Pecans
Coconut

Mustard



 Most Importantly….. Our Food is Derived From Fourteen 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

In Some World Populations 75% of Calories Are Derived From Seeds!



So….How Can Seed Yields Be Improved?

Use a Variety of Approaches To Identify Genes Critical For

Fundamental Seed Processes (Yo!!-It’s the Yield That Counts!)

..…and

*

*

*

*

Increase Yields!



How Is a Seed Formed?

A Reminder………………………………
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Globular-Stage

Suspensor

Epidermis

Outer Integument

Inner Integument

Endothelium

Endosperm

Embryo proper

What Are the Genes Required to Make a Seed?

And How Are They Wired in a Plant Genome?



More Specifically………What Are The Genes Required to

Program Every Compartment, Tissue, and Cell Type During

Seed Development?



Genome-Wide Profiling of mRNAs During Arabidopsis

Seed Development & Plant Life Cycle

Differentiation Prepare For Dormancy & Germination



What Are the Genes That Are Important For

Programming Specific Stages of Seed

Development?



Gene Activity Before, During, And After Arabidopsis

Seed Development

1,0166998511,0511,089995999TF mRNAs

17

100

13,722

GLOB

5764904Unique TFs

6,937

(477)

Shared

mRNAs

(TFs)

5053126501622
Unique

mRNAs

13,1858,77910,87513,10312,42112,591
Total

mRNAs

SDLGPMGMGCOT24HOV

SEED DEVELOPMENT

http://estdb.biology.ucla.edu/genechip
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Shared mRNAs



Are There Seed-Specific Genes That May Play a

Critical Role in Programming Seed Development?



Identification of Seed-Specific mRNAs in the

Arabidopsis Life Cycle

( ) Indicates number of 

transcription factor mRNAs
…at the GeneChip Level!!

Pre- & Post-Fertilization

Shared mRNAs

mRNAs



* Mutations do not affect development (15) * Mutations disrupt development (7)

Stages When Present

John Harada

John Harada



Seed-Specific Transcription Factor Genes Are

Transcribed in Different Seed Regions

Major Unanswered Question: What Processes Do These TF Genes Regulate?



All Tissues, Compartments, and Regions?



Why Soybean?

• Second Major US Crop

• Major Food Source

• Important Biofuel Source

• Excellent Model Plant

• Genome Sequenced (2008)

• Seed Gene Expression Data

• Major Funding Source



How Can We Profile Gene Activity in All Seed

Compartments, Regions, & Tissues?

Combine Laser Capture Microdissection

(LCM) Technologies With Genomics

Approaches.



Using Laser Capture Microdissection (LCM) & Soybean

GeneChips to Investigate Gene Activity In Seeds

EP

S

Globular Stage Seed-After Fertilization



Contains Probe Sets Representing 38,000 Soybean Transcripts

(~30,000 Clusters/~23,000 Predicted cDNAs) Derived From ~85 cDNA Libraries

From Plant Regions and Multiple Developmental Stages

(Not a Whole Genome Chip)

Spectrum of Gene Sequences Represented on

the Soybean Affymetrix EST GeneChip (2007)

Functional Categories Transcription Factors

~2,800 TF Transcripts



http://estdb.biology.ucla.edu/seed



4923363739989674 Unique mRNAs

6224311175Unique TF mRNAs

9025Shared mRNAs

1,0578371,0739279508481,100909TF mRNAs

16,402

OI

13,451

EPD

16,153

HI

14,177

S

13,880

ES

14,76715,27416,998Total mRNAs*

IIENEP

* The present call in globular stage is defined as “present” at least in two biological replicates. One

factor ANOVA p>0.05

Seed coatEndospermEmbryo

What Are the Genes Active in an Entire Globular-

Stage Seed Immediately After Fertilization?

Whole Mount

19,938
(1,341)



4923363739989674 Unique mRNAs

6224311175Unique TF mRNAs

9025Shared mRNAs

1,0578371,0739279508481,100909TF mRNAs

16,402

OI

13,451

EPD

16,153

HI

14,177

S

13,880

ES

14,76715,27416,998Total mRNAs*

IIENEP

* The present call in globular stage is defined as “present” at least in two biological replicates

Seed coatEndospermEmbryo

Note: Unique genes are specific within the seed

 at the level of the GeneChip 

What Are the Genes Active in an Entire Globular-Stage

Seed Immediately After Fertilization



Conclude

• Most Genes Shared By Different Seed Compartments

• There Are Small Sets of Compartment-Specific Genes

Including Transcription Factor Genes

A Repeating Theme!!!!



Endothelium: 39 (3)

Hilum: 49 (6)

Suspensor: 74 (5)

Embryo Proper: 96 (17)

Endosperm: 98 (11)

Outer Integument: 36 (2)

Inner Integument: 37 (4)

Epidermis: 23 (2)

4 MYB (MYB 44)

3 Homeodomain (STM, WOX2)

2 IAA (IAA8), bHLH, Zinc Finger

1 bZip  (OBF4), WRKY, G2-like

1 GRAS (Scarecrow-like)

2 WRKY

1 ARF (ARF16)

1 NAC Domain

1 Zinc Finger

2 Zinc Finger

1 WRKY

1 AP2/EREBP

1 bZip

3 bHLH (PIF4)

1 Zinc Finger (IDD11),

1 MYB (MYB 111)

1 Aux/IAA (SOLITARY ROOT)

3 Zinc Finger (Dof 2)

2 WRKY

1 ARF (ARF8),  bHLH, JUMONJI

1 MADS-Box (PISTILLATA)

1 NAC Domain (NAM)

1 Polycomb Group (TRX1)

1 bZip

1 Zinc Finger

1 General (TFIIA-L)

1 Homeodomain

1 MADS, MYB

Globular-Stage Seed Compartments Have a Unique 

Set of Transcription Factor Genes



A=Absent = Not Detected at GeneChip Level ND = Not Detected at Level of  qRT-PCR

Suspensor Embryo

proper

Embryo

Endosperm Endothelium Epidermis Hilum
(not shown)

Inner

Integument

Outer

Integument

Seed coatEndosperm

-

ND

A

 700-----1
Fold

Reduction

39.5±1.1NDNDNDNDND30.0±0.6qRT-PCR

AAAAAAPGeneChip

GmSTM-Like (Shoot Meristemless-like) Transcription Factor (GmaAffx.63050.1.S1_at)

EP

HI

EP

HI

GmSTM-like promoter/GUS  Gene Activity in Soybean Seeds 

 Quantitative RT-PCR and Transcriptional Validation of Globular-Stage

“Seed Region-Specific” mRNAs (one example)



Quantitative Regulation of mRNAs Shared by

Soybean Globular-Stage Seed Compartments
EP   ES   S    EN  EPD  HI     II     OI

Top 2000 Varying

mRNAs

FDR < 5%

> 2-fold (p<0.05)

28/62 Energy
Metabolism
Transporter

86/120
Intracellular Traffic
Transporter
Metabolism

17/31
Metabolism
Cell Structure
Protein Storage

4/13
Cell Growth
Protein Storage
Post-Transcription

12/12 Signaling
Energy
Metabolism

1/66 Energy
Metabolism
Protein Storage

23/73
Energy
Protein Synthesis
Protein Storage

4/5
Protein Storage
Transcription

OI

II

EN

EPD

EP

S

ES

HI



Quantitative Regulation of mRNAs Shared by

Soybean Globular-Stage Seed Compartments
> 2-fold (p<0.05)

28/62 Energy
Metabolism
Transporter

86/120
Vacuolar ATPase
STP1 - CAT7
SIS - GATL7 - SAH7

17/31
Metabolism
Cell Structure
Protein Storage

4/13
Cell Growth
Protein Storage
Post-Transcription

12/12 Signaling
Energy
Metabolism

1/66 Energy
Metabolism
Protein Storage

23/73
Energy
Protein Synthesis
Protein Storage

4/5
Protein Storage
TranscriptionTop 2000 Varying

mRNAs

FDR < 5%

OI

II

EN

EPD

EP

S

ES

HI
EP   ES   S    EN  EPD  HI     II     OI



How Many Genes Are Active in a Globular-Stage Soybean Seed?

 At the Level of

GeneChip Detection!

Embryo Proper

16,998 (1,100)

Suspensor

14,177 (909)

Endothelium

15,274 (950)

Hilum

16,153 (1,057)

Epidermis

13,451 (837)

Inner Integument

14,767 (927)

Outer Integument

16,402 (1,073)

Endosperm

13,880 (848)

Union of Seed Compartments

Whole Mount

Union of LCM 

mRNA Sets
22,000

(1,552 TFs)

1mm

20,000
(1,341 TFs)

(Transcription Factors)

Note: Minimum Numbers & Overlap of

Gene Activity!!



What Are The Genes Required to Program Every Compartment, Tissue, 

and Cell Type During Soybean Seed Development?

Note:  Numbers Refer to Specific Seed Stages Studied



How Many Genes Are Required to Program

Soybean Seed Development?

Globular Heart Cotyledon

+ + +

Early Maturation

2mm

19,421
(1,259)

1mm

20,001
(1,328)

1mm

19,542

(1,308)

1mm

19,938
(1,341) = 23,033

(1,582)

Seed Coat

Embryo

Endosperm Seed Coat

Cotyledon

Axis

Aleurone

=

24,003

(1,685)

22,903

(1,595)
21,989

(1,552)

22,377

(1,538)

+ + + 26,359

(1,894)

Minimum Numbers!

40 Compartments & Tissues Profiled-More than 3.7 Million Data Points!!

(Transcription Factors)



Each Soybean Seed Compartment Has a Small Set of Unique

mRNAs at Different Developmental Stages

#
of

m

R

N

A

s

Development Stages

Seed Regions



Each Soybean Seed Compartment Has a Small Set of mRNAs at Specific

Developmental Stages (e.g., Early Maturation-Stage Seed Coat )

#

of

m

R

N

A

s

Development Stages

Seed

Regions

Cell Structure

Cellulose Synthase

(CESA8, CESA4, IRX3)

Pectinacetylesterase Family

Glucan 1,3-beta-glucosidase

Secondary Metabolism

BANYULS (DFR)

TRANSPARENT TESTA 10

Isoflavone Reductase Homolog

2OG-Fe(II) Oxygenase

Transcription

SCARECROW-LIKE 3

C2H2 Zinc Finger

B-Box Type Zinc Finger

Brown Color Enzymes
Cell Wall Enzymes Gene

Regulators



Do Shared mRNAs Have Specific Temporal and Spatial Patterns of

mRNA Accumulation Throughout Seed Development?

A Spatial Pattern of

mRNA Accumulation is

Apparent During Early

Seed Development.

-3.0    -2.0    -1.0    0    1.0    2.0    3.0

A Temporal Pattern of

mRNA Accumulation

is Apparent Later in

Seed Development.

S

ES

EPD &

HI & OI

EM

Embryo

1

2



-3.0      -2.0      -1.0      0       1.0       2.0       3.0

Hierarchical Clustering of 1,932 TFs Present in at Least

One Compartment Across Development Stages

SUS

HI

Over-represented

(2-fold, p<0.05)

II

OI

SUS

51/58 WRKY (15)

CCAAT-Box (4)

OI

15/18 Unclassified (3)

bHLH (10)

Squamosa (2)

HI

39/53

ES
22/42 ARF (1)

ES

9/9

II
No Over-

representation

Are There Spatial Patterns of Transcription Factor mRNA Accumulation

During Early Soybean Seed Development?



-3.0      -2.0      -1.0      0       1.0       2.0       3.0

Hierarchical Clustering of 1,932 TFs Present

in at Least One Compartment Across

Development Stages

Over-represented

(2-fold, p<0.05)EM
Embryo

13/23 bZIP (2)

CCAAT-Box (3)

EM Embryo

Are There Temporal Patterns of Transcription Factor mRNA Accumulation

During Late Soybean Seed Development?



Do Soybean Seed Compartments Express Specific

Metabolic Pathway Genes?
- Overview -

Cellulose Biosynthesis Pathway

1. Cellulose synthase

2. Cellulase

(Glucan-glucanohydrolase)

1

2

Fatty Acid

Biosynthesis

Pathway:

1. Acetyl-CoA carboxylase

2. S-malonyltransferase
3. !-ketoacyl-ACP synthase

4. Acyl-cleasaturase

5. Enoyl reductase

6. 3-oxoaxyl reductase

7. 3-oxoaxyl synthase

8. Acyl-ACP thioesterase

1

2

3

4

5

6

7

8

Jasmonic Acid Biosynthesis

Pathway

1. Phospholipae A

2. Lipoxygenase

3. Allene oxide synthase

4. Allene oxide cyclase

5. 12-oxophytodienoate

reductase

6. JA carboxyl

methyltransferase

1 2 3

4
5

6



Transcripts Encoding Fatty Acid Biosynthesis Pathway Enzymes Are Prevalent

in Early Maturation-Stage Cotyledon Adaxial and Abaxial Parenchyma Cells

Transcripts

Encoding FA

Biosynthesis

Enzymes

Acetyl-CoA carboxylase (4)

S-malonyltransferase (1)

Acyl-deasaturase (1)

Enoyl reductase (2)

3-oxoaxyl reductase (1)

EM-Cot-

Parenchyma

mRNA Upregulated >2-fold (number of mRNAs)

Fatty Acid Biosynthesis mRNAs?

Abaxial-PY

Adaxial-PY

Early Maturation



Transcripts Encoding Cellulose Biosynthesis Pathway Enzymes Are Prevalent in

Seed Coat Inner Integument, EM Hourglass, and Hilum Cells

Transcripts

Encoding Cellulose

Biosynthesis

Enzymes

Cellulose synthase:

CesA1 (1), 

CesA3 (5),

CesA9 (1)

Cellulase:
1,4-!-D-glucan 4-glucanohydrolase

(3)

Cellulose Biosynthesis Enzymes?

II (G-H-C)

EM-HG/HI

mRNA Upregulated >2-fold (number of mRNAs)

II OI EPDENT

HG PAHI PY



Transcripts Encoding Jasmonic Acid Biosynthesis Pathway Enzymes Are

Prevalent in the Outer Integument  and Seed Coat-Parenchyma

mRNA Upregulated >2-fold (number of mRNAs)

Lipoxygenase:

LOX1 (14),

LOX2 (2),

LOX similar to At3g22400 (1)

Allene oxide synthase:

AOS (3)

Allene oxide cyclase (2)

Transcripts

Encoding JA

Biosynthesis

Enzymes

OI &

Sc-PY

Jasmonic Acid Pathway mRNAs?

OIII EPDENT

PY HG PAAL



• How Do Soybean Seed Gene Activity Patterns

Compare With Those in Other Plants?

• What Are the “Basal” Gene Regulators Required

to Make Seeds?



Using LCM to Profile Gene Activity in
Arabidopsis Seed Regions



Gene Activity in an Entire Globular-Stage Arabidopsis Seed

Immediately After Fertilization

0

14

7,216

10,658

7,844

MPE

2610817316Unique TFs

4,028Shared

152133955654108Unique mRNA

10,7947,77610,6929,1309,13610,513Total mRNAs

 -9,793-mRNA Present BR3

11,8187,00212,96510,6749,97212,316mRNA Present BR2

12,4407,70911,27310,53211,44511,402mRNA Present BR1

CHSCCHESEPPEGSC

13,722*

General Seed Coat

Peripheral

Endosperm

Chalazal

Seed Coat

Embryo

Micropylar

Endosperm

Chalazal

Endosperm

*Unamplified



Quantitative Regulation of Transcripts Shared by Arabidopsis
Globular-Stage Seed Compartments

-3.0             0               3.0

Top 2000 Varying mRNAs

CHE

PE

MPE

SUS

EP

GSc

CHSc

  CHE  GSc CHSc EP  PE  MPE   S

CHE

CHSc

EP

S

GSc

PE

MPE

Over-represented

(2-fold, p<0.05)

CHE 204/248
Intracellular Traffic (16)

Post-Transcription (11)

EP 114/119

Cell Growth & 

Division (9)

Post-Transcription (13)

Protein Synthesis (46)

GSc 45/112
Energy (4)

Metabolism (17)

MPE 59/114
Intracellular Traffic (2)

Protein Destination & 

Storage (9)

PE 132/167 Energy (24)

Protein Synthesis (28)

CHSc 40/83 Energy (1)

SUS 59/124

Energy (5)

Metabolism (20)

Protein Destination & 

Storage (8)



Seed Coat

Embryo

Endosperm

13,722*
Whole

Seed

LCM

Seed

How Many Genes Are Active in Arabidopsis During Early

Seed Development?

= 16,660^

*Unamplified

+ = 15,011^

Globular

13,103*

Linear
Cotyledon

+

Pre-Globular

10,615

15,156 14,456

+
14,538

+

^ Note: Minimum Numbers (82% Whole Genome Chip & Detection Limit)



How Many Genes Are Required to Program Seed Development?

- Comparison of Soybean and Arabidopsis -

Soybean

(Transcription Factors)

+ + +

21,989

(1,552)

Globular-Stage

22,903

(1,595)

Cotyledon-Stage

22,377

(1,538)

Heart-Stage

= 26,359

(1,894)

24,003

(1,685)

Early Maturation

=
16,660

(1,450)
++

15,156
(1,259)

Globular-Stage

14,456
 (1,210)

Cotyledon-StagePre-Globular-Stage

14,538
(1,199)

Arabidopsis
Note:  Minimum Numbers



Globular Seed Globular LCM

19,938 
(Probe Sets)

21,989 mRNAs

(1,552 TFs)

Affymetrix

cDNA Array

21,989 
(Probe Sets)

19,938 mRNAs

(1,341 TFs)

Embryo

Seed 

Coat
Endosperm

40,674 
(Unique EST Clusters)

27,901 

(Hit Affy Array)

27,901 mRNAs

(2,255 TFs)

454 Life Science

Sequencing

403,511 ESTs

Are There Additional Genes Active in Soybean Seeds?



What Are the Regulatory Networks That Activate Genes in

Different Seed Compartments?

For Example…. in the Suspensor after Fertilization?
……….To Be Continued by Tomo Kawashima



The End………………..or Is It the Beginning?

A Giant Seed!
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