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• &*#'-���)7 �/>$%9�?/@�A0�0��?,�@�'���&�'�@,!��%,'9�, !�#$=� 

• !�#$=���0.??($�=B���#, !�#$=���0.??;#�'7�/, !�#$=�A�D�A�%�($
!7$�/, !�#$=�&"E'

• "FAA����*$!�$�'������7 �/>$%� ��>��!�#$=���0.??($�=B���#"��
�#�'!>@���=�

• ��'G*@���'��������� ��>��!�#$=�A�D�A�%�($!7$�/
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•,�:;�)*+�#�'/��/�#�'9��>$%!;*�0(*�@,���!A�+I!�+�.�7,'7 �/,�)@
>$%"�0*�: 28/22 ,'-�!L#!L$�(
•,�:;�)*+()'*$M#�@,���(�'!9��0;�&('

•�@/'�0�0���(�������� (reproductive stages) 7,'���!"Q��@/'>$%/+�R�+>$%(�?�@,
(���,�:;�)*+()' (≥35 ,'-�!L#!L$�() ���0�0��='> ,' (booting) �0�0,,��/' 
(heading) &#0�0�0M(*!�(� (flowering) *$M#>B��; �@,?,�!"Q�;*�� *$#0,,'
!�(�>$%M+?"��+ 9/�**$�$/+�&#09/�*',�7,'#0,,'!�(�#?#' ,��#0,,'!�(�
G*@&�� &#0(@'M#�; ����+?!*#V?���/'#?#'

•���"#)�7 �/��!7��#"�0>�����@/'R?)� ,���"FAA���� (*$��9*W!*X���) G? 
"�0(����(��/0!9�$�?>$%!�+?A��,�:;�)*+()'

•"FAA����G*@*$���'��7 �/>�� ,�,�@�'��?!A���.#�
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-����� Gene-specific markers
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-Candidate gene selection

-Data mining ��� Public domain

-QTL mapping approach
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•���(0(*&"E'�� endosperm !"Q�7�/����>$%L��L ,� L<%'"�0�,�? /����>B�'��
7,'�$��/@� 10 ��+?��7�/����M#+�&#0��&�@'.*!#��#&"E'

•&"E'7 �/&�@',,�!"Q� 2 ��+? �;I@] 9�, amylose (AS) &#0 amylopectin (AP) 
7 �/&�@#0������*$,'9�"�0�,�7,' AS ��� AP ��(�?(@/�>$%&���@�'���

•"�+*�: AS !"Q���/�B�;�?9�:(*���+7,'&"E'7 �/&#0���>����+?>$%(B�9�I>$%(�? 
"�0�,����9/�*G/�@,,�:;�)*+()'? /�&# / 7�/����(0(* AS 9/��B�*�
�+A��:������"���"��'7 �/>�� ,�? /�

�$�>$%9/�9�*���(� �' AS  9�, waxy (Granule-bound Starch Synthase, GBSS)
Waxy B����(Intron splice site; IS)  AGTTATA���� AS < 24%
Waxy A���� (Intron splice site; IS) AGGTATA���� AS > 24%
7 �/>$%!"Q� Waxy A 9�,*$ AS ()'�/@� 24% (�*��l���X��0?�� 
%AS !,�G/ G?   !*�%,,�:;�)*+()'7<=�



Larkin and Park (1999)
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A�?,@,�7,'�0�����(�'!9��0;�&('����� C3



Photoinhibition
"FI;�:

!*�%,���?)?&('*���/@�9/�*(�*��l������B�G"(�'!9��0;�

Over-excitation of chlorophyll

Oxygen radical

Photo oxidation

Down-regulation of PS  and quantum yield of CO2



Minimized Photorespiration 
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The C4 Kranz Anatomy

“Cell-type specific expression”





Problem confronting C4 rice 
project



Current Topics in C4 Rice

Mutant Screening

- Screening Sorghum mutants for traits converting from C4 to C3, 

- Screening rice mutants for traits converting from C3 to C4

- Screening wild rice for C4-ness traits.

- Identification of genes involved in the C4 photosynthesis pathway using a T-DNA-tagged gene activation/knock rice mutant libraries.

Cell-specific transcriptome

- Identifyingtranscription factors regulating genes associated with C4 photosynthesis.

- Developing a cell-specific comparative systems approach to C4 photosynthesis and leaf development

- Transcriptome analysis of C4 leaf development in maize

- Light-induced changes in the transcriptomes of mesophyll cells and bundle sheath cells in maize

- Epigenetics and transcription - diurnal and circadian regulation of C4 genes in maize

- Developmental pattern of Rubisco LSU peptide and transcript localization in two Kranz versus two single-celled C4 Chenopods

- Utilization deep sequencing methods to define the maize leaf transcriptome

- Transcriptome analysis of C3, C3-C4 and C4 Flaveria species

- Suppressing Rubisco in rice mesophyl cells and elevating the expression in bundle sheath cells.

- Developing cell-specific promoters (mesophyl or bundle sheath specific) for gene transformation. 



Current Topics in C4 Rice

Molecular evolution
- The molecular evolution of carbonic anhydrase in C4 plants 

- Designing C4 photosynthesis in a C3 mesophyll cell: biochemistry, diffusion and anatomy

- C4 epigenetics

- Identifying small RNAs (miRNA, siRNA) regulating genes involved in leaf anatomy (kranz anatomy) and phtosynthesis. 

Molecular physiology
- Measurements of intracellular refixation of respiratory CO2 in Oryza sativa

- Efficiency of the CO2-concentrating mechanism in single-cell C4 photosynthesis

- Resource use efficiency in C3, C3-C4 and C4 Panicum Grasses

- Analysis of cyclic electron transport activity in C3, C3-C4 intermediate and C4 Flaveria

- Reconstruction of the genetic regulatory network of photosynthesis in Arabidopsis

-Physiological impacts of the C4-like pathway introduced into the mesophyll cell of rice leaves

Chloroplast Transformation and Genetic Engineering
- A novel PEPC targeted to the chloroplast of rice

- Setaria viridis and Brachyopodium distachyon: model systems for the genetic engineering of C4 photosynthesis traits 

- Engineering C4 cycle metabolism into a C3 leaf: what do we need to change?

- Transforming C4 genes, i.e. PEPC, ME, MDH, CA, Rubisco, from C4 plants (i.e. maize) into rice.

Single-cell analysis
- Toward generation of single cell C4 Arabidopsis and rice plants 
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• 9/�*!9V*7,'�=B�>0!#"�0*�: 600-700 mM

• 9/�*(�*��l�����>�!9V*7,'7 �/>�!9V*>$%?$
>$%(�?9�, 150 mM ��='&�@,��� 2 (�"?�;�7<=�G" 
!"Q�!/#� 20 /��

• 9/�*(�*��l�����7<=��=B�7,'7 �/7<=��=B� >$%?$
>$%(�?  9�,1-5 !*�� &�@G*@>�!9V* M#M#+��%B�
9�:���;�'� * G*@!"Q�>$%�+�*



Platform Technology

5-year goal

1) Gene function discovery 

1 gene in 1 year

2) Breeding program

1 variety in 2 years

���/�'���s��!>9.�.#�$s��? ��A$.�*+�(� �0�0 5 "t



Material Development

- Backcross

- Recombinant Inbred line

- Chromosome segment 

substitution line

- Isogenic line

- New mutagenized pop

- Germplasm

Gene Discovery (Future technologies)

Genomics

- Association mapping

- QTL SSR, SNP-based

- Real time SNP array

• Multicolor labeling

- Next generation sequencing

(SOLEXA GAII)

- Updated SFP genotyping

- New TILLING

- Automate liquid handling

- non gel-based genotyping

Transcriptomics

- Real time multiple

gene expression

- Next generation

sequencing tech

-Wide coverage

microarray

- Micro RNA

Transformation

- RNAi

- Arabidopsis model

Gene Discovery

Metabolomics

Proteomics

Breeding 

Phenomics
-Robust

- Precise

- High throughput
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JHN M0 (100,000 seeds)Induced mutation
-Fast neutron (33 Gy)

grown M1  plant in field
(96 well plate format)

Collected M2 seed Seed library

grown M2  plant in field
(8 plants/M1 line)

Morphological 
evaluation
Collected DNA
for genotyping

⊗

⊗
Collected M3 seed

Seed for phenotypic screening

Nutritional quality 
candidate gene screening

grown M3 plant in field
(8 plants/M1 line)

Collected M4 seed

grown M4  plant

⊗
Seed library

Collected DNA
for genotyping

phenotypic screening
Fe toxic, Fe dense , amylose, submergence, aroma





Submergence tolerance: Sub1 locus (Sub1A,B,C)

Total of plant screening : 21,072
mutant line :247

kSubmergence Tolerance: 6
kSubmergence supper Susceptible: 241

Mut4 WT

Phenotypic screening

JHN-WTMut-18Mut-12Mut-4 JHN-WTMut-18Mut-12Mut-4

Before submergence

After submergence for 14 days

7 day Recovery after de-submerged

Elongation type Survival

Middle
1.8 cm/d

Rapid

2.4 cm/d

Suppression

1.5 cm/d

Rapid

2.6 cm/d

No

Yes

Yes

No

JHN-WT

MUT4

FR13A

KDML105

Elongation type Survival

Middle
1.8 cm/d

Rapid

2.4 cm/d

Suppression

1.5 cm/d

Rapid

2.6 cm/d

No

Yes

Yes

No

JHN-WT

MUT4

FR13A

KDML105

Sub1 genotypic screening



Functional Genomics for Chloroplast



EndosymbioticEndosymbioticEndosymbioticEndosymbiotic TheoryTheoryTheoryTheory



C.reinhardii: Unicellular Model





Plastid transformation

Plastid transformation technology to monocotyledonous cereal 
crops promise improvement of agronomic traits, and the efficient
production of pharmaceutical or nutritional enhancement. 



Chloroplast transformation: bar gene

Fig. 1 Construction of chloroplast transformation vector 
and localization of foreign gene bar in the vector. A, 
plasmid pREF, showing the two homologous fragments, 

ndhF and trnL, in the wild-type rice chloroplast genome; B, 
plasmid pRB, showing the integration of the bar gene 

expression cassette between ndhF and trnL fragments of 
pREF. Gene bar is expressed under the control of 16S rRNA
gene promoter Prrn (16S) and psbA terminator sequence 
(psbA 3´). The sites of primers (P7 and P8) for PCR assay of 
transplastomic plants are also shown in the maps.



Importance of 
fundamental 
research:

Raising the Raising the Raising the Raising the 
maximum maximum maximum maximum 
temperature of temperature of temperature of temperature of 
photosynthesisphotosynthesisphotosynthesisphotosynthesis
(tobacco with gene 
from Arabidopsis 
thaliana)

Three trials:

GMOs maintains 
higher photosynthetic 
rate 
Wild strain




