
0281024

15 1



2

3 - 4 

5 - 9 

10 - 38 

 /  /  /  / 

PIN-FORMED1 PINOID
39 - 70 

 /  /  /  / 

MACCHI-BOU (MAB)
71 - 95 

 /  /  /  / 

4  96 - 121 

 /  / 

122
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; Furutani et al., 
2003

YUCCA

PIN-FORMED1 (PIN1) PINOID (PID)
; Furutani et al., 2004 PIN1

PID Ser/Thr kinase
PIN

pin1 pid
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CUP-SHAPED COTYLEDON1 (CUC1) CUC2 SHOOT MERISTEMLESS
(STM) pin1 pid

cuc
stm pin1 pid pin1 pid

CUC1 CUC2 STM
PIN1 PID

PIN1 PID CUC1 CUC2
STM

pid
MACCHI-BOU (MAB)

MAB1 MAB4
mab3 pid pin1

MAB1
pyruvate dehydrogenase E1 subunit 

MAB1
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SAM 0.1A,B

central zone; CZ peripheral 
zone; PZ rib zone; RZ Vernoux et al., 
2000; Carles and Fletcher, 2003 0.1C RZ

CZ
CZ PZ

0.2A PZ
phyllotaxis 0.2B

field theory Snow and Snow, 
1931; Wardlaw, 1949; Steeves and Sussex, 1989

expansin

Fleming et al., 1997; Reinhardt et al., 1998; Piens et 
al., 2001

Okada 
et al., 1991; Reinhardt et al., 2000

Reinhardt et al., 2000; Reinhardt et al., 2003
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0.3A

Aida et al., 1999 PS presumptive SAM
BCM boundary of cotyledon margins
CP cotyledon primordia

PS BCM CP
0.3B

4 1 3



7

0. 1.
A B A

C B

CZ PZ
RZ

C

CZ
CZ CZ

PZ

PZ
PZ

PZPZ
PZ

RZ

RZ
RZ

A B
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I3

I2

I1

P1

P2

P3

P4

P5

P6
137.5°

B

0. 2.
A CZ

B

P1 P2 P3
I1 I2 I3 137.5°

A

: CZ

:

:
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A

B

: PS

: CP

: BCM

0. 3.
A

B
PS

BCM CP
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DR5rev::GFP

Sabatini et al., 1999; Friml et al., 2002; Benková et al., 2003; Friml et al., 
2003 1.1

Friml et al., 2003; Sauer 
and Friml, 2004

PIN-FORMED 7 (PIN7) PIN4 PIN1
Okada et al., 1991; Friml et al., 2002; Friml et al., 

2003 PIN7
PIN4

PIN1
PIN1

PIN

PIN7

pin7 pin4 pin1
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pin7 pin4
PIN

naphthylphthalamic acid NPA BFA

Friml et al., 2003

indole-3-acetic acid (IAA)

Trp Trp Trp
Trp Normanly et al., 1995; Slovin et al., 1999

IAA

Trp
Winter, 1966

IAA Trp
Ribnicky et al., 

2002 Trp
Trp tryptamine indole-3-acetaldoxime (IAOx)

indole-3-pyruvic acid IPA Trp
1.2

Tryptamine IAA
Winter, 1966; Cooney and Nonhebel, 

1991 Tryptamine N-hydroxyl-tryptamine flavin 
monooxygenase (FMO) YUCCA

tryptamine
Zhao et al., 2001 YUCCA

YUCCA
YUCCA2 YUCCA3
YUCCA YUCCA2 YUCCA3 tryptamine

floozy fzy
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FZY YUCCA
FZY

Tobeña-Santamaria et al., 2002
YUCCA IAA

Trp IAA indole-3-acetaldoxime (IAOx) indole 
glucosinolate Cytochrome P450 monooxygenase
CYP79B2 CYP78B3 in vitro Trp IAOx

Hull et al., 2000; Mikkelsen et al., 2000 CYP79B2
indole glucosinolate indole-3-acetonitrile (IAN) IAA

Trp
IAOx Mikkelsen et al., 2000; Zhao et 
al., 2002 superroot1 (sur1) sur2

IAOx indole glucosinolate C-S
lyase cytochrome P450 CYP83B1 IAOx

IAA indole glucosinolate
Delarue et al., 1998; Bak et al., 2001; Mikkelsen et al., 2004 Trp

3 IPA Trp →  IPA →  IAA

Koga, 1995
IAA IAAld oxidase

nitrilase Bower et al., 1978; Bartling et al., 1992; Bartel and 
Fink, 1994; Bartling et al., 1994; Sekimoto et al., 1997; Seo et al., 1998 IAAld 
oxidase IAAld aldehyde oxidase 
isozyme (AAO1) Seo et al, 1998 Nitrilase IAN

IAA NIT1 NIT2
NIT3

Trp

YUCCA YUCCA3 AAO1
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YUCCA YUCCA3
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Arabidopsis thaliana Lansberg erecta (Ler) pin1-3
(Ler) (Bennett et al., 1995) mp-rtl Ler Aida et al., 2002

Fukaki 23
Fukaki et al., 1996 In situ hybridization

Jürgens Mayer Jürgens and Mayer, 1994)

In situ hybridization 
PCR

T3 T7 SP6 RNA in vitro

YUCCA-FW: CATATCATCCTCGTACACGG 
YUCCA-RV: GCACATATTCCTGGTGGACC 
YUCCA2-FW: GAATCCATGATCCGTACGTG 
YUCCA2-RV: ATGTTGAGGACGAGCCAATG 
YUCCA3-FW: GCGTTGCATCTGGGTCAATG 
YUCCA3-RV: GAAATACAACGACGATGACG 
AAO1-FW: GATATAAGCCCGCTTATGCC 
AAO1-RV: ATCTGTACGCAGGATCGTTG 
CYP79B2-FW: CCTCAAACTCTTCGGATCTC 
CYP79B2-RV: TGACTAGACTCCATCAGCTC 
CYP79B3-FW: CAAACTCTTCGGATCTCACG 
CYP79B3-RV: GTAAAGGTCCTCCGACAATC 
CYP83B1-FW: CACGACCA AGAAATCTCT CC 
CYP83B1-RV: GCAATCCCAAGATGCATGGC 
NIT1-FW: ACCTTTGGGACAAGTTCTCG 
NIT1-RV: TGAGATTCAACGCCCAACGC 
NIT2-FW: TTGGTACGACGACAAAGAGC 
NIT2-RV: GGCTACATGGTTGTAGAATG 
NIT3-FW: ATCGGTGCTGCTATTTGCTG 
NIT3-RV: GAATACAAGAGGAGAGAACC 

CYP79B2 CYP79B3 NIT1 NIT2 UTR
untranslated region
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Aida
(Aida et al., 2002)
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YUCCA
Tryptamine N-hydroxyl-tryptamine YUCCA

YUCCA YUCCA2
YUCCA3 YUCCA2

in situ hybridization
YUCCA

1.3A
1.3B,C 2

1.3D,E YUCCA3 16
1.4A

1.4B,C
1.4C

1.4D,E YUCCA3

CYP79B2 CYP79B3
Trp IAOx CYP79B2 CYP79B3

CYP79B2

1.5A

1.5B
1.5C

CYP79B3
CYP79B2

1.6A,B
CYP79B2 CYP79B2 CYP79B3
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Indole glucosinolate CYP83B1
CYP83B1 IAOx IAOx N-oxide

indole glucosinolate
in situ hybridization

CYP83B1
1.7A-D CYP83B1

AAO1
IAAld IAA AAO1

AAO1 32
AAO1

1.8A-D

1.8C,D AAO1
AAO1

AAO1 AAO1
1.8C,D

NIT
IAN IAA NIT

NIT1 NIT2 NIT3
1.9A

1.9B NIT1
1.9C NIT1

1.9D,E NIT2
1.9A,B

NIT2 1.9C
NIT2
1.9D-F NIT3 8

1.10A
1.10B,C

NIT3
1.10D,E
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YUCCA YUCCA3 pin1 mp

NPA
Ljung et al., 2001

YUCCA YUCCA3

PIN1
YUCCA pin1-3

pin1-3/+ pin1-3/+
26.1 46 12 YUCCA

1.12A,B pin1
YUCCA

YUCCA3 MONOPTEROS (MP)
MP AUXIN

RESPONSE FACTOR (ARF)
mp-rtl mp-rtl/+
YUCCA3 9.7% 31 3

YUCCA3
24.2% 66 16

1.12C,D YUCCA3 mp
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Trp IAA
Trp IAA

CYP79B2
CYP79B3

PIN Friml et al., 2002; 
Friml et al., 2003; Benková et al., 2003

YUCCA YUCCA3

mRNA

YUCCA2 in situ hybridization
YUCCA YUCCA3

1.15
YUCCA YUCCA2 YUCCA3 tryptamine N-hydroxyl-tryptamine

Zhao et al., 2001
YUCCA IAA

YUCCA 1.13A
NPA BFA

Friml et al., 2003
PIN1 PIN4

1.13B
IAA PIN1 PIN4

Steinmann et al., 1999; Friml et al., 2002; Friml et al., 2003
PIN1

Friml 
et al., 2003; Benková et al., 2003 IAA

PIN1
1.13A
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YUCCA3
IAA

NPA BFA

Friml et al., 2003
PIN7

Friml et 
al., 2003 16

YUCCA3 IAA PIN7
IAA PIN7

1.13A PIN1
PIN4

DR5rev::GFP Friml et al., 
2002; Friml et al., 2003 1.13B YUCCA3

IAA IAA PIN1 PIN4
YUCCA

YUCCA3 N-hydroxyl-tryptamine IAA

St-Pierre et al., 1999; Burlat et al., 2004 IAA
YUCCA YUCCA3 N-hydroxyl-tryptamine

IAA YUCCA YUCCA3
IAA

IAAld IAA IAAld oxidase AAO1 Seo 
et al., 1998

IAAld IAA
1.15 PIN4 PIN7

Friml et al., 2002; Friml et al., 2003 PIN4
PIN7

1.13A
NIT

NIT IAN IAA
Bartling et al., 1992; Bartel and Fink, 1994; Bartling et al., 
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1994 IAN
Vorwerk et al., 2001 IAN IAOx indole glucosinolate

IAOx CYP79B2 CYP79B3
indole glucosinolate CYP83B1 NIT

NIT
IAN →  IAA
NIT3 NIT1 YUCCA

YUCCA3 NIT1
NIT3 YUCCA YUCCA3 IAN IAA

1.15

CYP79B2 CYP79B3 CYP83B1
CYP79B2 CYP79B3 Trp →  IAOx indole 

glucosinolate IAA CYP83B1 IAOx indole
glucosinolate

Hull et al., 2000; Mikkelsen et al., 2000; Bak et al., 2001; 
Zhao et al.m 2002 cyp83b1/sur2 IAA

Delarue et al., 1998; Bak et al., 2001
cyp79b2 cyp79b3

Celenza et al., 2005 CYP79B2 CYP79B3
IAOx indole glucosinolate IAA

CYP79B2 CYP79B3
CYP83B1

CYP79B2 CYP79B3 Trp
IAOx CYP83B1 indole-3-acetaldoxime N-oxide

indole glucosinolate
indole glucosinolate

1.15 CYP83B1
NIT CYP79B2 CYP79B3 CYP83B1

indole glucosinolate IAN IAA

NPA BFA
CYP79B2

CYP79B3 CYP83B1
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PIN1 MP YUCCA
pin1 YUCCA

mp YUCCA3
PIN1

Okada et al., 1991; Gälweiler et al., 1998; Aida et al., 2002 MP

Berleth 
and Jürgens, 1993; Ulmasov et al., 1997a; Hardtke and Berleth, 1998

YUCCA YUCCA3

1.14A,B
CUP-SHAPED COTYLEDON1 (CUC1)

CUC2 pin1 Aida et al., 1997; Takada et al., 2001; 
Aida et al., 2002

PLETHOLA (PLT) mp
Aida et al., 2004 YUCCA YUCCA3 CUC

PLT YUCCA
CUC YUCCA3 PLT

CUC
PLT

NPA
Ljung et al., 2001

IAA

Trp IAA
4 AAO1

IAAld AAO1 IAAld →  IAA
Seo et al., 1998

AAO1 YUCCA YUCCA3
YUCCA YUCCA3

Trp N-hydroxyl-tryptamine IAAld IAA
1.15 N-hydroxyl-tryptamine
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IAA YUCCA YUCCA3
NIT IAN IAA 1.15

IAN
IAAld IAA AAO1 Seo et al., 1998 IAAld

YUCCA
YUCCA YUCCA2 YUCCA3 FMO Zhao et al., 

2001 AAO1
YUCCA AAO1
IAAld Trp →  IPA →
IAAld →  IAA

Koga et al., 1995
IAAld AAO1 IAA
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1. 1.
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 1. 2. Trp IAA
Trp IAA

Trp

tryptamine
(TAM)

N-hydroxyl-TAMIndole-3-acetaldoxime
(IAOx)

indole-3-acetaldoxime N-oxide

indole glucosinolate

Indole-3-acetonitrile
(IAN)

indole-3-acetic acid
(IAA)

YUCCA
YUCCA2
YUCCA3

CYP79B2
CYP79B3

CYP83B1/SUR2

IAAld oxidase
(AAO1)NIT1

NIT2
NIT3

Indole-3-acetaldehyde
(IAAld)

?

?

?

C-S lyase/SUR1
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1. 3. YUCCA
A-E A B,C D,E

YUCCA C A,B,D
C,E A-E

50 m

A B C

D E
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 1. 4. YUCCA3
A-E 16 A B C

D,E YUCCA3 E D
A-E 50 m

A B C

D E
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1. 5. CYP79B2
A-C A B C

CYP79B2 A C
A-C 50 m

A

B C



29

1. 6. CYP79B3
A,B CYP79B3 A

B
50 m

A

B
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1. 7. CYP83B1
A-D A,B C D

CYP83B1 50 m

A B

C D
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1. 8. AAO1
A-C 32 A B C

AAO1 D AAO1
C,D AAO1

50 m

A B C

D
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 1. 9. NIT1
A-E A B C

D,E NIT1 A
NIT1 B

NIT1 E
 A-E 50 m

A B

C D E
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 1. 10. NIT2
A-F A B C

D E F NIT2
A NIT2 C

F A-F
50 m

A B

C

D E F
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 1. 11. NIT3
A-E 8 A B C

D E NIT3 A
NIT3 E

 A-E 50 m

A B C

D E
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 1. 12. pin1 YUCCA mp
YUCCA3

A,B pin1-3 YUCCA C,D mp-rtl
YUCCA3 A,C B,D

A-D 50 m

A

B

C

D
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 1. 13. 
A YUCCA YUCCA3

AAO1 PIN
B

DR5rev::GFP

A

: YUCCA
: YUCCA3
: AAO1

: DR5rev::GFP
:

B
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 1. 14. 
A PIN1 YUCCA B MP

YUCCA3 DR5rev::GFP

YUCCA3

MP

YUCCA

PIN1

A B

: YUCCA
: YUCCA3

: DR5rev::GFP
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 1. 15. Trp IAA
CYP79B2 CYP79B3 CYP83B1 indole glucosinolate

YUCCA YUCCA3 IAA
AAO1 IAA YUCCA

YUCCA3 IAA NIT1 NIT3

Trp

tryptamine
(TAM)

N-hydroxyl-TAMIndole-3-acetaldoxime
(IAOx)

indole-3-acetaldoxime N-oxide

indole glucosinolate

Indole-3-acetonitrile
(IAN)

indole-3-acetic acid
(IAA)

YUCCA
YUCCA3

CYP79B2
CYP79B3

CYP83B1/SUR2

IAAld oxidase
(AAO1)NIT1

NIT3

Indole-3-acetaldehyde
(IAAld)
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PIN-FORMED1 PINOID

Long and Barton, 1998; Bowman and Eshed, 2000; Jürgens, 
2001; Aida et al., 2002; Furutani et al., 2003 0.3

PIN

Sabatini et al., 1999; Friml et al., 2002; Benková et al., 2003; Friml et al., 
2003

Liu et al., 1993; Hadfi et al., 1998; Friml et al., 2003

pin-formed1 
(pin1) monopteros (mp) pinoid (pid) Okada
et al., 1991; Berleth and Jürgens, 1993; Bennett et al., 1995

PIN1
Gälweiler et al., 

1998
Benková et al., 2003; Reinhardt et al., 2003 MP in vitro
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Ulmasov et al., 1997a; Hardke and Berleth, 1998 PID
Ser/Thr

Christensen et al., 2000; Benjamins et al., 2001 pid pin1
Bennett et al., 1995 PID

PIN
PID PIN

Friml et al., 
2004

pin1 mp
CUP-SHAPED COTYLEDON1 (CUC1) CUC2

Aida et al., 2002 NAC

Aida et al., 1997; Takada et al., 
2001

pin1 mp CUC1
CUC2 pin1 mp

CUC1 CUC2 cuc1 cuc2

PIN1 MP CUC1 CUC2

kn1 SHOOT 
MERISTEMLESS (STM) Barton and Porthig, 1993; Clark et al., 1996; Endrizzi et 
al., 1996; Long et al., 1996 Aida et 
al., 1999 pin1 Aida et al., 2002

PIN1 PID
pin1 pid

CUC1 CUC2 STM
pin1 pid

pin1pid
CUC1 CUC2 STM

PIN1 PID
PIN1 PID CUC1 CUC2 STM
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Arabidopsis thaliana Lansberg erecta (Ler)
cuc1-1 (Ler) (Takada et al., 2001) cuc2 (Ler) (Aida 

et al., 1997) pin1-3 (Ler) (Bennett et al., 1995) pin1-6 [Wassilewskija (WS)] 
(Vernoux et al., 2000) pin1-201 [Columbia (Col)] pid-2 (Ler) (Christensen et al., 
2000) pid-7.1.2.6 (WS) pid-3 (Col) (Bennett et al., 1995) stm-1 (Ler) (Barton 
and Poethig, 1993) pin1-201 T-DNA

PIN1 Arabidopsis
Biological Resource Center (SALK_047613) (Alonso et al., 2003)

Col pin1 pid
pid-7.1.2.6 271
Q271 stop

3 1
in situ hybridization Fukaki

Fukaki et al., 1996 Jürgens
Mayer (Jürgens and Mayer, 1994)

16.7% 0.17%
-X100 10

4 3 23

pin1-3 pid-2 pin1-3/+ pid-2/pid-2
F2 PCR

pin1-3/+ pid-2/pid-2 F3
PCR

pin1-6 pid-7.1.2.6 pin1-201 pid-3
pin1 pid cuc1 pin1 pid cuc2 pin1 pid stm

pin1-3/+ pid-2/pid-2 cuc1-1/cuc1-1 cuc2/cuc2 stm-1/+
F2 cuc1-1

cuc2 stm-1 PCR
pin1-3
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pid-2 PCR

F3
PCR

STM PIN1
F3

2.4 n=127 pin1 stm
Aida et al., 2002 pin1 pid cuc1 cuc2 pin1-3/+

pid-2/pid-2 cuc1-1/cuc1-1 pin1-3/+ pid-2/pid-2 cuc2/cuc2
F2 pin1-3/+ pid-2/pid-2 cuc1-1/cuc1-1 cuc2/+

F3

Aida
(Aida et al., 1997) 9:1

90% 85% 70% 50% 30%
20 8g 1ml

2ml

FAA 3.7%
5% 50%

50% 70% 85% 99.5% 20
25% 50% 75% 100% 20

In situ hybridization 
In situ hybridization 1 PID

44 417
1122bp PCR

ANT (Long and Barton, 1998)
CUC1 (Takada et al., 2001) CUC2 (Aida et al., 1999) FIL (Sawa et al., 1999)
STM (Long et al., 1996) FIL PID CUC1

CUC2
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5 FIL
3/88 PID 4/104 CUC1 6/113 CUC2 6/132

-Glucuronidase (GUS)
GUS Takada GUS

1.9mM X-Gluc 0.5mM K3Fe(CN) 6 0.5mM K4Fe(CN)6 0.3%
X-100 37 45 (Takada et al., 2001)

30 50 70 90 100 15
90 70 50 30 15

1
3

10 M 2,4-dichlorophenoxy-acetic 
acid (2,4-D) 0.01 Silwet L-77
2.11B 0.01 Silwet L-77

2.11A

DR5::GUS
7
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pin1 pid
2

2.1A pin1

2.1B Aida et al., 2002 3 pin1
2.1 pid

pin1 2.1C
pin1 pid

pid-7.1.2.6 pid-3
pid-2 2

2.1 pin1 pid

2.1D-F
pin1 pid

AINTEGUMENTA (ANT)
2.2A FILAMENTOUS FLOWER

(FIL)
2.1B

pin1-3 pid-2
pin1-3 pid-2

pin1-3/+ pid-2/+ ANT

pin1-3 pid-2 ANT
pin1-3/+ pid-2/+

FIL pin1-3/+ 26.5 49 13
FIL
2.1C FIL

2.4B pid-2/+ 20.9 62 13
FIL 2

2.2D pin1
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pid ANT FIL
pin1

FIL

pin1 pid
PIN1 PID pin1 pid

2.3A,D; 2.2

2.3B,E;
2.2

2.3C; 2.2 pin1 pid

2.3D
pin1 pid

pin1
pid 2.2

PIN1 PID
PIN1 PID

pin1 pid
ANT FIL pin1 pid

pin1-3/+ pid-2/pid-2
ANT

18.9 37 7 FIL 2.4A
FIL 2.4C

pin1 pid

PID
PID

Christensen et al., 2000; Benjamins et al., 2001
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PID
PID mRNA

4 3 2.5A,F
PID 2

2.5B,C,F
PID 2.5C,E

PID
2.5D,F

PID

PIN1 PID pin1-3/+
PID

2 PID
57 12

57 5 2.6A
PID

2.6B PID
PIN1

pid pin1pid CUC1 CUC2
CUC1 CUC2

2.7A,B pin1
CUC1 CUC2

Aida et al., 2002
CUC1 CUC2 CUC1

2.8A CUC2
2.8B

CUC1 CUC2 pid pin1 pid
pid-2/+ 10

CUC1 CUC2
CUC1 42 3 CUC2 47 5

2.7C,D CUC1
CUC2
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pid CUC1
CUC2

pin1 pid CUC1 CUC2
pin1-3/+ pid-2/pid-2

CUC1 23.6 55
13 2.7E pin1

pin1 CUC1
2.8C CUC2 19.0

42 8
2.7F

2.8D
pin1 pin1 pid

CUC1
pin1 CUC1

pin1 pid
pin1 CUC1 PID

pin1 CUC2
pin1 pid

CUC2

pin1 pid cuc1 pin1 pid cuc2 pin1 pid cuc1 cuc2
pin1 pid cuc1 pin1pid cuc2

pin1 pid CUC1 CUC2 pin1 pid
CUC1 CUC2

pin1 pid cuc1 pin1 pid
2.9B

pin1 pid cuc2 pin1 pid

2.9C pin1 pid
CUC1

CUC2



48

cuc1 cuc2

pin1 pid cuc1 cuc2 pin1 pid
CUC1 CUC2

2.9D pin1 pid cuc1
pin1 pid

CUC1 CUC2

cuc1 cuc2 Aida et al., 
1997 2.9A,E,G pin1 pid cuc1 cuc2

2.9F,H pin1 cuc1 cuc2
Aida et al., 2002

pin1 pid
cuc1 cuc2

cuc1 cuc2 pid
pid cuc1 pid

pid cuc2 pid
cuc1 cuc2 pid

pin1 pid STM
CUC1 CUC2

STM Aida et al., 1999; Takada et al., 2001 pin1 pid
STM

2.10A pin1 pid
2.10B

pin1 pid STM pin1 pid stm
pin1 pid stm-1 2.10C
pin1 pid

2.10D
stm cuc1

STM pin1 pid
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CUC
CUC1 CUC2 pin1 pid

CUC1
CUC2

Liu et al., 
1993; Hadfi et al., 1998; Friml et al., 2003

cuc1 cuc2
; 2.11A,B

2,4-dichlorophenoxyacetic acid (2,4-D)
3.0

6.4 2.12A; 2.3

2.12B 2,4-D
DR5::GUS

2.12C,D

CUC

cuc1 cuc2 2,4-D
cuc1

2.3
cuc2

2.3 cuc1 cuc2
cuc1 cuc2

Daimon et al., 2003
CUC2
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PIN1 PID

PIN1 PID

PIN1 PID

PIN1 PID

Aida et al., 1999 2.13A CUC1 CUC2
PS BCM

FIL CP
ANT CP BCM

pin1 pid pin1 pid
PIN1 PID PS

pin1 pid PS

PIN1 PID CP
BCM

pin1 CUC1 FIL
CP BCM

2.13B pid CUC1 CUC2
FIL CP BCM

CP BCM
PIN1 PID

pin1
CUC1

BCM 2.13C
pin1 pid CUC1

2.13D pin1
BCM PID

PIN1 PID
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PIN1 PID CUC1 CUC2 STM

pin1 pid CUC1 CUC2

pin1 pid
CUC1 CUC2

PIN1 PID CUC1 CUC2
pin1

pin1 pid CUC1

pin1 CUC1

pin1 pid
ANT FIL (Long and Barton, 1998; Sawa 

et al., 1999; Siegfried et al., 1999)

pin1 pid cuc
PIN1 PID

CUC

pin1 Vernoux et al., 2000 LFY ANT

CUC2 pin1

PIN1 PID
CUC1 CUC2 STM
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Benková et al., 2003; Friml et al., 2003

PIN1 PIN
Benková et 

al., 2003 CUC1 CUC2
CUC

2.14D
cuc2 cuc1

cuc1 cuc2
Daimon et al., 2003

CUC1 CUC2
PID PIN1

PID

2.14B-D PID PIN1
PID

PID PIN1

PID
Benjamin et al., 2001; Friml et al., 2004 PID

PIN
Friml et al., 2004

PIN1
pid Friml et al., 
2004 PID PIN

pin1 pin3 pin4 pin7
PIN1 PIN Friml et al., 2003

PID PIN1 PIN pin1 pid
PIN1 PIN

PID
CUC

PIN1 Steinmann et al., 1999; 
Vernoux et al., 2000

2.14A PIN1 PID
PID
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2.14B PID PIN1 PIN
PIN

2.14C

CUC1 CUC2
2.14D

PIN1

PID CUC
CUC
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 2. 1. 

 (%) 
 ( ) 0  1  2  3

pin1-3 (Ler) 0 28.1 55.2 16.7 96 
pin1-6 (WS) 0 33.9 54.8 11.3 62 

pin1-101 (Col) 0 35.7 50.3 14.0 171 
pid-2 (Ler) 0 4.1 73.1 22.8 342 

pid-7.1.2.6 (WS) 11.4 18.8 59.4 10.4 96 
pid-3 (Col) 2.5 10.0 53.3 34.2 120 
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 2. 2. pin1 pid

 (%) 
 ( ) § ¶

pin1-3 pid-2 (Ler) 47.3 43.6 9.1 110 
pin1-6 pid-7.1.2.6 (WS) 58.3 27.8 13.9 36 

pin1-101 pid-3 (Col) 58.8 20.6 20.6 34 
 (  2.3 )

§  (  2.3 )
¶  (  2.3 )
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 2. 3. 

 (%) 

Ler  -  - -  - 

cuc1 0 0.5 99.5 - 

cuc2 0 0.5 99.5 - 

Ler + 2,4-D 6.4 3.0 90.6 202 

cuc1 + 2,4-D 28.3 4.2 67.5 166 

cuc2 + 2,4-D 3.0 7.4 89.6 230 
         

         

         Aida et al., 1997.
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2. 1. pin1 pid
A pin1-3 B pid-2 C

D F D pin1-3 E pid-2 F
 D F 50 m

A

FED

B C



58

2. 2.
ANT A B pin1-3 C

pid-2 D FIL A-D
A D 50 m

A

B

C

D

ANT/WT

FIL/pid

FIL/pin1

FIL/WT
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 2. 3. pin1 pid
A-E pin1-3 pid-2 pin1-3 pid-2

A,D B,E
C D , E D

D,E
100 m
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 2. 4. pin1 pin1 pid FIL
pin1-3 pid-2 A,C pin1-3 B

FIL A B,C
A C 50 m

A

B

C

FIL/pin1

FIL/pin1 pid

FIL/pin1 pid



61

F

2. 5. PID
A B,C D,E

PID A,B
C,E D F

PID A
PID C,E

A-E 50 m
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A

B

 2. 6. pin1 PID
A B pin1-3

PID A,B A,B
50 m
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 2. 7. pid pin1 pid
CUC1 CUC2

A,B pid-2 C,D pin1-3 pid-2
E,F CUC1 A,C,E CUC2 B,D,F A-F

A-F 50 m

CUC1/WT

CUC2/WT

CUC1/pid

CUC2/pid

CUC1/pin1 pid

CUC2/pin1 pid
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A

B

C

D

CUC1/pin1 pid

CUC2/pin1 pid

CUC1/pin1

CUC2/pin1

 2. 8. pin1 pin1 pid
CUC1 CUC2

pin1-3 A,B pin1-3 pid-2 C,D
CUC1 A,C CUC2 B,D A-D

A-D 50 m
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A B

C D

E F

G H

 2. 9. pin1 pid cuc
A-D cuc1-1 cuc2 A pin1-3 pid-2 cuc1-1 B pin1-3 pid-2

cuc2 C pin1-3 pid-2 cuc1-1 cuc2 D
E,F cuc1-1 cuc2 E pin1-3 pid-2 cuc1-1 cuc2 F 7

G,H cuc1-1
cuc2 G pin1-3 pid-2 cuc1-1 cuc2 H
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A

B

C D

 2. 10. STM PIN1 PID
A,B A pin1-3 pid-2 B
STM A,B stm-1 C

pin1-3 pid-2 stm-1 D A,B
50 m
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 2. 11. 
A,B

A
B

10 M 2,4-D

- 2,4-D
+ 2,4-D

A B
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 2. 12. 
A,B 2,4-D B

C,D
DR5::GUS 2,4-D C 2,4-D D
D
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 2. 13. 
A,B A

PS;
BCM; CP;

B pin1-3 pin1-3
pid-2 CP BCM

C,D pin1-3
BCM C pin1-3 pid-2

BCM CP D
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 2. 14. 
A

PIN1
B

PID
C PIN1 PID

D
CUC

A B

C D
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MACCHI-BOU (MAB)

Reinhardt et al., 2000
NPA

pin-formed1 (pin1) pinoid (pid)
monopteros (mp)

Okada et al., 1991; Bennett et al., 1995 PIN1
Gälweiler 

et al., 1998 PID
Ser/Thr Christensen et al., 2000; 

Benjamins et al., 2001 PIN
Friml et al., 2004 MP in vitro

Ulmasov et al., 1997a; Hardke and Berleth, 1998
PIN1

pid
Benková et al., 2003; Reinhardt 

et al., 2003; Friml et al., 2004 PIN1

PID PIN1

2 pin1 pid
pin1

pid Furutani et al., 2004

PIN1 PIN1
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PID
PID PIN1 PIN

PIN1
PID pid

pin1
PIN1 PID

PIN1
Benková et al., 2003 PIN1

Reinhardt et al., 2003 PIN1
PIN1

ARF-GEF (ADP ribosylation factor-guanine 
nucleotide exchange factor) GNOM gnom

PIN1 Steinmann et al., 1999; Geldner et al., 
2001; Geldner et al., 2003
GNOM PIN1

PIN
PID

pid
macchi-bou (mab) MAB1 MAB2

MAB3 MAB4 4 mab1 mab3 mab4
pid

MAB1 MAB3 MAB4
mab2 pid

MAB2
mab3 pin1 2
pin1 pid mab1

pyruvate dehydrogenase E1 component beta subunit
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Arabidopsis thaliana Lansberg erecta (Ler) Columbia (Col)
pin1-201 (Col) 2 pid-2

(Ler) (Christensen et al., 2000) pid-3 (Col) (Bennett et al., 1995)
1

1 Col
M1

M2

3.1A mab4 Col 0.3% EMS 
(ethylmethansulfonate) 10

M1
M2

3.1A
mab1-1 mab3-1/pin1-202

pid-2 Ler 4500 0.4% EMS 
(ethylmethansulfonate) 10

M1
M2

3.1B
mab2 mab3-2/pin1-203 mab3-3/pin1-204

mab pid
1 mab1-1 mab3-1/pin1-202 mab4

pid-3 pid-2
mab1-1 mab3-1/pin1-202 F2

mab1-1 mab3-1/pin1-202 pid
PCR

F3 PCR
mab1-2 pid-3 mab4

pid F2 pid
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PCR

2

mab1
BAC K16E14

MAB1 5kb PCR
K16E14-fw; ATCACTTTGCAGATCCCTTC 
K16E14-rv; GAGATTGCTTCCGTTTCAAG 

In situ hybridization 
1 In situ hybridization

MAB1
PCR

pdhe1-b-for in situ-fw GGGAATCTTGAGGCAAAGAG 
pdhe1-b-for in situ-rv TCAAGGAAGACAACAGGGTC 

MAB1-GFP 
MAB1 cDNA

RT-PCR PCR
pGWB5 35S GFP

MP90 Col T1
50 g/ml

GW-cPDHE1b-stop-rv; AGAAAGCTGGGTCTTTCGATCTGTAACAAGCTCTC 
GW-cPDHE1b-fw AAAAAGCAGGCTGGATGTTGGGAATCTTGAGGCA 
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MACCHI-BOU (MAB)

2 pid macchi-bou (mab)

Col
EMS

PINOID
pid-2 F2 pid

; 3.1A
pid-2 EMS M2
pid ; 3.1B

mab1 mab2 mab3 mab4
3.2A-H mab1 mab3-1 mab4

1 mab2 mab3-2 mab3-3 2
mab1 mab2 mab3 mab4

MAB1 5 BAC ; MXI22 MFG13
MAB2 1 BAC ; T22H22

T5A14 MAB3 1 BAC ; F17O7
F28O16 MAB4 4 BAC ;

F3L17 F10M6 3.3 pid
2 PIN1 At1g73590

1 MAB3
mab3 PIN1

mab3-1 599 AGC
AAC mab3-2

1 ’ AG AA mab3-3
495 TGG STOP

TGA 3.4A
mab3-1 599

PIN 3.4B 10
3.4C mab3-2

mab3-3 494
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mab3-1 pin1-201
mab3-1

pin1-201 mab3-1
pin1-201 F1

PCR mab3-1 pin1-201
11 3

11 mab3-1
“ mab3 ” mab3-1

pin1-201 mab3
pin1 pin1

mab3-1/pin1-202 mab3-2/pin1-203 mab3-3/pin1-204

mab1
mab1

22
3.5A; 3 mab1

mab1 pin1
3.5B

mab1 pinoid pid-3
pid-3 2 2

2.1 mab1 pid-3 36 2
64 3.5C pid-3

3.5E mab1 pid-3
3.2E

3.5F pin1 pid

mab1 pid

mab2
mab2 2 pid-2

3.6G

3.6H,I SEM
3.2F 3.6I

mab2 23
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3 3.6B,C; 3
3.6D,E

mab2

3.6F
mab2 pid

mab3
mab3-1/pin1-202

pin1 pin1 pin1-201
50 2 2.1 mab3-1/pin1-202

17 3.7A,B; 
3 mab3-1/pin1-202 pin1

3.7C
SEM

mab3-1/pin1-202
3.7D mab3-1/pin1-202

3.7E,F
mab3-1/pin1-202 pid 3.7G,H
mab3-1/pin1-202 pid-3

3.2G pin1-201 pid-3
mab3-1/pin1-202 pin1

mab3-2/pin1-203 mab3-3/pin1-204
mab3-2/pin1-203 pid-2 mab3-3/pin1-204 pid-2
pin1-3 pid-2

mab3-2/pin1-203 mab3-3/pin1-204 pin1-3

mab4
mab4 mab4

4 3 3.8A; 
3

SEM mab4
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mab4
3.8C,D

mab4 pid-3 pin1-201 pid-3
3.2D,H

3.2H, 3.8F mab4
pid

MAB1 pyruvate dehydrogenase E1 component beta subunit
MAB1 MXI22 MFG13 BAC

mab1
At5g50850

298 GGT
GAT 3.9A At5g50850

mab1-1
At5g50850 5’ 1k bp (base pair) 3’ 800bp

mab1-1 At5g50850
mab1-1 mab1-1

mab1-1 pid-3
MAB1 At5g50850

mab1-1 Arabidopsis
Biological Resource Center T-DNA (SALK_111681) (Alonso et al., 
2003) At5g50850 309bp
T-DNA mab1-1 pid-3

3.5D mab1-2 3.9A mab1-2

mab1-1
mab1-2 mab1-2

MAB1
pyruvate dehydrogenase (PDH) E1 PDH E1

PDH E1
Coenzyme A (CoA) TCA
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mab1-1
PDH E1

3.9B

MAB1
MAB1 MAB1
in situ hybridization MAB1

3.10A

3.10B,C
MAB1

3.10D,E MAB1 in situ 
hybridization
3.10F MAB1

MAB1 35S
MAB1 C GFP

GFP
3.10G,H MAB1

MAB1 TargetP
Emanuelsson et al., 2000

GFP
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pid
MAB MAB1 MAB4 4

MAB3 2
PIN1

MAB1
PDH E1

MAB1

MAB PID
pid

Bennett et al., 1995; 2
mab pid

pid

CUC
mab CUC

PID PIN
Friml et al., 

2004; 2 MAB

PID
MAB

PID PIN
MAB PIN

MAB
MAB mab

MAB CUC

MAB
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MAB1 MAB4 pid
pin1 pid

MAB3 mab3-1/pin1-202 PIN1 C

pin1 PIN1
PIN1

MAB2
mab2 pid pin1 pid

mab2
mab2

MAB2

MAB2
MAB2

MAB1
mab1-1 pid

pin1 pid
MAB1 PDH E1

PDH E1
2 At1g24180 At1g59900

PDH E1 1 MAB1/At5g50850
Mooney et al., 2002 PDH E1 PDH E1

CoA

PDH E1 MAB1/At5g50850 in vitro
PDH E1 At1g59900 2 2

Szurmak et al., 2003
MAB1

CoA 3.11A
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MAB1
mab1 CoA
2

PDH

McCormack et al., 1990 PID
PID Benjamins et al., 2003

MAB1 PID PID

MAB1

3.10 MAB1

IAA
iar4 PDH E1

At1g24180 LeClere et al., 2004
TCA 2,4-D

MAB1
1 PDH E1

At1g59900 T-DNA IAA
IAR4 IAA

IAA indole-3-pyruvate
indole-3-acetyl-coenzyme A

MAB1 PDH E1
At1g59900 IAR4/At1g24180

TCA 3.11A
IAR4/At1g24180 indole-3-pyruvate

3.11B
MAB1 PDH E1

At1g59900 IAR4/At1g24180
PIN mab1

MAB1
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MAB2 MAB4
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 3. mab

 (%) 

1  2 3#

Col

Ler

-

-

-

-

-

-

-

-

mab1-1 (Col) 21.6 77.9 0.5 199 

mab1-2 (Col) 0 100 0 62 

mab2 (Ler) 8.6 77.1 14.3 35 

mab3-1 (Col) 16.5 82.6 0.9 333 

mab4 (Col) 3.3 96.2 0.5 210 

         

         

#
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 3. 1. mab
A

pid
mab

B pid

A

B

pidmab

mab pid

pid mab pid
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3. 2. mab pid
A-H mab1-1 pid-3 A,E mab2 pid-2 B,F

mab3-1 pid-3 C,G mab4 pid-3 D,H
E-H

A B C D

E F G H



87

 3. 3. MAB
MAB3 PIN1

MAB1 5 BAC MAB2 1
BAC MAB4 4 BAC

MAB2 MAB3/PIN1

MAB1

MAB4
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mab3-2
agAC -> aaAC

mab3-3
W 495 STOP
TGG -> TGA

mab3-1
S 599 N

AGC -> AAC

PIN1 581- GIVPFVFAKEYNVHPDILSTAVIFGMLIALPITLLYYILLGL-
PIN2 606- GIVPFVFAKEYNVHPDILSTAVIFGMLVALPVTVLYYVLLGL-
PIN3 599- GIVPFVFAKEYNVHPAILSTGVIFGMLIALPITLVYYILLGL-
PIN4 575- GIVPFVFAKEYNVHPTILSTGVIFGMLIALPITLVYYILLGL-
PIN5 309- SITSFIFAKEYGLHADVLSTAVIFGMLVSLPVLVAYYAALEF-
PIN6 529- GIVPFVFAREYNLHPDLLSTLVIFGMIVSLPVTILYYVLLGL-
PIN7 529- GIVPFVFAKEYNVHPAILSTGVIFGMLIALPITLVYYILLGL-

 3. 4. MAB3/PIN1
A MAB3/PIN1 mab3-1 mab3-2 mab3-3

B PIN C
mab3-1

PIN C PIN1
mab3-1

At1g73590/PIN-FORMED1 (PIN1)

A

B

C

1 2 3 4 5 6 7 8 9 10

*

N C

*



89

3. 5. mab1 mab1 pid
A,B mab1-1 A B

C,D mab1-1 pid-3 C mab1-2 pid-3 D
E,F pid-3 E mab1-1 pid-3

F E pid-3

A B

C D

E F
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3. 6. mab2 mab2 pid
A-E A,D mab2 B,C,E A-C

”C” D,E D A E B D
L 1 , 2 , 3 , 4 E
L1,1’,2,2’,2’’,2’’’ L1 L1’ L2 L2’ L2’’ L2’’’

F mab2
G-I mab2 pid-2 5

G 12 H,I H ”L” I
I

400 m

A B C

D E

G H I

C C C C

C

C

C

L1

L2

L3 L4

L1’

L1

L2

L2’

L2’’

L2’’’

F

L
L

LL

L

L
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 3. 7. mab3-1 mab3-1 pid
A,B mab3-1 A

B C,D mab3-1 D,E,F
E mab3-1 D,F F D

D G,H pid-3
G mab3-1 pid-3 H G pid-3

D 500 m E,F 100 m

A B

C D

E F

G H
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3. 8. mab4 mab4 pid
A,B mab4 A B C,D

C mab4 D E,F pid-3
E mab4 pid-3 F D

E pid-3 C,D
100 m

A B

C D

E F
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 3. 9. MAB1
A MAB1 mab1-1 At5g50850

BAC mab1-2
At5g50850 5’ T-DNA
B PDHE1

mab1-1

K7B16 K3K7

MFB16

MBA10

MXI22 K16E14 MWD22

MFG13

At5g50850 At5g50860

mab1-2
G298D
mab1-1

A

B

A. thaliana
Z. mays
P. sativum
H. sapiens
S. cerevisiae
D. melanogaster
R. prowazekii
A. suum

*



94

 3. 10. MAB1 MAB1-GFP
A-E A B C

D E MAB1 B,C
MAB1 F MAB1

A-F 50 m G,H
35S::MAB1-GFP G H GFP

A B C

D E

F

G

H
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 3. 11. MAB1
A MAB1 At1g59900

CoA B MAB1 IAR4
IAA-CoA

A

B

O

S-CoAH3C

pyruvic acid acetyl-CoA
O

O

OH
H3C

MAB1

At1g59900

OH

N
H

O
H
N O

S-CoA

N
H

O

O

OH

Indole-3-pyruvic acid IAA-CoA IAA

MAB1

IAR4
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PIN1 PID

3 1
1 3

2 pin1 pid

PIN
Benková et al., 2003

pin1 pid pin1 pid cuc1 
cuc2 PIN1

PID
CUC

CUC
Furutani et al., 2004 2 2.14

1
YUCCA
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PIN1

4.1A
CUC 4.1B

4.3C

4.1C
4.1D

4.1D

pin1 pid

CUC1 CUC2
CUC1 CUC2 microRNA

Rhoades et al., 2002; Kasschau 
et al., 2003; Vazquez et al., 2004; Mallory et al., 2004; Laufs et al., 2004 CUC1

CUC2 mRNA microRNA
microRNA

microRNA CUC1
Mallory et al., 2004; 

Laufs et al., 2004

Mallory et 
al., 2004
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gurke (gk)
Torres-Ruiz et al., 1996

mab gk
GK

acetyl-CoA carboxylase 1 (ACC1) Kajiwara et al., 
2004 ACC1 acetyl-CoA malonyl-CoA

Baud et 
al., 2003; Baud et al., 2004

GK

MAB
MAB

Reinhardt et al., 2003
Reinhardt

4.2 I1 I2 I3
P1 P2 P3

PIN1
PIN1

PIN1

AUXIN RESISTANT1 (AUX1) Bennett et al., 1996
PIN1

4.2A P1
4.2A

4.2A
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I1

4.2B P1

PIN
PIN

Reinhardt et al., 2003

PIN

PIN

Benková et al., 2003
4.3

1 YUCCA

YUCCA FLOOZY FZY

Tobeña-Santamaria et al., 2002

CZ →  PZ PIN1 Reinhardt et al., 2003

PIN
4.3B

PIN

4.3B
PIN

4.3C CUC
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4.3D I4

Benková et al., 2003 4.3C
PIN

3
MAB

Field theory
field theory

Snow and Snow, 1931; Wardlaw, 1949; Steeves and Sussex, 1989

4.4B
I1 I3

4.4A Reinhardt

Reinhardt
I1

l3 I3

I1

4.4C
4.4D

field theory
field theory

field theory
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CUC field theory
CUC NAC

mRNA
Rinne and van der Schoot, 1998 CUC mRNA

mRNA CUC2-GFP Taoka et al., 2004
CUC CUC

CUC

CUC 2
CUC

CUC

CUC

Meinhardt, 2003

CUC
CUC

no apical 
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meristem (nam) Souer et al., 1996 cuc1 cuc2 cuc3
Aida et al., 1997; Takada et al., 2001; Vroemen et al., 2003

cupliformis (cup) Weir et al., 2004 NAC

pin1 gnom
Okada et al., 1991; Mayer et al., 1993

field theory

I1 expansin

Reinhardt
et al., 1998 I2 expansin 4.5A
I2 4.5B

4.5C
Fleming et al., 

1997
expansin I2

PINHEAD/ZWILLE PNH
I2

Lynn et al., 1999
I2

expansin
I2 expansin
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I2
I2

4.5D,E
4.5E

expansin
CUC

expansin

Expansin I2
PIN

expansin

1 YUCCA

2
CUC

4

3
MAB pid
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4. 1.
A-E A

B
T

C
D

A B

C D
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P1 I1 P1P2

 4. 2. Reinhardt
P1 P2

P3 I1 I2

I1
B A I1 P1 I1 P1

I1

P1

I1

P2

P1

A B

P4
P3

P2

I2
P4

P3
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A B

C D

4. 3.
A-D A,D

B
C B

D
l4

I1

I2

I3
P1

I1

I2

I3 P1

I4

I1

I2

I3
P1

I1

I2

I3
P1
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 4. 4. Field theory
A-D

A I1 I3
B field theory

C,D I1 C D

C D

P1

I1 I2

I3

P2 I1

P1

P2

P3

P4

A B

P1

I1

I2

P1

I1

C D

I2
I3
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P1

P2
I2

I3
I1P1

P2

I1

I2

I3 P1

P2

I1

I2
l3

 4. 5.
A-E A expansin

I2 B expansin I2 I1
C D,E

D expansin E expansin
I2 I2

A B C

P1

I2 I1

I3

I4

P1

I2 I1

I3

I4

D E
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