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6 (macronutrients)
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10 865
6 777 ,
12 mg-m3 26.5%, 10
2.5x107 hm? ,
6.6x10% hm? 11 671
, 203 12 mg-m~3,
30.3%, 22% ,
48% ,
( , 1990;
, 1994; , 1995; , 1995a, 1995b)
(
, 1994)
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1
1.1
4 (1)
; (2) ; (3) ;
(4) Cys 4
, SO0, s
(Leustek et al., 2000)
1.1.1
S0,%"
, S04 H
1:3 )
ATPase H ,

; pH :
(Takahashi et al., 1997; Maruyama-Nakashita
et al., 2004c) S0,%

, (Bick and Leustek,

1998)
(Vauclare et al., 2002)
12
, 4 . AtSultrl(Sultrl;1  Sultrl;
2 Sultrl;3) AtSultr2 (Sultr2;1 Sultr2;2)

AtSultr3 (Sultr3;1  Sultr3;2 Sultr3;3 Sultr3;4
Sultr3;5) AtSultr4 (Sultr4;1 Sultr4;2) AtSultr 1-
4 S0,

AtSultrl ,

, Sultrl;2
Sultr1;1  72.6% ,
(Yoshimoto et al., 2002;

Maruyama-Nakashita et al., 2004a) Sultrl;3
, Sultr1;3
Sultr1;3  T-DNA
Sultrl;3 (Yoshimoto et
al., 2003) , Sultrl;
2 (Shibagaki et al., 2002; Kassis
et al., 2007)
AtSultr2 ,
, Sultr2;1
Sultr2;2 2
Sultr2;1 ,
Sultr2;2 ;
Sultr2;1 ,
Sultr2;2 (Buchner et
al., 2004) AtSultr2;1 ,
AtSultr2;2 ,
AtSultr2;1
; AtSultr2;2
(Takahashi et al., 2000)
3 )
Sultr3;1  Sultr3;2 Sultr3;3  Sultr3;4
Sultr 3;5,
Sultr2;1 , Sultr3;5
Sultr2;1 , SO,%"

(Kataoka et al., 2004a) Lotus



japonicus 1 Sultr3;5 ,

, AtSultr3;5
(Krusell et al., 2005)
Sultr4;1 Sultr4;2

Sultr4;1 , ;
Sultr4;2 Sultr4

(Kataoka et al., 2004b)
12 , 2

Sultr4

(Kataoka et al., 2004b) Sultr3

Sultr1;1 (Ferro et al., 2002),
(Yoshimoto et al., 2002)

1.1.2
(Marzluf, 1997; Leustek et al.,
2000), E. coli S. cerevi-
siae , ,
, ATP
, ATPS(ATP ) SO,% APS (5'-

737

)(Hatzfeld et al., 2000; Rotte and Leustek,

2000) APS , APR(APS
) S0;%7, APS
PAPS (3'-phosphoadenosine-5'-phosphosulfate)(Lee
and Leustek, 1998) , PAPS
( : B ), APS
. DNPase( S. cerevisiae HAL2
) APS; .
DNPase (Peng and Verma,
1995; Quintero et al., 1996)
APS 4 ATP
. APS1 (At3g22890) APS2
(At1lg19220) APS3 (At4g14680) APS4
(At5g43780) APS2 (At1g19220)
ATP , 3 ATPS
(Hatzfeld et al., 2000), ATPS 70%-—
95% (APR SIR)
, ATP ;
ATP
ATPS 52 kDa,
APS3 (At4g14680)
APS ,
ATPS ATPS 30%,
(Rotte and Leustek, 2000)
1.1.3
, APS (APR) GSH APS,
SO5° ( 1)
APS +2 glutathione,y ® SO3%" + glutathione,y
+AMP 2H 1
, (SIR) , SO4%~
(ferredoxin) S ( 2)
SO4%" + 6 ferredoxin,eg ® S% + 6 ferredoxing
2
APR SIR
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APR 3 : APR1 (At49g04610) APR2
(At1g62180) APR3 (At4g21990) APS
2 :N C

( APR GSH
)(Setya et al., 1996; Bick et al., 1998, 2000; Bick
and Leustek, 1998; Kopriva, 2006) APR

, APR
APR APR
, [4Fe-4S]
APR 50 kDa, 2
APR ,
(Trx) APR Trx
, Trx
Trx NADPH NADH ;
GSH APR GSH

(Setya et al., 1996; Bick et al., 1998; Bick and

Leustek, 1998) GSH
APR (Kopriva, 2006)

APR1 APR2
APR3 86.7% 91.9%

, APR APR1
MRNA APR2 mRNA ,  APR3
mRNA ; APR3
mMRNA APR1 APR2

H,O0, JA (Xiang and Oliver, 2002)

, APR1
(ferredoxin) SIR
2-4 ,
; 1 siroheme [4Fe-4S]
NADPH SIR ,

SIR (Bork et al., 1998;
Nakayama et al., 2000)

1 SIR

(AT5904590), s%

, SIR
(Nakayama et al., 2000) ( )
SIR NAD(P)H ferredoxin NADP-
ferredoxin (Yonekura-Sakakibara et
al., 2000); Ferredoxin NADP- NADPH
SIR, (Fd)
NADPH/NADP*
, S0O4%~  S%°
i aa3 ,
S0;*"
(SO)(Maruyama-
Nakashita et al., 2004; Jost et al., 2005)
Cys Met (
3)
S04%” + H,0 ® SO,% + 2H" + 2e” 3

1.1.4 Cys
Cys ;

- serine
acetyltransferases(SAT) O-acetylserine(thiol)lyase
(OASTL) , S~ OAS Cys( 4 5)
SAT L-Ser acetyl-CoA OAS OASTL

-5' (PLP) , b

, b

al., 2002) PLP

cyanoalanine synthase)

(Bateman et

OASTL CAS(L-3-
, OASTL CAS
, Cys b-cyanoalanine

(Yamaguchi et al., 2000; Warrilow and Hawkesford,

2002)
Serine  acetyl-CoA ® OAS (O-acetylSerine)
CoA 4
OAS + S* ® cysteine + acetate 5
Cys (SAT/OASTL ) Cys
SAT OASTL
5 SAT : Seratl;1 (At5g56760, SAT-

c) Serat2;1 (Atlg55920, SAT-p) Serat2;2
(At3g13110, SAT-m) Serat3;1 (At2g17640)



Serat3;2 (At4g35640) 5 Serat
( ),
SAT,
Cys
Seratl;1 Serat2;1 Serat2;2
Seratl;1 , Serat2;2

. Serat2;1,

(Ruffet et al., 1995; Howarth et al., 2003) Noji
(1998) , Serat2;1
SAT

. Cys OAS ,

SAT Cys . Seratl;
1 L-Cys . Serat2;1
Serat2;2 L-Cys (Urano et al., 2000)

Serat3;1 Serat3;2 ,
) , Serat3;
2 , Serat3;1 Serat3;2
OAS , L-Cys  Serat3;
1 . Serat3;2
(Kawashima et al., 2005)
OASTL , 3
: OAS-TLA (At4g14880) OAS-TLB
(At2g4375) OAS-TLC (At3g59760),
Cys
OASTL ,
Kredich 1996 SAT
OASTL
Cys (Brown-Augsburger et al., 1996) Cys
OASTL SAT

(Giordano et al., 2000; Tabe and Droux,
2002; Jost et al., 2005)

, Cys 6 SAT 4 OASTL
(Wirtz and Hell, 2006) ,
OASTL Cys ,
OASTL ,
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, SAT ,  SAT
(Giordano et al., 2000; Berkowitz et al.,
2002; Tabe and Droux, 2002) OASTL
SAT 100-300 |, OASTL
, SAT OAS
Cys Cys .
(Bloem et al., 2004) Cys

(dominant-negative

mutant) Cys (Wirtz and Hell, 2007)

Cys
, OAS
; , OAS
, Cys OAS(Blake-Kalff et al.,
1998) , Cys SAT
SAT/OASTL , 2
(1)
1 (2)  Cys .
. SAT/OASTL
S%- , ,
SAT/OASTL s* s*
aa3 ,
Cys

(Gueguen et al., 2000; Picciocchi et al., 2003)

1.2

Cys , )
(1 : Cys
( )
(Beinert, 2000; Leustek et al., 2000; Marquet, 2001;
Gerber and Lill, 2002; Jost et al., 2005)
Cys
g-glutamylcysteine(g-EC),
gEC
Glu g

(a-EC synthetase)
gEC,

, Cys
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; (glu- : (GSH)
tathione synthetase) , 0EC Gly( Ala) (GSSG), GSSG
(  homoglutathione) GSH,
ATP '
(Foyer et al., 2001; Noctor et al., 2002), ,
, (Gomez et al., 2004; Fratelli et al., 2005; Meyer
, g-glutamyl cycle and Hell, 2005; Michelet et al., 2005; Kranner et al.,
(Ohkama-Ohtsu et al., 2007a, 2006)
2007b) (
PCs (phytochelatins) ), , GSH1 rmil
PCs , (Vernoux et al., 2000),
, PCS (PC synthase) ,
PCs(Zenk, (Xiang et al., 2001)
1996; Ha et al., 1999; Vatamaniuk et al., 1999) (Frendo et al., 2005; Harrison
C et al., 2005)
(Noctor and Foyer, 1998) Met Cys Met
(glutathione S- , Cys Asp Met Met
transferases, GSTS) , , S-
Sulfated Sulfolipids Detoxify ROS
Polysaccharides o p Fatty acid synthesis /
(algae) / Iqs ect N . Detoxify
resistance o e heavy metals
BR < O-sulfated I PRS0 etoxify
‘.-"'/'cnmpnunds Glucosinolates .
\ D I xenobiotics
PAPS + Disease resistance
O-acetyiserine 4 Nodulation
&‘ (symbiotic M fixation)
Soq'z—bﬂPS—h@—b s Glutathione o
degradation |, Cell division
N} GSSG
H
28 ) \
L Cystine
Dimethyl Redox buffer
S%ﬂ;%?r;::;?teq. = % +S-Methylmethio nir: w Nichmim & signaling
s
OMsP i phytosiderophores
{marine algae) SAM —~—
Fe nutrition
Drought and 'd Biotin ] Polyamines Methyl donor
cold tolerance (methylation — gene silencing)
Ethylene
1 (Crawford et al., 2000)

Figure 1 Sulfur assimilation and metabolism, major metabolic branch pathways, and biological functions in higher plants (Crawford
et al., 2000)



adenosyl methionine (SAM) SAM

(Bleecker and Kende, 2000; Fontecave et al., 2004;
Burstenbinder et al., 2007),
(polyamines) (lllingworth et al., 2003; Brosnan and
Brosnan, 2006) (Higuchi
et al., 1999; Ling et al., 1999)

(Pich et al., 2001; Hell and Stephan,

(nicotianamine)

2003) , SAM ,
microRNA (Rocha et
al., 2005; Yu et al., 2005)
SAM dimethyl sulfoniopropionate

(DMSP) S-methylmethionine (S-methylMet) ,
DMSP ( ) ,
(Kocsis et al.,
1998) S-methylMet ,
(Rhodes et al., 1997; Kocsis
et al., 1998; Bourgis et al., 1999; Ranocha et al.,

2001; Lyi et al., 2007); , SAM
( biotin Bl )
b- (glucosinolate)
b- ,
, Cys, PAPS

(Mikkelsen et al., 2002) (sulfotransferase)
(Hirai et al., 2005; Klein et al., 2006) b-
nitriles
epithionitriles  isothiocyanates,
(Agrawal and Kurashige, 2003; Zhang et al.,
2006) Isothiocyanates ,

(Tsuda et al., 2004)

PAPS APS APS
(APS kinase) , ATP PAPS
PAPS ,

PAPS ,
(sulfolipids)
( , 1999;

Lindsey, 2001; Bahyrycz et al., 2004; Marsolais et
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al., 2007), lipochitooligosacch-
aridic Nod (Gressent et al., 2004)

10 (Klein and
Papenbrock, 2004), (O-

sulfonated compounds) .

A Coenzyme A
(CoA) Cys , CoOA acetyl-
CoA , acetyl-CoA CoA
1.3
(SO4)
, S04

(Yoshimoto et al., 2003; Kataoka et al., 2004a),

, S04
(Kataoka et al.,
2004),
b-
S-methylMet (James et al., 1995; Bourgis et
al., 1999) , b-
b- (Maruyama-

Nakashita et al., 2003; Nikiforova et al., 2004)
(sink), ,
GGT (g-glutamyltranspetidase) OPT (oligopeptide
transporter) (Cagnac et al., 2004;
Ohkama-Ohtsu et al., 2007b) ,
b-glutamyl cycle ,

(source)
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Cys Glu Gly(Ohkama-Ohtsu et al.,

2007) S-methylMet,

S-methylMet ,
Met (Bourgis et al., 1999;
Lyi et al., 2007)

(Sunarpi and
Anderson, 1996),

S0,% (Blake-Kalff et al., 1998)
(Tabe and Droux,

2001) . ,

2

(Leustek et al., 2000;
Cobbett and Goldsbrough, 2002; Rausch and
Wachter, 2005)
: So
H,S GSH PCs

(Jost et al., 2005)

(Foyer et al., 2001; Cobbett and Goldsbrough, 2002;
Rausch and Wachter, 2005)

2.1
(ROS)  (RNS/RNOS) (RSS)
ROS RNS/RNOS RSS DNA

ROS ,
(Wagner et al., 2002; Foster et al.,
2003; Wood et al., 2003)

( )

ROS
; GSH GSSG

GSH GSH , GSH
GSH
(Rouhier and Jacquot, 2005; , 2005;
Igbal et al., 2006; Miao et al., 2006)
GSH
, GSH
H,0,
(Noctor and Foyer, 1998), GSH

(Heiss et al., 1999; Noctor et al., 2002)

, (sulphur induced
resistance) (Bloem
et al., 2004; Jost et al., 2005; Karageuzyan, 2005;
Rausch and Wachter, 2005)

2.2



, PCs (MTs)
3% (Wu and Zhang,
2003) PCs MTs Cys, PCs PC
(PCS) GSH , MTs

(Howden et al., 1995; Cobbett and
Goldsbrough, 2002; Astolfi et al., 2004; Herbette et

al., 2006)
PCs (g-Glu-Cys),-Gly (n=2-11), PCs

, ABC
, (Kim

et al., 2006) , PC

(Konishi et al., 2006; Loscos et al., 2006; Pomponi

et al., 2006) , GSH

gECS Cd (Zhu et al.,

1999; Parisy et al., 2007) PCS

(Lee et al., 2003)
PCS GSH1
(Howden et al., 1995; Cobbett et
al., 1998; Xiang et al., 2001; Cobbett and
Goldsbrough, 2002), PCs

PCs, GSH

GSH (Yang et al., 2007)
PCs
(Nocito et al., 2006)

1999) cd ,

(Heiss et al.,
ATS APR
(low-affinity sulfate transporter)
, GSH1
Cd2+
OAS ,
(Li et al., 2005),

; Cys
SAT GSH
GSH
,GSH PCs
(Xiang and Oliver, 1998;
Xiang et al., 2001; Astolfi et al., 2004)

743

GSH
cd** ,
GSH,
GSH (Fauchon et al., 2002)
PCS ,
PCS PC ,
, , PC
(Konishi et al., 2006)
HPLC
, PCs
, GSH
PCs : (Chiang
et al., 2006; Herbette et al., 2006)
Cys (MTs)
, MTs Cd ,
, PCs GSH thiols
MTs
(Bhalerao et al., 2003)
2.3
b-
160 2
SO, (Bearchell et
al., 2005) SO, ,
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GSH
GSH1 gECS, GSH
, GSH1 cad2-1
30% , P.
syringae
cad2-1 raxl1l-1 P. syringae
(Ball et al., 2004) pad2
phytoalexin , , pad2
GSH1
22%, ,
(Roetschi et al., 2001; Parisy et al., 2007)
S-nitrosothiols(SNO) , S-nitroso-
glutathione (GSNO) SNO,

GSNO AtGSNOR1 ,

Nonhost disease resistance(NHR)

SNO ,
(SA) (Feechan et
al., 2005)
b-
b- (Mithen, 1992;
Mauch, 2005) ,
b-
’ b-

, (John and
Morrisseg, 1999) , ,

(Sutherland, 2004)

(Linkohr et al., 2002)

(Agerbirk et al., 2003; Clauss et al., 2006),

(Zhang et al., 2006) JA ,
1 ‘]A 1
(Cipollini et al.,
2003)

2.4

GSTs
, GSH (
) GSTs ,

, (Marrs, 1996; Rausch
and Wachter, 2005)
,GSTs
(anthocyannin) , ,
, GSH ,
(Marrs et al., 1995; Marrs and Walbot, 1997)
GSH ,
(Xiang et al., 2001)

(demand-driven) ,

, (crosstalks)



3.1
(pipeline),
OAS Cys GSH OAS
, S N
, Cys GSH ,

Cys , SAT/OASTL (Wirtz and
Droux, 2005; Wirtz and Hell, 2006) ¢ECS (Xiang
and Bertrand, 2000)

, Cys/OAS
. Cys , SAT
, Cys OAS ,

N S (Ho and Saito, 2001;
Maruyama-Nakashita et al., 2004c) ,
OAS
(Jost et al., 2005) ,
SAT
(Noji and Saito, 2002; Jost et al., 2005)
, GSH , o
ECS , Cys GSH ,

(Lappartient et al., 1999)

APR SIR OASTL SAT
OAS
(Vauclare et al., 2002) , Cys

GSH OAS

745

GSH ,

(Howarth et al., 2003)

DNA microarray
(Nikiforova et al., 2003; Hirai and Saito, 2004),

, OAS , ,
APR
ATPS SAT OASTL
OAS ,
Cys SAT
cDNA, , SAT ,
SAT ,
(Urano et al., 2000)
3.2

(sulfur-response element, SURE)
b-conglycinin
SEF4 , 235 bp DNA

(Awazuhara et al., 2002); Citrullus vul-
garis  SAT 2 SEF4 (Saito
etal.,, 1997) NIT3 (NITRILASE3)
317 bp ; SULTR1;1

: GAGACA, 5 bp
SULTR2;1 SULTR4;2 APRS3

SEF3

SURE

NADPH
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(Maruyama-Nakashita et al.,
2005) SURE SEF
At5g48850 , SLIM1
(Maruyama-Nakashita et
al., 2006)

(Hirai et al., 2003; Maruyama-
Nakashita et al., 2003; Nikiforova et al., 2004; Higashi
etal., 2006),

(Hirai et al.,
2005) ,
MiRNA , mMiR395
APS1 APS3 APS4
, APS
(Ravina et al., 2002; Hirai and Saito, 2004), Jones-
Rhoades 2 , MIR395
APS (Jones-Rhoades and Bartel, 2004)
, , MiR395 APS
Met , Chiba
, o (cystathionine g-synthase)
MRNA o
, g
1 ,
mMRNA (Chiba et al., 1999),
) ) ,
3.3
GSH 1

, ¢ECS

, GSH
, GSH1 mRNAY’
, GSH1 mRNA
, GSH1 mRNA

GSH GSH gECS
, (Xiang and Oliver, 1998, 2002;
Xiang and Bertrand, 2000)

STAS (Aravind and Koonin, 2000;
Shibagaki et al., 2002; Rouached et al., 2005),

Kataoka (2004) ,
, ATP
(Logan et al., 1996;
Hatzfeld et al., 1998) Cys
SAT (Berkowitz et al., 2002; Wirtz
and Hell, 2006)

ATP Cys

4
(Schachtman and Shin,
2007),
(sensor),
2
Sultr1;1  Sultrl;2 , Sultrl;1

Sultrl;2
(Yoshimoto et al., 2002) Sultrl;1

, 1 ,

16 1



(auxin response factor, ARF)
, GAGAC
(Maruyama-Nakashita et al.,
, Sultrl;1
D(actinomycin D) 2

(GAGACA),

2005)

(calyculin A
sultrl;1
(Maruyama-Nakashita et al., 2004)
Sultrl;2

okadaic acid) ,

Sultr1;2

Sultrl;2
Sultr1;1  Sultrl;2
crel-1 ,
CRE1/WOL/AHKA4 2
(Maruyama-Nakashita et al., 2004b)
, EIL(ETHYLENE-INSENSI-
TIVE3-LIKE) EIL3

SLIM1(sulfur limitationl) SLIM1

sultrl;2 EIN3
, EIL3
EIL
Sultrl;2 | Sultr1;1 Sultr3;4  Sultr4;
2 SLIM1
: b-
, SLIM1

(Maruyama-Nakashita et al.,
2006)
OAS GSH GSH

Sultrl;2-GFP

747

(Maruyama-Nakashita et al., 2004,
2006)

( ABA

, APR1
(Setya et al., 1996; Ohkama et al., 2002);
SULTR1;2 ,
CRE1
(Maruyama-Nakashita et al., 2004b)
. (IAA18,
At1g51950, At5938530, At2g33830)
(Nikiforova et al., 2003; Hirai and Saito, 2004);
( -3- IAA)  NIT3,
, IAA ,
: (Kutz et al.,
2002; Maruyama-Nakashita et al., 2004c; Lopez-
Bucio et al., 2005)
JA
(Sasaki-Sekimoto et al., 2005),
(Hirai et al., 2003; Jost et al.,
GSH
(Xiang and Oliver, 1998, 2002), MeJA
SAT APR (Jost et al., 2005)

2005) JA
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(Mclntyre, 2001)

(Potters et al., 2007)

(Lopez-Bucio et al., 2003)

(Zhang and Forde, 1998; Linkohr et

al., 2002) , )
(Lopez-Bucio et al., 2003)
(Dan et al., 2007)
, NIT3 ,
NIT3 (IAA) ,
, NIT3
(Kutz et
al., 2002)
ABA (de Smet et al., 2003),
NO; (Signora et al.,
2001) ABA
7
N P K S ,
, 1980
, Reuveny )
NR (Reuveny et al.,
1980) ,
, GIn Asn

, (Karmoker et al.,
1991) , NR

, Arg Glu ;
(Prosser et al., 2001) ,
ATP b
, Arg Asp
Glu , Arg Asp Glu
NR NR ,
, (Migge et al.,
2000)

,8nL-L7!
(Castro et al., 2006)

, APR
50% 70%, Cys Glu
NO; NH4; GlIn OAS
APR (Koprivova et al., 2000)

b -
conglycinin b ,

(Kim et al., 1999) , b-
conglycinin , BBI (BBI

Cys ) :

(Krishnan et al., 2000)
OAS Cys

glutamate ,

serine

b-conglycinin b
1999; Tabe and Droux, 2002; Chiaiese et al., 2004)
OAS Cys ,

(Kim et al.,

OAS



OAS ,
b-conglycinin ;
OAS (Kim
et al., 1999)
Cys )
Met , Met
SAM threonine synthase (TS) cystathion-
ine gamma-synthase (CgS) O-phosphohomoserine
(OPHS) , (OPHS)
Met , CgS ,
SAM , TS ,  OPHS
threonine (Hesse et al., 2004)
GSH
, GSH Cys( ) glutamate( ),
GSH ,
GSH 3 - ,
3
Hesse , APR
APR (Hesse et al., 2003) Cys
CO,
Lemna minor, APR NR MRNA
APR NR ,
APR NR mRNA
CO, Lemna minor OAS,
APR MRNA (Vauclare et al., 2002)
sulfolipid , sulfolipid
(Misson et al., 2005) SNF1

(Sano and Youssefian,
1994)

(Zhao and Warrilow, 1996),

749
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; , Met Cys ,
, , (Molvig et al., 1997) (lupin)
, , ( ) (Tabe and Droux, 2002)
) , ) Met Cys ,
) , Met Cys GSH ,

. . N, (Tabe and Droux,
4mg-g7t, |/ 13:1 2002)
ROS , b-conglycinin ,
(Nikiforova et al., 2003; Hirai and Saito, 2004), , b -
, conglycinin Met ,

, (Ohkama et al.,

Gilbert , , 2002)
, RUBP , ,
1 1 t 10
Cys Met ,
Cys Met , '
, (Tabe et al., ’
2002)

(prolamin)(Mullins and Hilu, 2004);

Cys (-S-
S') 1 1
, ) (Miyake et al.,
1999)
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Abstract Plants play a pivotal role in the global sulfur cycle as the dominant reducer of inorganic sulfur. Inorganic sulfate in the
soil is taken up by plant roots, reduced, and assimilated into cysteine, the first organic reduced sulfur, from which many critical
sulfur-containing metabolites are derived and play essential roles in plant development, abiotic stress tolerance, disease and insect
resistance, as well as crop yield and grain quality. Sulfur may have the most complex metabolism and regulation and serve more
biological functions than any other nutrients in plants. This review summarizes the recent advances in metabolism and regulation
of sulfur and its roles in stress tolerance. Important unsolved problems in sulfur metabolism and the emerging issue of sulfur

deficiency in agriculture are discussed.
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