Os9BGlu31
OsABA2 (zeaxanthin epoxidase)
OsABF1
OsABF2 (bZIP TF)
HvABI1
HvABI5
TaABL1
OsACA6 (Ca2+ ATPase )
OsAdc1
TaADF3
TaAIDFa (T. aestivum abiotic stress-induced DBF)
OsAIR1
LmAOC
OsAOX1a (alternative oxidase)
OsAOX1b (alternative oxidase)
OsAP2/ERF-N22
OsAP25
OsAP37 (a TF)
OsAP59
TaAQP7
OsARAG1
OsAREB1
OsASR1
OsASR3
HvBCAT-1 (branched-chain amino acid aminotransferase )
OsbHLH148
OsBIERF1
OsBIERF3
OsBIERF4
OsBURP05
OsbXIP16
OsbZIP23
OsbZIP46
OsbZIP71
OsbZIP72
OsBURP16
Wcbf2
ZmbZIP60
OsCDPK7
HbCIPK2
HvCIPK16
OsCIPK01
OsCIPK02
OsCIPK05
OsCIPK09
OsCIPK11
OsCIPK12
OsCIPK15
OsCIPK17
OsCIPK20
OsCIPK21
OsCIPK22
OsCIPK23
OsCIPK24
OsCIPK29
OsCIPK30
OsCOIN (Oryza sativa cold-inducible)
TaCPK1
OsCPK4
TaCPK6
TaCPK7
TaCPK9
TaCPK18
TaCRT (calreticulin)
HvCSMO (C-4 sterol methyl oxidase)
OsCYP18-2
OsCYP-25
ZmDBF1
OsDhn1
HvDhn6 (dehydrin)
TdDHN7
TdDHN9.6
TdDHN13
TaDHN14
TdDHN15.1
TdDHN15.2
TdDHN15.3
OsDHODH1 (putative dihydroorotate dehydrogenase)
OsDIL
OsDip1
OsDIP3
OsDIS1 (a negative regulator of drought stress response)
Scdr1 (sugarcane drought responsive 1)
HvDREB1
TaDREB1
OsDREB1F
OsDREB1G
OsDREB2A
OsDREB2B
Wdreb2
HvDRF1 (drought response factor)
TdicDRF1
OsDSM1 (Raf-like MAPKKK)
OsDSM2
EABF
EABF1
OsDST
OsEDR1 (a MAPKKK)
OsEL2 (putative CDK inhibitor)
OsENAC1
TaEra1
OsEREBP2
TaERF1
OsERF3
TaFBA1
OsFKBP16-3
OsFRO1
OsGH3-2
SbGH3-13
OsGL1-1
OsGL1-2
OsGL1-6
OsGRAS23
OsHAC703 (histone acetyltransferase)
OsHAF701 (histone acetyltransferase)
OsHAG703 (histone acetyltransferase)
OsHAM701 (histone acetyltransferase)
OsHIPP41
HvHNX1 (vacuolar sodium/proton antiporter)
TaHPS
HvHSP17.9
HvHSP70
TaHSP101B
TaHSP101C
SbIAA1
OsIAA6
TaL5
SbLBD32
TaLEA2
OsLEA3
OsLEA7
OsLEA21
OsLEA22
OsLEA27
OsLEA28
TaLEA3
OsM4
OsMAP kinase kinase 1
OsMB11
TaMDC1 (multidomain cystatin)
Hvu-MIR156
Hvu-MIR166
miR-169g
Hvu-MIR171
miR395
Hvu-MIR408
miR474
miR845
miR851
miR854
miR901
miR903
miR1125
OsMODD
OsMPK5
OsMPK7
OsMPK8
OsMPK12
OsMSR2
OsMSRMK2
OsMT1a (metallothionein)
LcMYB1
OsMYB3R-2
OsMYB48-1
TaMYB73
TaMYBsdu1
EcNAC1
SNAC1
TaNAC2
OsNAC5
OsNAC6
OsNAC10
ZmNAC55
TaNAC69
TaNAC69-1
TaNADP-ME1
TaNADP-ME2
OsNF-YA7
ZmNF-YB2
OsNox1-3
OsNox5
OsNox9
HvnsLTP (non-specific lipid transfer protein)
OsOAT
OsOCPI1 (chymotrypsin inhibitor-like)
ONAC022
OsONAC045 (a NAC TF)
OsPFA-DSP1 (protein tyrosine phosphatase)
TaPIMP1 (MYB TF)
OsPIP1
OsPIP2
SiPLDalpha1
OsPP2A-1
OsPP2A-3
TaPP2Ac-1
OsPP18
ZmPP2C-A10
HvPP2C like
OsPSY3 (phytoene synthase)
OsR1G1B
OsRab16A (dehydrin)
OsRab21
TaRAP2.1L
EgRBP42 (RNA-binding protein)
OsRDCP1
OsRERJ1
ZmRFP1 (E3 ubiquitin ligase)
RGA1(I) (rice G protein, alpha subunit)
ZmRip3:2
OsRPK1 (receptor like protein kinase)
RSOsPR10 (root specific)
OsSAP
MusaSAP1
OsiSAP8
OrSAPK9
OsSDS1
OsSHSP1
OsSHSP2
OsSIK1 (a putative RLK)
OsSIK2
TaSIP
ZmSKD1 (putative AAA protein)
OsSKIPa
OsSNAC1
ZmSNAC1
OssodA1 (superoxide dismutase)
OssodCc2 (cytosolic superoxide dismutase)
OsSRO1c
OsTIFY1a
OsTIFY1b
OsTIFY6a
OsTIFY9
OsTIFY10b
OsTIFY11a
TdicTMPIT1
OsTLD1
OsTPP1 (trehalose-6-phosphate phosphatase)
OsTZF1
OsUge1
OsVIN2 (vacuolar invertase)
OsVTE1 (tocopherol cyclase)
TaW55a (putative protein kinase)
TaWabi5
WCOR410b (a wheat dehydrin)
OsWNK1 (a serine-threonine kinase ‘with no lysine’)
OsWR1
OsWRKY11
Hv-WRKY38
OsWRKY47
OsWRKY80
OsWRKY104
OsWsi18
OsZFP176 (zinc finger protein)
OsZFP181 (zinc finger protein)
OsZFP245 (zinc finger protein)
OsZFP252 (zinc finger protein)
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Downregulation of DCA1 enhanced drought tolerance in rice.

Ub

PROTEIN

PROTEIN

26S proteasome
(ATP dependent)

E1, E2, E3

OsNCED4
OsJAZ1 is possibly a transcriptional regulator of OsbHLH148

OsSRO1c

E3 ligases can be divided into single-subunit E3 ligases or multi-subunit E3 ligases
The COP9 signalosome (CSN) is a multi-protein
complex that regulates the activities of cullinRING E3 ubiquitin ligases (CRLs).

OsDIS1 is a SINA type E3 ligase involved in drought stress signaling
and plays a negative role in drought tolerance. OsDIS1 interacts with
OsSKIPa - a positive regulator of drought stress. OsDIS1 may work
through posttranslational modification of OsNEK6 ( a NIMA-related
kinase 6)
ZmRFP1 is a RING-H2 ubiquitin E3 ligase which responds to drought stress in an ABA-dependent manner

Drought

Drought

ABA

Wdreb2

ZmDBF1

Wdhn13,
Wrab17,
Wrab18,
Wrab19

PIPK5 (phosphatidylinositol-4-phosphate 5-kinase)
is induced in Arabidopsis by water deficit, salinity and ABA
PtdIns(3,5)P2

PIP4K
regulation of specific
protein kinases ?

diacylglycerol (DAG)

inositol-1,4-bisphosphate
1-phosphatase
inositol polyphosphate 1-phosphatase (TaSal1)
also known as inositol-1,4-bisphosphate 1-phosphatase
is involved in drought tolerance of wheat.

1-IP

IP3 6-kinase

1,3,4,5,6-IP5

inositol
4-phosphate

C
O

R1

O

C
O

R2

sucrose

3,4-IP2
inositol-3,4-bisphosphate
4-phosphatase

3,6-IP2

P

O

O

galactinol
UDP

stachyose
synthase?

glyceraldehyde3-phosphate

gulose

NADPH

gulono1,4-lactone

3-phosphoglycerate
GGPP

5-methylthioribose
(MTR)

adenine

phaseic acid

Hajheidari et al. (2007) identified a large number of proteins which
were thioredoxin targets in drought stressed wheat.
The SOS pathway is involved in salt responses.
SOS pathway; a calcium-responsive SOS3-SOS2 protein kinase complex
controls the expression and activity of SOS1.

?

SOS3-SOS2 protein kinase complex

?
fructan
exohydrolase

erythronic acid-1,4-lactone

SOS1

galactaric acid
gluconic acid + H2O2
glucose
glucose oxidase

photosynthesis is reduced
in response to drought

threose
L isomer of threonic acid
is a metabolite of ascorbic acid
threonic acid

H2O + O2

superoxide
superoxide
dismutase

cinnamoyl-CoA + NADPH + H+
cinnamoyl-CoA
reductase

ascorbate
peroxidase

ascorbate
oxidase

serine
hydroxymethyltransferase
(affected by drought)

O-linked N-acetylglucosamine catalyzes the addition of
N-acetylglucosamine via an O-glycosidic link to serine
or threonine in proteins and is up-regulated in Arabidopsis
in response to drought.

glycine

glutathione
synthetase

γ-glutamylcysteine
synthetase

2-

SO4

S

2-

serine
acetyl-transferase
O-acetylserine
serine

O-acetylserine
(thiol) lyase

ethanolamine

choline

homoserine

cysteine

2-keto-4-methylthiobutyric acid
(KMB)

GSH

ATP

SAM cycle

H 2O

neophaseic acid detected in drought stressed barley
ACC: 1-aminocyclopropane-1-carboxylic acid

β-sitosterol increases in rice in response to drought

13(S)-hydroperoxy-9(Z),11(E)octadecadienoic acid
(13(S)-HPOD or 13(S)-HPODE)
(allene oxide
synthase)

D-cysteine
desulphydrase
sulphide + NH3 + pyruvate

ethylene

ornithine

ethylene biosynthesis is affected by
drought, cold and auxin.

ornithine
decarboxylase
decarboxylated
S-adenosylmethionine

hydroperoxide
cyclase
(allene oxide
cyclase)

S-adenosyl-L
homocysteine
(SAHc)

PGYRP (proline-, glycine- and tyrosine-rich proteins) are implicated
in abiotic stress responses such as drought, salt and cold.

polyamines associated with drought responses
and drought tolerance in a number of species.

N-carbamoylputrescine
amidohydrolase

spermidine
synthase
spermidine

?

spermine
synthase
spermine
progesterone thought to be part of the stress response of wheat to drought
arginine decarboxylase (OsAdc1) gene expression
fluctuates under drought stress in rice.

arginine

N-acetylglutamate
kinase

arginase

N-acetylglutamate-P
N-acetylglutamate
phosphate reductase

putrescine

hydroperoxide
dehydratase

12,13(S)-epoxy-9(Z),11-octadecadienoic acid
(13(S)EOD)

inosine

SAH
hydrolase

Polyamine
biosysnthesis

O2

arginine decarboxylase, SAMDC, and spermidine synthase up-regulated
in rice in response to drought together with increased accumulation of
putrescine, spermidine, and spermine.

arginine
synthase

N-acetylglutamic
semialdehyde
N-acetylornithine
aminotransferase
N-acetylornithine
N-acetylornithine
deacetylase

carbamoyl
phosphate

arginosuccinate

linolenic acid (C18:3)
13-lipoxygenase

D-cysteine

activated CH3
delta 1-pyrroline--5-carboxylate synthetase (P5CS)
Methylation reactions eg for pectin methylation,
is a bifunctional enzyme possessing gamma-glutamyl
norepinephrine to normetanephrine, and to
kinase and glutamic-gamma-semialdehyde dehydrogenase
COOH-terminal S-farnesylated
activity and is the major route of proline synthesis under
cysteine of prenylated proteins (prenyl
drought conditions.
protein-specific methyltransferase; PPSEP)
S-adenosylmethionine
arginine
gamma-glutamyl
decarboxylase
decarboxylase
kinase
glutamate
glutamyl-gamma-phosphate
glutamic-gamma-semialdehyde
(SAMDC)
arginine
agmatine
GSA dehydrogenase
agmatine
N-acetylglutamate
iminohydrolase
synthase
ornithine-deltaarginase
aminotransferase
N-carbamoylputrescine
N-acetylglutamate

ACC synthase

OsERF109 negatively affects ethylene biosynthesis
and drought tolerance in rice.

OsOPR7 (12-oxophytodienoate reductase) induced in rice by drought

13-lipoxygenase

12-oxo-phytodienoic acid
reductase

NAD(P)H

3-oxo-2-(2'-pentyl)cyclopentaneoctanoic acid
(DH-OPC-8:0)

hydroxyproline

glutamic acid
P5C
dehydrogenase
spontaneous

proline
dehydrogenase

delta-pyrroline--5-carboxylate
(P5C)
P5C reductase

beta oxidation

prolyl-4-hydroxylase

N-methyltransferase
proline
N-methylproline

3-oxo-2-(2'-pentyl)cyclopentanehexanoic acid
(DH-OPC-6:0)

pyrroline-2carboxylate
reductase

ornithine
alpha-keto-deltaaminovalerate
ornithine-alphaspontaneous
aminotransferase

beta oxidation

pyrroline-2carboxylate

linolenic 13-hydroperoxide
(13(S)-hydroperoxy-9(Z),11(E),15(Z)octadecatrienoic acid)
(13(S)-HPOT or 13(S)-HPOTE)
hydroperoxide
dehydratase

3-oxo-2-(2'-pentyl)cyclopentanebutanoic acid
(DH-OPC-4:0)
beta oxidation

(allene oxide
synthase: A cytochrome
P450 ; CYP74A)

allene oxide
12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic acid
(13(S)EOT)
(allene oxide
cyclase)

15,16-dihydro-12-oxo-phytoenoic acid
(DH-12-oxo-PDA)

P5CS plays an important role in proline accumulation under drought conditions.

5'-methylthioadenosine
(MTA)

Osadc1 is upregulated by drought and is involved
in polyamine biosynthesis

amino acid
racemase

adenosine
nucleosidase
adenosine
deaminase

SAM-dependent
methylase

SAM: S-adenosylmethionine

orotate
dihydroorotate
dehydrogenase
(DHODH)

cystathionine
gamma-lyase
cystathionine
cysteine + ammonia + 2-ketobutyrate

adenine

homocysteine
+
adenosine

nicotianamine
synthase

diphaseic acid
glucoside

tocopherol cyclase (VTE)
(OsVTE1 induced by salt, H2O2,drought
cold, ABA, and salicylic acid)

methionine
synthase

adenosine
kinase

SAM synthetase

PPi + Pi

nicotianamine

gamma-tocopherol

CH3

L-cysteine

AMP
adenine
phosphoribosyltransferase

2-cysperoxiredoxin catalyses the breakdown of peroxides.
2-cysperoxiredoxins are reduced by thiols such as glutathione.

triose
phosphates

S-D-lactoylglutathione

linoleic acid (C18:2)

isoleucine
CHLOROPLAST
homocysteine

may conjugate
with HNE

Glutathione is said to be
a scavenger of active
oxygen species. Glutathione
can conjugate with electrophiles
such as dopaquinone.

glyoxalase I

glyoxalase II

cysteine biosynthesis genes are up-regulated by drought

homocysteine

methionine

dihydroorotate

L-OH

methylglyoxal

betaine aldehyde
glycinebetaine
choline
betaine aldehyde
monooxygenase
betaine aldehyde dehydrogenase mRNA
dehydrogenase
increases in barley in response to drought.

threonine

CYTOSOL

Ethylene
biosynthesis

carbamoylaspartate

aspartate

threonine
synthase

cystathione
cystathione
beta-lyase

R-CO-COOH

2,3-dimethyl-5-phytyl1,4-benzoquinone (DMPBQ)

O-phosphohomoserine

cystathione
gamma-synthase

R-CH-COOH

oxidised
glutathione
(GSSG)

glutamate + cysteine

D-lactate

glycinebetaine (N,N,N-trimethylglycine) is an osmoprotectant accumulating
in some plants in response to drought, high salinity and cold.

serine
decarboxylase

glutathione
S-transferase
L-OOH

phospholipid hydroperoxide
glutathione peroxidase
(PHGPX; E.C. 1.11.1.9)

γ-glutamylcysteine

ADP + Pi
Sulfhydryl (SH or thiol) compounds such as cysteine,
N-acetyl-L-cysteine, and reduced glutathione, as well
as ascorbic and citric acids, are good inhibitors of PPO
which catalyzes enzymic browning.

pyridoxal
phosphate
cofactor

5,10-methylenetetrahydrofolate

ATPase

ATP

OsABF3
OsADC (arginine decarboxylase)
OsAHL1
OsAP37 (a TF)
OsAP59
OsARAG1
OsAREB1
OsAREB2
ARGOS8
OsASR1
OsASR3
OsASR5
AtAVP1 (vacuolar pyrophosphatase)
OsbHLH148
AtBI-1
OsBURP16
GmbZIP1
OsbZIP16
OsbZIP23
AtbZIP60
OsbZIP71
OsbZIP72
AtCBF3
OsCBF3
ZmCBF3
HvCBF4
OsCDPK1
OsCDPK7
OsCIPK01
OsCIPK12
OsCOIN
OsCPK4
OsCPK9
OsCTR1
OsDHODH1 (putative dihydroorotate dehydrogenase)
OsDIL
GhDREB
FaDREB1
OsDREB1A
OsDREB1B
AtDREB1A
OsDREB1F
OsDREB1G
DREB2
EaDREB2
TaDREB2
AtDREB2A CA
OsDREB2A
OsDREB2B
DREB3
TaDREB3
OsDSM1 (Raf-like MAPKKK)
OsDSM2 (beta-carotene hydroxylase)
OsDSR2
OsDT11
AtEDT1/HDG11 (HD-ZIP TF)
OsEREBP1
TaERF3
OsERF71
OsFKBP16-3
ZmGF14-6
OsGF14c
OsGL1-2
AtGolS2
ZmGOLS2
OsGRAS23
OsHAP2E
AtHARDY
ZmHK9
hrf1 (harpin)
OsHsfA7
OsHsp17.0
OsHsp23.7
LpHUB1
CcHyPRP
OsIAA6
JERF1
JERF3
OsLEA3-1
TaLEA3
AtLOS5
OsLOS5
Osa-miR319a
Hv-miR827
OsMPK5
OsMT1a (metallothionein)
BvMTSH
OsMYB48-1
OsMYB55
OsNAC5
OsNAC6
OsNAC9
OsNAC10
TaNAC47
EcNAC67
TaNAC69
TaNAC69-1
OsNCED2
OsNF-YA7
ZmNF-YB2 (transcription factor)
Cdt-NF-YC1
OsNPK1
OsOCPI1
OsiSAP8
OsNAC5
OsNAC9
ZmNFYB1
OsOAT (ornithine delta-aminotransferase)
ONAC022
ZmPIF3
OsPIN3t
SiPLDalpha1
PMA80
PMA1959
MePMP3-2
MxPPO (protoporphyrinogen oxidase)
TaRAP2.1Lmut
OsRCI2-5
pRD29A::PYL9
OsRDCP1
OsRIP18
AlSAP
OsiSAP8
OrSAPK9
AtSDIR1 (E3 ubiquitin ligase)
OssHSP17.7
OsSIK1 (a putative RLK)
OsSKIPa
OsSNAC1
AmSod1 (superoxide dismutase)
TaSTRG (salt tolerance related gene)
SlTERF1 (tomato ERF)
OsTIFFY11a
OsTPS1 (trehalose-6-phosphate synthase)
TSRF1
WOX11
OsWR1
OsWRKY01
TaWRKY2
OsWRKY02
OsWRKY05
OsWRKY07
TaWRKY10
OsWRKY11
TaWRKY19
OsWRKY30
HvWRKY38
OsWRKY43
OsWRKY45
AtWRKY57
OsZAT10
OsZFP245
OsZFP252

NADP+
reduced
glutathione (GSH)
H-γ-Glu-Cys-Gly-OH
glycine

serine

NADPH + H+
glutathione
reductase

dehydroascorbate
reductase

monodehydroascorbate

cytosolic ascorbate peroxidase OsAPX2
associated with drought response in rice

tetrahydrofolate

increases in GSH through inhibition
of glutathione S-transferase increases
drought tolerance in Arabidopsis

(g-Glu-Cys-Gly)2
oxidised
glutathione
(GSSG)

ascorbate
O2

H2O2

phosphatidylethanolamine
(a component of membranes)

phaseic acid and diphaseic acid found in leaves
of drought stressed barley.

cysteine proteases are potentially involved with the drought response of wheat

oxidised
target enzyme
(inactive)

In Arabidopsis CBSX1 and CBSX2, which are in the chloroplast, activate all 4 thioredoxins,
and CBSX3 regulates mitochondrial thioredoxins (Yoo et al., Plant Cell, 2011)

OsNAC9

5'-methylthioadenosine
nucleosidase

allantoin

Thioredoxins are involved in two redox systems in plants:
the NADP-Trx system in the cytosol and mitochondria, and
the ferredoxin-Trx system in the chloroplast.

O-phosphoserine

adenosine phosphosulphate reductase
gene is up-regulated by drought

diphaseic acid

miR156 and miR162 may contribute to drought resistance
in switchgrass (Panicum virgatum)

HNO or NO

3-phosphohydroxypyruvate

MTR kinase

ABA aldehyde
oxidase
abscisic acid
(ABA)

NADPH

thioredoxin-S2

Protein

GSNO

reduced
target enzyme
(active)

reduced
thioredoxin

catalase

ATP

spontaneous

NADH

oxidised
thioredoxin

ferredoxin/
thioredoxin
reductase

e-

sucrose
6-kestotriose
sucrose:fructan
6-fructosyltransferase

HPO4 + HCOOH

5-methylthioribose
1-phosphate (MTR-1-P)

ABA aldehyde

OsNCED4,
OsNCED5,
OsPP2C68,
OSRK1,
RAB21,
OsLEA3,
RAB16C,
RAB16D

OsRab16D,
OsDREB2A,
OsOSE2,
OsPP2C,
OsRab21,
OsBZ8,
OsP5CS

Calcium

NH2

ABA 8’hydroxylase
(CYP707)
8’-hydroxy-ABA

ZmPIF3 overexpression in rice

trehalose-6-phosphate phosphatase up-regulated
in response to drought, cold and salt in rice.

violaxanthin

9’-hydroxy-ABA

photosynthesis:
electron transport

oxidised
ferredoxin

Overexpression of trehalose-6-phosphate synthase
gene OsTPS1 in rice increased tolerance to drought
cold and salt.

zeaxanthin epoxidase
(up-regulated by drought)

neophaseic acid
(detected in drought
stressed barley)

binds to
W-box

ribulose-5-phosphate

enolase

O2

ADP

OsMYB48-1 overexpression in rice
in response to drought

OsMPK3,
OsMPK4,
OsDREB1B

reduced
ferredoxin
NADP+

thioredoxin-(SH)2

Protein

From: Benhar et al. 2009. Nature Rev Mol Cell Biol, 10, 721-732.

phosphoglycerate
mutase

beta-carotene

neoxanthin
9-cis-epoxycarotenoid
dioxygenase (NCED)

DRO1 (DEEPER ROOTING 1) in rice is
negatively regulated by auxin.

OsTPP1 overexpression in rice
OsWRKY33

OsEREBP1

binds to
GCC box

SH

GSNHOH

pyruvic acid

zeaxanthin

short chain alcohol
dehydrogenase/reductase

OsMPK12
osa-miR1848

SNO
GSH

2-phosphoglycerate

pyruvate kinase

ABA glucose ester
beta
glucosidase

storage

overexpression of osa-miR1848
downregulats OsWS1 transcripts

2H2O

phosphoenolpyruvate

degradation

OsVHA-B,
OsNHX1,
OsCOR413-TM1,
OsMyb4

cuticular wax formation

cinnamaldehyde + CoA + NADP+

z-carotene

many genes involved in ABA
biosynthesis have been shown
to be up-regulated by drought
in barley

OsbZIP71 overexpression in rice
in response to drought

MODD negatively regulates ABA signaling and drought tolerance and
negatively regulates OsbZIP46. MODD promotes OsbZIP46 degradation
via interaction with the U-box type ubiquitin E3 ligase OsPUB70.

ZmSnRK2

ZmPYL

glutamine

erythrose-4-phosphate

1,3-bisphosphoglycerate

lycopene

ABA glucosyl
transferase

OsCPK6,
OsCPK9,
OsCPK19,
OsCPK26

phosphoglycerate
kinase

galactono1,4-lactone

xanthoxin

gamma glutamyl phosphate
(intermediate)
glutamine
synthetase

glyceraldehyde-3-phosphate
dehydrogenase

Rice annexin (Ca2+ dependent phospholipid binding proteins) genes
are regulated by abiotic stresses including drought, salt, heat and cold.

OsNAC9

AtbZIP60 overexpression in rice
in response to drought

OsDREB1A,
OsLEA3,
OsP5CS,
OsProT

UDP-glucose4-epimerase
UDP-glucose
UDP-galactose

trehalose-6phosphate
synthase

1-deoxy-D-xylulose5-phosphate (DOXP)

IAA-Asp
IAA-Glu

OsZFP252 overexpression in rice
in response to drought

OsWS1

digalactosyl myo-inositol

trehalose-6-phosphate
phosphatase
T6P is considered as a
key regulatory molecule

phytoene

indole-3-acetic acid (IAA)-amido synthetase
gene induced by drought in rice.

OsPP18

Rice plants overexpressing the glutamine synthetase gene GS1;2
showed enhanced sensitivity to salt, drought and cold.
OsGS2 and OsGS1;1 expression may contribute to drought tolerance in drought resistant cvs.

raffinose

trehalose-6-phosphate (T6P)

GDP-gulose

ferricytochrome c
oxidase/
galactono-1,4 lactone
dehydrogenase
dehydrogenase
ferrocytochrome c
ascorbic acid

IAA-amido
synthetases

IAA
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indole-3-acetic acid (eg IAA-Asp, IAAGlu)
-amido synthetase

activation of phospholipase D

NAD+

phosphate
GMP

IAA

X

glutamate
glutamine
synthetase

NDP-glucose + fructose

raffinose
synthase

glucose-1-phosphate
fructose-6-phosphate
glucose-6-phosphate
phosphomannose
glucose-6-phosphate
phosphoglucomutase
isomerase
isomerase
NADP
phosphomannomutase
ATP
glucose-6-phosphate
phosphofructokinase
chloroplast G6PDH is
dehydrogenase (G6PDH)
fructose 1,6subject to phosphorylation
bisphosphatase
plastid enzymes of G6PDH
mannose-1-phosphate
are redox regulated
fructose-1,6-bisphosphate
Pi
NADPH glucono-1,5-lactone 6-phosphate
GDP-mannose
pyrophosphorylase
fructose
(6-phosphogluconolactone)
epimerase/
bisphosphate
dehydratase
reductase
aldolase
GDP-4-keto,6-deoxy-mannose
GDP-mannose
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OsSNAC1

PIP2

myo-inositol-1-phosphate
synthase (MIPS) (alternatively spliced variants involved
in abiotic stresses in rice and Arabidopsis)

glucosamine-6-phosphate
synthase

IAA-amido
hydrolases

Whilst ABI1 is usually up-regulated in response to drought
ABI3 is usually down-regulated

ZmPP2C-A10

mannose-6-phosphate

NADH

OsABF1

OsWRKY104

phytosphingosine-1-phosphate

phospholipase D

trehalose

NAD
galactose
dehydrogenase

phospholipase D is involved with drought tolerance

myo-inositol-3-phosphate
synthase (MIPS)

glucosamine-6-phosphate

galactose

OsEm1

OsRAB16A,
OsRAB16C,
OsRAB21,
OsLEA3

myo-inositol

galactinol
synthase

myo-inositol

myo-inositol
UDP-gal
oxygenase
(induced by
drought in
rice) glucuronic acid

glucosamine

GDP-galactose

OsHsfB2b negatively regulates salt and drought stress inrice.

HvCPK2a is a negative regulator of the drought stress response in barley.

1,3,4-IP3

inositol 1,3,4-trisphosphate 5/6 kinase
is essential for drought and salt tolerance in rice

GDP-fucose

OsSNAC1,
OsWRKY45-1

stomatal closure

O-

sucrose
synthase

OsRD22,
OsSODA1,
OsbZIP46,
OsPOD,
OsZEP1

OsWRKY13 is a
transcriptional repressor

Overexpression of OsWRKY30 in rice
increased drought tolerance
OsTLD1 (indole-3-acetic acid-amido synthetase)
AREB1
AREB2
ABF3

drought and
salt tolerance

inducible isoforms of phospholipase A in durum wheat
associated with drought responses.

phospholipase A2

phosphatidylethanolamine

inositol
phosphatidylinositol3-phosphate
-3-phosphatase
inositol

inositol may exist in different isomers
(myo-inositol, chiro-, scyllo-, neo-).
GPI = glycosylphosphatidylinositol

O

HC
H 2C

NDP + sucrose

Drought

OsWRKY13

IP2 1-phosphatase

3,4,6-IP3

3,4,5,6-IP4

inositol-1 (or 4)
-phosphatase

H 2C

IP3 5phosphatase

IP4 1,3,4,6-IP
4
5-kinase

phytate
IP6

OsWRKY30

H2O2
accumulation
increased expression of
MYB, MYC, and proline
synthesis and photosynthesis
related genes in rice.

O

phosphatidylcholine

Ca2+ regulation

1,3,4,5-IP4

1,3,-IP2

4-phosphatase

overexpression of
JERF3 in rice

OsDIL overexpression in rice
in response to drought

Drought

OsWRKY80

phosphorylation

ABA

OsSDR OsSDR is a putative
ABA synthesis gene
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1,4-IP2
(inositol 1,4bisphosphate)

control of
stomatal
aperture

JERF3

OsP5CS

lysophosphatidic acid

phospholipase D

OsMPK3,
OsMPK7,
OsMPK14

H2O2

Drought

phospholipase A1

DGPP
phosphatase
phospholipase A2

Phosphoinositide
cascade
inositol-1,4,5inositol-1,4,5trisphosphate (IP3)
trisphosphate (opens Ca2+ channels)
5-phosphatase

TSRF1 (an ERF)

ZmSNAC1

diacylglycerol
pyrophosphate (DGPP)

phosphatidate
kinase

phosphatidate
cytidyltransferase
(cdp.dg synthase)

IP3 receptor

Ins(1,4,5,6)-P4
Ins PolyP
2-kinase

cytidine diphosphate
1,2-diacylglycerol

PIP5K
(PtdIns-4-phosphate
5-kinase)

PtdIns(3,4,5)P3

Ca2+ mobilisation

Ins(1,2,4,5,6)P5

phosphatidylinositol
4-phosphate (PtdIns(4)P)

inositol
(poly)phosphate
5-phosphatase (SHIP)

Drought

ZmOST1
(= OPEN STOMATA 1,
is a kinase)

inositol 1,3,4-trisphosphate 5/6 kinase is involved
in drought and salt tolerance in rice

PI synthase

PI3K
phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P2)
diacylglycerol-3-P
3-phosphatase
(phosphatidic acid)
phosphatidic
phospholipase C
acid
diacylglycerol
(receptor-triggered
phosphatase
kinase
activation)

regulation of specific
protein kinases ?

Ca2+ in the cytosol increases and
acts as a second messenger
in cells in response to drought

PI3K

PtdIns(3,4)P2
PIP5K

Proteins associated with calcium signaling
are clearly involved in drought responses, eg.
calcineurin B-like proteins (CBLs) and their
target proteins CBL-interacting protein
kinases (CIPKs).

PtdIns4 kinase

4-phosphatase

Drought

rab17

CDP-diacylglycerolinositol
3-phosphatidyltransferase
(phosphatidylinositol synthase)

phosphatidylinositol (PtdIns)

PtdIns(3)P

PIP5K

OsbZIP23

OsSNAC1

E1 = ubiquitin activating enzyme (Arabidopsis has 2 E1 enzymes)
E2 = ubiquitin conjugating enzyme (Arabidopsis has at least 37 E2 enzymes)
E3 = ubiquitin ligase (Rice has 1,332 E3 genes)

Other genes or proteins up-regulated
by drought or involved in drought stress
signaling but not yet included in pathways.

Transgenic plants overexpressing the following
have given improved DROUGHT tolerance in monocots:

hydroperoxide
cyclase

12-oxo-phytodienoic acid
(12-oxo-10,15(Z)-phytodienoic acid)

12-oxo-phytodienoic acid
reductase
3-oxo-2-(2'-pentenyl)cyclopentaneoctanoic acid
(OPC-8:0)
beta-oxidation
3-oxo-2-(2'-pentenyl)cyclopentanehexanoic acid
(OPC-6:0)
beta-oxidation

3-oxo-2-(2'-pentenyl)-cyclopentanebutanoic acid
(OPC-4:0)
beta-oxidation

ornithine transcarbamylase

citrulline
arginosuccinate
synthase

7-epi-dihydrojasmonic acid
drought

OsNAC2

methyl jasmonate
O

O

malondialdehyde (an indicator of
oxidative damage)

ornithine
OsOAT
(ornithine delta-aminotransferase)

7-epi-jasmonic acid
jasmonic acid carboxyl
methyltransferase

Glutaredoxins and glutathione may regulate protein activity via glutathionylation.
Glutaredoxins reduce disulphide bridges.
Over-expression of SlGRX1 (tomato glutaredoxin) increased tolerance to drought.

Rice plants produced methyl jasmonate
during drought stress.
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