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Plant Drought Responses - Dicots

NADH

NAD

Hsp70-like
chaperone

dehydratase

glucose-6-phosphate
isomerase

phosphomannose
isomerase

glucosamine-6-phosphate 
synthase

phosphomannomutase

GDP-mannose
pyrophosphorylase

galactose
dehydrogenase

GGPPS

oxidase/
dehydrogenase

galactono-1,4 lactone
dehydrogenase (GLDH)

GLDH uses oxidised 
cytochrome c

GDP-mannose
3",5"-epimerase

epimerase/
reductase

GDP-fucose

AtOST1 (SnRK2.6) controls stomata closure in response to water-deficit stress

NADPH

GDP-gulose

gulose

stress

Decrease of RuBisCO gene expression in response to drought
More drought responsive genes can be found at www.drastic.org.uk

Many microRNAs are up-regulated in plants in response to drought
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Increased levels of inositol in potato
in response to drought.

degradation by phytases

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

inositol
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1,4-IP2

(phosphatidic acid) lysophosphatidic acid

bisphosphatidic acid

phosphatidylethanolamine

phosphatidic acid has been reported to bind to a number
of proteins eg PEPC, HSP90, tubulin, PP2A regulatory
subunit, GTP-binding like, SNF1-related kinase, and 
14-3-3, in Arabidopsis

diacylglycerol
pyrophosphate (DGPP)

cytidine diphosphate
1,2-diacylglycerol

(opens Ca2+ channels)

Phosphoinositide cascade  is poorly described in plants.
Some of the detail shown here is from animal and yeast 
systems. Phosphoinositide signalling is clearly involved
with drought responses (Ca-induced signallling, CDPKs, IP3
up-regulated) but only some of the components
shown here have been proven to be involved. The full scheme
is therefore included for reference at the moment.
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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).
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regulation of specific
protein kinases ?

4,5-PIP2 also regulates actin regulatory proteins,
activation of phospholipase D, an ADP-ribosylation
factor, and proteins containing the pleckstrin homology
domain (involved in signal transduction) in animals. 

regulation of specific
protein kinases ?
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In plants PtdIns(4)P is 10-20 fold
higher than PtdIns(4,5)P2 (in animals
the ratio is 1:1).
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Calcium

AtSOD,
AtCAT,
AtNHX1,
AtSOS1,
AtP5CS,
AtRD22

The SOS pathway is involved in salt responses.

glycogenin glucosyltransferase mRNA accumulated in response to drought, 
salt, ethylene, gibberellin,  and abscisic acid in a submergence tolerant cultivar of rice.

SOS1

SOS3-SOS2 protein kinase complex

Drought

AtDREB2A

Cold

AtDREB1A/CBF3

response genes
eg
COR15A
KIN1
KIN2
COR15B
AtCOR413-TM1
At2g02100

response genes
e.g.
RD29B
MT2A
At1g69870
At3g53990
At1g22985

response genes
e.g.
RD29A
RD17
LEA14
At2g23120

posttranslational
modification

AtMKK1, AtMKK2 and AtMKK3 can activate the RD29A promoter and AtMKK1, AtMKK2, AtMKK3, AtMKK6 and AtMKK8 can activate the RD29B promoter.

The Solanum lycopersicum gene SlNAC3 is inhibited by salt, drought and ABA

The following calcium dependent protein kinases have been shown to be up-regulated in drought responses
AtCDP1, AtCDPK2, AtCPK3 (At4g23650), AtCPK4 (At4g09570), AtCPK5 (At4g35310), AtCPK6 (At2g17290), AtCPK10,
AtCPK11 and AtCPK23 (At4g04740)

Info from: http://www.ncbi.nlm.nih.gov/pubmed/16617101

Increase in galactinol and raffinose in drought resistant potatoes Legay et al. (2011).
Also, Taji et al 2002 showed that drought, high salinity and cold treated Arabidopsis
plants accumulate large amounts of raffinose and galactinol but not stachyose.
Galactinol and raffinose thought to scavenge hydroxyl radicals to protect cells from
oxidative damage.
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sucrose synthase genes SUS1 and SUS3 upregulated
by drought in Arabidopsis
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O-methyl inositol (d-ononitol) is an
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tryptamine indole acetaldehyde
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HSP90 involved in drought tolerance
of rapeseed.
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salt and osmotic stress cause rapid increases in
Arabidopsis cGMP levels.

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

inositol-1,4,5-trisphosphate 5-phosphatase 11 is induced in Arabidopsis
in response to drought
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ethylene biosynthesis is affected by
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ACC: 1-aminocyclopropane-1-carboxylic acid
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thermospermine reported to contribute to
drought and salinity tolerance in plants.

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

putrescine delta 1-pyrroline

transgeneic potatoes expressing AtDREB1A
showed elevated levels of GABA and beta-
cyanolanaine
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arginine decarboxylase gene (ADC2)
upregulated by drought in Arabidopsis
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spermine synthase gene AtSPDS3 (At5g53120)
is induced by drought in Arabidopsis
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see: http://www.hort.purdue.edu/rhodcv/hort640c/onium/on00002.htm
for a detailed pathway of glycinebetaine biosynthesis

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

cholineethanolamine glycinebetainebetaine aldehyde
choline
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pyrroline-2-
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glutamyl-gamma-phosphate glutamic-gamma-semialdehyde delta-pyrroline--5-carboxylate
(P5C)

delta 1-pyrroline--5-carboxylate synthetase (P5CS)
is a bifunctional enzyme possessing gamma-glutamyl
kinase and glutamic-gamma-semialdehyde dehydrogenase
activity and is the major route of proline synthesis under
drought conditions.

proline

hydroxyproline

In potato miR172, miR396a, miR396c and miR4233
may regulate P5CS gene, and miR2673 and miR6461
may regulate P5CR and proDH respectively. In addition,
miR811, miR814, miR835, miR4398 regulate a MYB 
transcription factor (CV431094), hydroxyproline-rich glycoprotein
(TC225721), aquaporin (TC223412) and a WRKY transcription
factor (TC199112), respectively.

N-methylproline

glutamic acid

NAD(P)H

P5CS plays an important role in proline accumulation under drought conditions.
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AtP5CS1 is regulated by AtMYB2
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N-acetylornithine
aminotransferase

N-acetylornithine
deacetylase

N-acetylglutamate 
synthase
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proline
dehydrogenase
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PGYRP  (proline-, glycine- and tyrosine-rich proteins) are implicated
in abiotic stress responses such as drought, salt and cold.
Tyrosine aminotransferase (TAT3) upregulated by drought in Arabidopsis.

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

AtCPK32 interacts with ABF4 (a transcription factor).

StMYB1R-1 gene is upregulated in response to drought
and expression increases drought tolerance

AtRD20 is a member of caleosin family

miRNAs have been identified in Physcomitrella patens which may play important roles
in regulating drought-resistant traits.

AtCPK10 interacts with HSP1

StPPI1, a proton pump interactor, is induced by salt stress and  and cold, and 
transcript levels slightly increased by  drought and mechanical wounding.

SOS pathway; a calcium-responsive SOS3-SOS2 protein kinase complex
controls the expression and activity of SOS1.

E1, E2, E3

E1 = ubiquitin activating enzyme (Arabidopsis has 2 E1 enzymes)
E2 = ubiquitin conjugating enzyme (Arabidopsis has at least 37 E2 enzymes)
E3 = ubiquitin ligase (Arabidopsis has more than 1400 E3 enzymes)

PROTEIN PROTEIN

Ub

The U-box E3 ubiquitin ligases PUB22 and PUB23
negatively regulate drought signaling by ubiquitinating
cytosolic RPN12a Ub. PUB 22 and PUB23 target ABA
receptor PYL9 for degradation. PUB22 also interacts with
PYL5, PYL7 & PYL8

Ub

Ub

Ub

Ub Protein ubiquitination

26S proteasome
(ATP dependent)

peptidesThe COP9 signalosome (CSN) is a multi-protein 
complex that regulates the activities of cullin-
RING E3 ubiquitin ligases (CRLs). 

AtSAP5 has E3 ubiquitin ligase activity in vitro. Overexpression of AtSAP5
correlates with up-regulation of drought stress response  gene expression.
At3g02480 = UBC32, ubiquitin protein ligase is up-regulated in response to drought.

AtXERICO up-regulation increases drought tolerance in adult Arabidopsis and
increases cellular ABA levels. In yeast 2-hybrid assays AtXERICO interacts with
E2 ubiquitin-conjugating enzyme AtUBC8 and ASK1-interacting F-box protein AtTLP9.

CaRma1H1 is a hot pepper drought-induced RING E3 ubiquitin ligase

AtPUB19 is a U-box E3 ubiquitin ligase and is up-regulated by drought. Down regulation 
of AtPUB19 led to enhanced drought tolerance. Thus, AtPUB19 negatively regulates ABA and
drought responses. The ubiquitin ligases AtPUB46 and AtPUB48 are also involved in the
response to water stress.

E3 ligases can be divided into single-subunit E3 ligases or multi-subunit E3 ligases

Ub

aldehyde oxidase, associated with tryptophan degradation,
is drought responsive.

indolepyruvate
decarboxylase 
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Potato:
MYB1R-1 (transcription factor)
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reductase
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(DH-OPC-8:0)

beta oxidation

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

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

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

linoleic acid (C18:2)

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

linolenic acid (C18:3)

13-lipoxygenase

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

methyl jasmonate

hydroperoxide
cyclase

hydroperoxide 
dehydratase

allene oxide

(allene oxide
synthase: A cytochrome 
P450 ; CYP74A)

(allene oxide cyclase)
(genes upregulated in
Arabidopsis by drought)

12-oxo-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)

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

7-epi-jasmonic acid

beta-oxidation

beta-oxidation

jasmonic acid carboxyl
methyltransferase

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

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

SnRK2 Plants have 38 SnRKs which are
divided int 3 subfamilies:-
SnRK1, SnRK2 and SnRK3

AREBPs

multiple stress responses

ABA, cold stress, 
water stress, osmotic stress

AtMYB96

activation of cuticular wax biosynthesis

StZFP1 (a zinc finger protein)
gene induced by salt, dehydration and ABA

AHK1 is a positive regulator in drought stress and
AHK2, AHK3 and AHK4 are negative regulators in drought stress

UDP-glucose-
4-epimerase

UDP-galactose

histidine
kinase

ADP + N-phospho-L-histidineATP + protein L-histidine

nicotinic acid trigonelline
nicotinic acid
N-methyltransferase

phenylalanine trans cinnamic acid phenylpropanoids
(involved in radical scavenging)phenylalanine

ammonia-lyase

glutamate

alanine + glyoxalate pyruvate + glycine

4-hydroxy-2-glutaric acid increases in tobacco roots in response to drought.

glutaminegamma glutamyl phosphate
(intermediate)glutamine

synthetase

alanine-
glyoxalate
aminotransferase
(transaminase)

glutamine
synthetase

adenosine phosphosulphate reductase 
gene is up-regulated by drought

nitrite reductase gene is up-regulated by drought

AtCLB is a repressor of abiotic stress response
AtCLB binds to the promoter of thalianol synthase gene (AtTHAS1).
AtCLB protein can bind to the membrane lipid ceramide.
Loss of Atclb gene function confers an enhanced drought and salt tolerance
in T-DNA insertion knockout mutants.

malondialdehyde (an indicator of 
oxidative damage)

O O

poly(ADP-ribose) glycohydrolase 1 (PARG1) is required for drought, osmotic and oxidative stress responses in Arabidopsis.

SnRK2s

ABI5,
AREB1,
AREB2

ROS

AtRbohF KAT1SLAC1

H2C

HC

H2C

O

O R1

R2

O X

O

C

C

PO

O-

phospholipase D

O

O

activation of phospholipase D

phytosphingosine-1-phosphate

PIP2

phospholipase D is involved with drought tolerance

ABA

AtWRKY46/54/70 negatively modulate drought tolerance and repress
drought-inducible gene expression.

AtPP2-B11

AtSnRK2.3 

AtJUB1

AtHB13

CaAIPP1 (a negative
regulator of the drought 
stress response)

CaAIRF1

SOS3

regulates Na+/K+
homeostasis

Arabidopsis expressing 
SaSce9 (a SUMO conjugating enzyme)

AtMYB52

regulates cell wall biosynthesis

ABA

citrulline, glutamate and argine accumulate in drought
stressed wild watermelon leaves.

citrulline reported to be a hydroxyl radical scavenger
under drought conditions.

sucrose + sucrose

Enzymes involved in fructose/fructans

1-kestose + glucose

sucrose:sucrose 
1-fructosyltransferase (1-SST)

fructan:fructan 
1-fructosyltransferase (1-FFT) fructan 1-exohydrolase (1-FEH)

C16-CoA
C18-CoA

malonyl-CoA

AtMYB96

AtMYB96 is involved in drought resistance and 
regulates cuticular wax biosynthesis by binding 
to promoters of genes such as KCS, KCR and ECR.
AtMYB96 is ABA inducible.

AtMYB96

AtMYB96

very long chain
fatty acids (VLCFAs)

C24 to C34 waxes

to epidermis

C16-ACP
C18-ACP

chlorophyll a/b binding protein
LHCA4 down-regulated in response
to drought consistent with reduced
photosynthesis. 

PLASTID

fatty acid synthase

        KCS
(condensation)

    KCR
(reduction)

fatty acid
elongase

     HCD
(dehydration)

    ECR
(reduction)

ABA

drought

EDL3 may be a component
of a ubiquitin ligase complex

TPS11 and TPS21 are sesquiterpne synthase genes

AtMRP5 (an ABC transporter) is a central regulator of guard cell ion channel and Ca2+ signal transduction in guard cells.

AtICE1

CBF

MtCAS31

AtDREB2A,
AtZAT12

AtCDF3

AtMAPKK3

AtMAPKKK18

AtTIP1;1,
AtTIP2;2,
AtPIP2;3

AtTG 
(translucent green)

CYCH;1 regulates the drought stress response in a CDKD-independent manner

RD26,
ERD7,
RAB18,
LTPs,
COR78,
CBF1,
HSPs

AtCAMTA1

NtLEA5,
NtERD10C,
NtAREB,
NtCDPK2

NtRHF1

AtIAA30,
AtQRAP2,
AtRAP2.4,
AtRAP2,
AtPAP24,

AtCPL5 overexpression

MdSIMYB1 overexpression

NtDREB1A,
NtERD10B,
NtERD10C

CgDREBa,
CgDREBb

CdICE1 overexpression

chlorophyll a/b-binding proteins
photosystem-related genes

SpUSP overexpressionSpUSP

annexin (SGN-U314161)

AtHSP17.8 overexpression

ABI1,
ABI5,
NCED3,
SNF4,
AREB2

AtWNK9 overexpression

ABI1,
ERA1,
ABI3,
ABF3

AtABI3

CRUCIFERIN1,
CRUCIFERIN3,
LEA76,
LEA6

RD29A,
ERD10,
COR15A,
COR47,
KIN1,
DREB2A

AtSIZ1,
AtCBF1,
AtATR1/MYB34,
AtMYC2,
AtCOR15A,
AtRD29A,
AtRD29B

NtDnaJ1 overexpression
in Arabidopsis

AtRD20,
AtRD22,
AtAREB2,
AtSOD1,
AtSOD2,
AtCAT1

L-cysteine D-cysteine

cystathionine cysteine + ammonia + 2-ketobutyrate

sulphide + NH3 + pyruvate

D-cysteine
desulphydrase

amino acid
racemase

cystathionine 
gamma-lyase

H2O

xyloglucan endotransglucosylase / hydrolase enhances tolerance to drought

expansin gene TaEXPB23 enhances tolerance to drought in tobacco

cysteine biosynthesis genes are up-regulated by drought

FPP

In tomato, GGPPS (geranylgeranyl diphosphate synthase)
and HPT1 expression is higher in a drought tolerant variety (S. chilense)

α tocopherol increases in tomato in drought tolerant variety (S. chilense)

prolyl-4-hydroxylase

citrullinearginosuccinate

carbamoyl
phosphate

N-acetylglutamate 
kinase

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.

StCDPK2

StCDPK2 phosphorylates StABF1 in vitro

StABF1
StABF1 is induced in response to drought,
ABA, salt stress, and cold

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

AtDRIP1 and DRIP2 negatively regulate drought-responsive gene expression by targeting DREB2A to the 26S proteasome.

superoxide

guaiacol peroxidase activity reported to increase under drought.

superoxide
dismutaseNADPH oxidase

glycolate oxidase
(gene downregulated in
alfalfa in response to drought)

H2O + O2

H2O

O2

catalase

ascorbate

2-keto acids2-hydroxy acids

monodehydro-
ascorbate

ascorbate
peroxidase

ascorbate
oxidase

H2O2

H2O2

2H2O

O2

glutathione
S-transferase

Extracellular peroxidase 2 (CaPO2) is induced in pepper 
in response to drought.

may conjugate
with HNE

NADPH + H+

Genes for NADPH oxidase, ferritin and Cu/Zn superoxide
dismutase induced in alfalfa in response to drought.

NADP+

oxidised
glutathione
(GSSG)

reduced
glutathione (GSH)

GSH
D-lactate

methylglyoxal

acetol

methylglyoxal increases in
response to drought, salinity
and cold

methylglyoxal up-regulates transcription of stress-responsive 
genes in an ABA-dependent pathway in Arabidopsis

triose
phosphates

S-D-lactoyl-
glutathione

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

glutathione
reductasedehydroascorbate

reductase

dehydroascorbate reductase is
upregulated in response to drought

glycine

glutamate + cysteine

H-γ-Glu-Cys-Gly-OH

(g-Glu-Cys-Gly)2

oxidised
glutathione
(GSSG)

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

L-OOH

L-OH

glutathione
 synthetase

γ-glutamylcysteine 
synthetase

γ-glutamylcysteine

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.

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

GGPP

phytoene

1-deoxy-D-xylulose-
5-phosphate (DOXP)

z-carotene

lycopene

zeaxanthin epoxidase (ZEP)
(upregulated in rice by drought)

beta-carotene

zeaxanthin

violaxanthin

AtABCG22 is a putative 
ABA influx transporter

flavin
monooxygenase

auxin (IAA)

GmPUB8 may negatively regulate plant response to drought stress

tryptophan dependent
pathway

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

AtAAO3 (aldehyde oxidase)
StABF1
GhABF2 
ABF2 transcription factor (At1g45249)
ABF3 TF (ABRE binding factor 3)
ABF4 TF (At3g19290)
ABI1 threonine phosphatase (At4g26080)
ABI2 (a PP2C)
AtACBP2 (acyl-CoA-binding protein 2)
GmbZIP1
AFP3, ABI5 binding protein 3 (At3g29575)
CaAIEF1 
CaAIPP1 
CaAIR1
AtAIRP2 (RING E3 ubiquitin ligase)
AtAIRP3/LOG2
MeALDH
alkaline alpha galactosidase (putative)(At3g57520)
AML2 (At2g42890)
ATAF1 transcription factor (At1g01720)
ANAC019
ANAC055
ANAC072
StANN1
AnnAt8 
AhAREB1 
MaASR
AhBBI (Bowman-Birk Inhibitor)
AtbHLH17 (AtAIB)
PebHLH35
StbHLH45 
AtBSK5 (brassinosteroid-signaling kinase)
ATHB-7 transcription factor (At2g46680)
ATHB-12 transcription factor (At3g61890)
ZmbZIP60
BhbZIP60S 
C3HC4 RING zinc finger (At5g01520)
calcium binding protein (At5g39670)
MtCAS31 (a dehydrin)
LlCBF
AcCBF1
ClCBF1 
AtCDF3
McCDPK1
CDSP32 (thioredoxin)
PeCHYR1 
CIPK3 (At2g26980)
CIPK9 (At1g01140)
COR413-PM1 (At2g15970)
CPK10
PeCPK10
AtCPL5
GmCYP707A
MpCYS4
cytochrome P450 (At3g14620)
BnD22
VyDHN1 (dehydrin)
OesDHN 
AtDi19
CaDIN1
AtDjB1
GhDREB
DREB1A (At4g25480) (DRE binding protein 1)
DREB2A (At5g05410) (a transcription factor)
StDREB1
PeDREB2a
MsDREB2C
SsDREB 
DREB19 (At2g38340)
ApDRI15
CaDSR6
GpDSR7 (E3 ubiquitin ligase)
CaDTR1 
BjERD4
AtERD10
SpERD15
AtERF1
VpERF1
HhERF2 
GmERF7
AtERF53 (an AP2/ERF TF)
EXL4, exordium like (At5g09440)
RhEXPA4
HsfA1a 
FAD binding domain protein (At4g20830)
AtTGA4
AaGA2ox1
AaGA2ox2 
AaGA2ox4
GBF3 transcription factor (At2g46270)
germin-like (At5g38910)
AtGOLS2
glycine-rich protein (At2g05540)
CsGRP2a
MsGRP
GsSRK
GhHistone H1.S like
HAB1
HARDY
AtHB7
AtHB12
HSFA6B, heat shock TF (At3g22830)
GmIMT (myo-inositol methyltransferase)
GsJAZ2
KIN1 (At5g15960)
KIN2 (At5g15970)
Ntβ-LCY1
LEA proteins
CaLEA1
AtLEA14
AtLIP5
lipase (At2g30550)
LTI65, low temperature induced 65 (At5g52300)
LTI78, low temperature induced 78 (At5g52310)
AtLTP3
AtLTP4
SlLUT1 
MATE efflux family (At1g61890)
MATE efflux family (At1g66760)
AtMAX2
AtMCSU/ LOS5/ ABA3
MEPRIN and TRAF homology domain (At1g58270)
gma-MIR394a 
miR408
GhMKK1
CaMLO2
MeMSD
multicystatin (a protease inhibitor)
Myb family transcription factor (At5g17300)
FtMYB10
GmMYB84
GmMYBJ1
MYC2 transcription factor (At1g32640)
GmNAC
SaβNAC
AaNAC1 
PbeNAC1 
BnNAC2
RhNAC2
GmNAC003
GmNAC004
BnNAC5
NAC6 transcription factor (At5g39610)
PtrNAC72 
NAP transcription family (At1g69490)
AtNCED3 (9-cis-epoxycarotenoid dioxygenase)
AtNF-YB1
NSP5, nitrile specifier protein 5 (At5g48180)
AtNTL4 (a NAC TF)
NuM1-related (At1g72800)
omega-3-fatty acid desaturase
OPR3 (At2g06050)
SbP5CS1
SbP5CS2
MtP5CS3
PatPIP1 (an aquaporin or MIP)
JcPIP2
GhPIP2;7
PLPB, signal transducer (At2g02710)
CanPOD (pepper peroxidase)
protease inhibitor (LTP family) At1g48750
protein kinase putative (At4g23050)
StPTB1 (polypyrimidine tract-binding)
GmPUB1-9
PUB19
AtQRAP2
RAB18 (dehydrin)
AtRAP2
AtRAP2.4
RAP2.6 transcription factor (At1g43160)
RD20 calcium binding (At2g33380)
RD22
RD26 transcription factor (At4g27410)
MeRD28
RD29A
RD29B
NtRHF1
GsRLCK
RPK1
AtRDUF1 (E3 Ub ligase)
AtRDUF2 (E3 Ub ligase)
VaRGA1 
CaRma1H1 (ER localized RING E3 ubiquitin)
SAP5
AtSDIR1, C3HC4-RING finger (At3g55530)
VvSDIR1
SlSHN1
SIP4 (SOS3-interacting protein 4)(At2g30360)
SlSRN1
SIZF2
StTAS14
AtTG (translucent green)
thaumatin-like (At4g36010)
transducin family (At1g49450)
AtUGT76E11 
AtUGT79B2 
AtUGT79B3
AtUGT87A2 
universal stress protein (At3g62550)
universal stress protein (At3g53990)
unknown (At1g07040)
unknown (At1g13990)
unknown (At1g16850)
unknown (At1g68440)
unknown (At1g78070)
unknown (At2g01010)
unknown (At2g01030)
unknown (At2g23120)
unknown (At3g02480)
unknown (At3g20300)
unknown (At3g59930)
unknown (At4g34000)
unknown (At5g17460)
unknown (At5g17465)
unknown (At5g61820)
USP At3g62550 (universal stress protein)
USP At3g53990 (universal stress protein)
SpUSP
AtUSPL1
vacuolar H+ pyrophosphatase
AtVSP2
EsWAX1
CsWAX2
SpWRKY1
ThWRKY4
GhWRKY15
GsWRKY20
BdWRKY36
BcWRKY46
CmWRKY48
AtWRKY53
NtWRKY69
AtYUC7 (flavin monooxygenase)
AtZFHD1
MeZFP
CgZFP1 (zinc finger protein)
zinc finger (At5g01520)
zinc finger related (At1g27730)
zinc finger related (At4g01020)

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

Hva1
TaABC1
GhABF2 
AtABF3
AtABF4/AREB2
AtACBP2 (acyl-CoA-binding protein 2)
AtADH1 
AtADR1 (CC-NBS-LRR protein)
TaAIDFa (T. aestivum abiotic stress-induced DBF)
AtAIRP1 (a RING E3 ubiquitin ligase)
ZmAIRP4 (a RING E3 ubiquitin ligase)
XvAld1 
AtALDH3
ScALDH21 
TraeALDH7B1-5A
XvALDRXV4
AtAlx8
StANN1
AnnAt8 
SlAnnSp2 
OsAP21
TaAQP7
AhAREB1 
AtAREB1
OsAREB1
TaAREB3 
SaARF
AtARR22
AtASPG1 (aspartic protease)
MzASMT1
MaASR
TaASR1
SiASR4
CsATAF1
AtAVP1 (vacuolar pyrophosphatase)
AtBG2 (β-glucosidase)
PebHLH35
TabHLH39 
AtbHLH122
OsBIRF1 (RING E3 ligase)
ZmpsbA 
AtbZIP1
AtCabZIP1
TabZIP60
BhbZIP60S 
TabZIP174
MtCaMP1
MtCAS31 (a dehydrin)
OsCAS 
ClCBF1 
AtCBF4
HvCBF4
AtCBL1
GmCBL1
AtCBL5
AtCBP20 (loss of function induces tolerance)
AtCBP60g (calmodulin binding protein)
AtCDF3
OsCDPK7
CcCDR
AtCHLH
PeCHYR1 
OsCIPK01
TaCIPK2 
GhCIPK6
SpCIPK26
TaCIPK27 
AtCKX1
OsCOIN
AtCPF4
AtCPK1
ZmCPK4
AtCPK8
AtCPL5
AtCRK5
AtCRK45
TaCRT (calreticulin)
MpCYS4
GtDHN1
GtDHN2
TdDHN-5
NtDnaJ1
AtDREB1
OsDREB1
StDREB1
AtDREB1A
OsDREB1A
ZmDREB1A
AtDREB1B 
AtDREB1C
AtDREB1D
OsDREB1F
AtDREB2
AtDREB2A
PeDREB2A
VrDREB2A
VuDREB2A
ZmDREB2A
OsDREB2B
MsDREB2C
PeDREB2L
SsDREB 
ZmDREB2.7
AtDREB3
AtDREB19
MnDREB4A 
CaDSR6
HbEBP1
AtEDT1/HDG11
TaeIF3g
BjERD4 
SodERF
AtERF1
SlERF5
AtERF019
AhERF-VII
AtERF53 (an AP2/ERF TF)
EgEVP1
RhEXPA4
TaEXPB23 (an expansin)
LcF3H 
AtFAD3
AtFAD8
TaFBA1
AtFTL1/DDF1
AtTGA4
AtGAMT1
AtGBF3
EcGBF3 
GmGBP1
AtGF14 (14-3-3)
AtGLU
MsGME
MfGolS1
SlGRX1 (glutaredoxin)
AtGRXS17 
PtGS1a
AtGSK1
AtGSTU19
GmGT-2A
GmGT-2B
HaHB1
AtHB-7
HaHB11
AtHB13
AtHD2C (histone deacetylase)
TaHPS (a wheat amylase inhibitor)
HsfA1a 
AtHSFA1b
AtHsfA6a
AtHsp17.6A
AtHSP17.8
MuHSP70 
ZmHK9 (histidine kinase)
CgHSP70 
NtHSP70-1
CdICE1
GmIMT (myo-inositol methyltransferase)
Nt-inhh
IPT (isopentenyltransferase)
JERF3
AtJUB1 
84KHDA903 (RPD3/HDA1-type histone deacetylase from poplar)
Ntβ-LCY1
CsLEA
NtLEA7-3
AtLOS5/ABA3
DkLOX3-OX
SlLUT1 
PtrMAPK
ZmMAPK1
AtMAPKKK15
AtMAPKKK18
AtMBF1c
EsMcsu1 
AtMYB12 
IbMIPS1
CaMIPS2
gma-MIR394a 
miR408 
GhMKK1
GhMKK3
PtMKK4
OsMSR2
StMYB1R-1
CmMYB2
OsMYB3R-2
Osmyb4
CpMYB10
AtMYB15
TaMYB30-B
TaMYB33
AtMYB37 
AtMYB44
AtMYB52
AtMYB60
GmMYB84
GaMYB85
AtMYB96
PtoMYB170 
MdoMYB121
GmMYBJ1
KdN41 
AtNAC
SaβNAC
GhNAC2 
RhNAC2
RhNAC3
TaNAC2
TaNAC2a
CarNAC4 
MuNAC4
MlNAC5 
OsNAC5
MlNAC9 
VaNAC26 
ZmNAC55 
GhNAC79
LeNCED1
PvNCED1
VuNCED1
AtNCED3
OsNCED4 
GmNFYA3
AtNFYA5
AtNF-YB1 (transcription factor)
PwNF-YB3
PdNF-YB7 
AtNPK1
AtOCPI1
TaODORANT1
IbOr  
SlPAPA1
AtPARP1 (silencing induces tolerance)
AtPARP2 (silencing induces tolerance)
VaPAT1
AtPED2
TaPI4KIIγ 
TaPIMP1 (MYB TF)
MaPIP1;1
StPIP1 
OsPIP2-2
GhPIP2;7
MzPIP2;1
AtPLAT1
AtPLDα1
TaPLDα
CaPO2 (extracellular peroxidase)
TaPP2Ac-1
AtPR2
AtPR4
StPR10a
TaPUB1 
AaPYL9 
AtRAP2.6L
pRD29A::PYL9
ZmRFP1
NtRHF1
OsRIP18
GsRLCK
AtRLK1
GbRLK
CaRma1H1 (ER localized RING E3 ubiquitin)
AtRPK1
BrRZFP1
SbSAMS 
OsiSAP1
AtSAP5
TaSAP5 
OsiSAP8
ZmSAPK8 (a SnRK2 gene)
SaSce9 (SUMO conjugating enzyme)
AtSCPL19
AtSDIR1 (RING E3 ligase)
SlSHN1
MdSIMYB1
SlSIZ1 
TaSK5
ZmSKD1
OsSMCP1
AtSNAC1
ZmSNAC1
GhSnRK2 
SoSnRK2.1
TaSnRK2.3
TaSnRK2.4
TaSnRK2.8
BdSnRK2.9 
SOAR1 
TaSrg6
AtSRK2C
AtSTZ
AtTCTP (translationally controlled tumor protein)
PeTIP4;1-1
TPS1 (trehalose-6-phosphate synthase)
SlTAS14 (dehydrin)
AtTRE1
AtTZF1 (tandem zinc finger)
AtTZF2
AtTZF3
GhTZF1
AtUCP1
OsUGE-1
AtUGT79B2 
AtUGT79B3
SpUSP (universal stress protein)
MdVHP1
KfVP1
AtVTE1
TaW55a (putative protein kinase)
EsWAX1
AtWRKY57
BcWRKY46
LcWRKY5
OsWRKY45
TaWRKY2
CmWRKY10  
TaWRKY10 
TaWRKY19
TaWRKY33
TaWRKY93 
GsWRKY20
BdWRKY36
GmWRKY54
HaWRKY76
TaWRKY146 
AtWXP1
MtWXP1
AtWXP2
AtXERICO
AtYUC6
BcZAT12
MsZEP 
GsZFP1
IbZFP1
DgZFP3
AtZPT2-3

StMYB1R-1

Down-regulation of StCBP80 in potato increased drought tolerance

AtHB-7, AtRD28, AtALDH22a1, AtERD1-like

Dehydrins are produced by plants in response to drought, ABA and low temperature.
Examples include ERD10 and ERD14 (ERD = early response to dehydration)

GTP

guanylyl
cyclase

cGMP nucleoside diphosphate kinase

cGMP acts downstream of hydrogen peroxide and NO in the pathway
in which ABA is involved in stomatal closure. cGMP is upstream of changes 
in cytoplasmic Ca.

ROP11 GTPase is a negative regulator of ABA-related drought responses

SAL1

SAL1 is a negative regulator of drought tolerance in Arabidopsis

3'-phosphoadenosine 5'-phosphate (PAP) AMP

The phosphonucleotide PAP accumulates in Arabidopsis in response to drought

AtGSTU17 (a glutathione S-transferase) has a negative role in drought resistance.
Thus mutated AtGSTU17 improved drought resistance in Arabidopsis by accumulating
higher levels of GSH and ABA.

Transgenic plants overexpressing the following 
have given improved DROUGHT tolerance in Dicots:
(see : 
http://onlinelibrary.wiley.com/doi/10.1002/btpr.514/full#tbl1 
for a useful Ref)

glyoxalase I
glyoxalase I increased
in rapeseed in response
to drought

glyoxalase II decreased
in rapeseed in response
to drought

glyoxalase II

aldo-keto
reductase

9-cis-epoxycarotenoid
dioxygenase (NCED)

short chain alcohol
dehydrogenase/reductase

ABA aldehyde
oxidase (AtAAO3 upregulated by drought)

neoxanthin

xanthoxin

ABA aldehyde

LOS5/ABA3 encodes molybdenum cofactor
sulphurase which is involved with aldehyde
oxidase associated with ABA biosynthesis

ABA 8’hydroxylase
(CYP707) (gene upregulated by drought
                 in Arabidopsis)

abscisic acid 
(ABA)

AtAHG3 is a negative regulator of ABA signaling
acts downstream of ATX4 and ATX5 in response to ABA.
ATX4 and ATX5 play essential roles in the drought response
and regulate the expression of genes involved in the 
dehydration response in Arabidopsis.

SlbZIP38 down regulated by drought, salt and ABA
and is a negative regulator of drought resistance.

8’-hydroxy-ABA

9’-hydroxy-ABA

phaseic acid
dihydrophaseic acid

dihydrophaseic acid detected
in drought stressed Arabidopsis

neophaseic acid

diphaseic acid

spontaneous

diphaseic acid
glucoside

ABA glucosyl
transferase

beta 
glucosidase

ABA glucose ester

ABA glucose ester (ABA-GE) accumulates in
the vacuole and presumably in the ER.
Import of ABA-GE into vacuoles mediated by two
distinct membrane transport mechanisms: proton 
gradient-driven and ABC transporters.

CHLOROPLAST

meso-2,6-diaminoheptanedioate
(meso-diaminopimelate)

L-lysine + CO2

aspartate
semialdehyde

diaminopimelate 
decarboxylase

serine
hydroxymethyltransferase
(affected by drought)

tetrahydrofolate serine

pyridoxal
phosphate
cofactor

glycine5,10-methylenetetrahydrofolate

AtAHK2,
AtAHK3

AtAHK2 and AtAHK3 are cytokinin receptors.
AtARR7

(conversion of IPA to IAA involve proteins derived from YUCCA genes.
Transgenic potato expressing AtYUC6 showed enhanced drought tolerance)

Plants over-expressing AtRLK1 showed enhanced expression
of Cor15a, Cor15b, and rd29A in addition to H2O2 responsive
genes

Arabidopsis plants over-expressing AhUBC2 showed enhanced
expression of P5CS1, RD29A and KIN1.

Plants overexpressing AtTZF1 (tandem zinc finger) gene
are more tolerant to cold and drought.

Arabidopsis plants deficient in the SUMO E3 ligase gene AtMMS21
showed improved drought tolerance, and constitutive expression of
AtMMS21 reduced drought tolerance.

beta-cyanoalanine
synthase (increases
in drought stressed plants)

L-cysteine + HCNL-3-cyanoalanine + H2S

Signaling in Arabidopsis in response to drought

SnRK2.8

NTL6

bZIP1

RD29A,
RD17A,
COR15A

CHLH/ABAR

ABA

CPK4,
CPK11
CPK32

MPK9
MPK12

?

SPHK
VNI2

VNI2

ABF4

CPK12

CPK4 and CPK11 both phosphorylate ABF1 and ABF4
AtTZF1 is a positive regulator of ABA/sugar responses

ABI2 is a negative ABA-signaling regulator.
ABF2, ABF4, ABI4, ABI5, MYB2, DREB1a, DREB2a and RAB18 are targets of WRKY TFs

PYR1/PYL1/PYL2/RCAR
(receptors) (inhibit PP2C)

ROP11 GTPase is a negative regulator of
ABA responses by protecting ABI1 phosphatase
activity from inhibition by RCAR1/PYL9

RPK1 receptor regulates ABA signaling

ABI3/
VP1

GTG1/GTG2
(receptors)

ATHB7 and ATHB12 act as positive transcriptional regulators of PP2C genes.

ERD15 is a negative regulator of ABA signaling in abiotic stress response

ABI1 ABI2

WRKY40

WRKY18, WRKY40 and WRKY60 are negative regulators
of ABA signalling and inhibit expression of ABI5 and/or ABI4. 
RIC1 positively regulates auxin responses but negatively
regulates ABA responses

WRKY18

WRKY60

miR394a/b

miR394a/b
overexpressing

miR394

ABI3,
ABI4,
ABI5,
ABF3,
ABF4MED25

ABI5

ABI4/GIN6,
ABF4,
MYB2,
DREB1A,
DREB2A,
RAB18,
KAT2

ABF2/
AREB1

RD22,
RD29A,
COR47

RAP2.6 and RAP2.6L are responsive to jasmonic acid, salicylic acid, ABA, 
ethylene, salt and drought.

RHA2a,
RHA2b

PP2C
(negative
pathway
regulator)

AIP1
(a PP2C
positive
regulator)

PIL5

?

ABF1

phosphatidic acid

AOS

?

MKK1

MPK3

AZF1,
AZF2

SIZ1

MYB30

DREB1A
(CBF3)

DREB2A

MYB44
MYB41

?

SnRK2s
SnRK3.17
SnRK3.22

ABI4/GIN6, 
ABI5ABI5

PP6

WRKY63

ROS

CIPK26

CBL1,
CBL9KEG

ACBP2

HAB1

AtRbohFKAT1
ABFs

ABI1,
ABI2,
ABI3

ABA-activated kinases downstream of the PP2Cs include OST1/SnRK2.6/SRK2E, SnRK2.2 and SnRK2.3.

SLAC1

WRKY40
represses
ABI5 in 
absence
of ABA

WRKY2

WRKY2

PUB19, a U-box E3 ubiquitin ligase negatively regulates ABA and drought responses. 
PUB18 and PUB19 are agonistic.

Both ABA-dependent and ABA-independent pathways involved in drought responses

RD20
RD29B

ATAF1 induced by drought and ABA and negatively regulates the expression
of stress responsive genes under drought conditions.

AIRP2

MYB7,
MYB14,
MYB60,
MYB90,
MYB113

?

JAZ8

?

CML37,
CML42

?CAT3

CPK8

ERD1

ZFHD1

ABI2,
HAB1,
HAB2,
PP2CA

ABI1, ABI1, HAI1, HAB1, HAB2 are PP2Cs

HAI1
HONSU

HONSU is a seed-specific PP2C
which inhibits ABA signalling
and activates GA signalling

PYR1/RCAR11

ABI1

drought

SRK2D

PYL8

?

MPK6

ABF4,
ATAF1,
AIRP1,
ATHB17,
bHLH112,
BSK5,
bZIP37,
CIPK6
CPL5,
CRK45
CSP3,
Di19-3
ERF1,
ERF4,
GBF3,
HsfA6a
KIN2,
LCR
miR394
MYB2,
MYB74,
MYB102,
RACK1A,
RASD1 
RAP2.6,
RD26,
RDUF1,
RDUF2,
SINA2,
USPL1,
WNK9

ABA & drought

ZAT10
DCP1

DCP5

DREB2B

PYL2 gene expression down regulated by drought in Arabidopsis

MYB41,
MYB49,
MYB108,
MYB122

MAPK1/
MAPK2

drought

AtCPK3
AtCPK4
AtCPK5
AtCPK6
AtCPK23

MKK1

MPK4
RD29A
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AtYak1 is a positive regulator of ABA-mediated drought response in Arabidopsis
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AtCBL10 negatively affects tolerance to drought
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AREB1, AREB2 and ABF3 are master transcription factors.

LCR

ABA

ABA2/GIN1,ABA3/GIN5

WRKY18
WRKY40

DREB1A and DREB2A interact with ABF2. ABF3 and ABF4 interact with DREB2C

MKP1 is a negative regulator of MPK6-mediated responses

SFR6 is required for drought inducible expression of COR genes
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MYB15 and MYB96 involved in ABA mediated drought responses

RD29A,
RD29B,
DREB2A,
KIN1

PP2CG1

?

FOA1

ERD7

KEG E3 interacts with ABI5

NADPH oxidase

ROS

ZIFL1.3

?

MIPS1?

bHLH92,
bHLH122,
bHLH126

?

CAMTA 1

?

AGL22

?

ERF5,
ERF6

?

MEKK1

?

MAPKKK14,
MAPKKK17,
MAPKKK18,
MAPKKK19,
MAPKKK21

AtZIFL1.3 regulates
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AtMYB44 can be phosphorylated by MPK3 and MPK6

SIZ1 mediates the expression of approx 300 drought responsive genes
in Arabidopsis by a pathway independent of DREB2A and ABA

ATHB7 and ATHB12 act as positive transcriptional regulators of PP2C genes.

AtRZF1 negatively regulates drought responses in Arabidopsis seedlings
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AHP2, AHP3 and AHP5 are negative controllers of drought responses
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YUCCA6 is involved in tryptophan-dependent
IAA biosynthesis

HSI2 is a negative regulator of drought stress response in Arabidopsis

Proline effector genes link proline accumulation to cellular redox and energy status. 
Proline effector genes include the mitochondrial protease LON1, ribosomal protein RPL24A,
protein phosphatase 2A subunit A3 (PP2AA3), MADS box protein and a nucleoside triphosphate hydrolase.

S-adenosyl-L-methionine + myo-inositol S-adenosyl-L-homocysteine + 1D-1-O-methyl-myo-inositol

3-ketoacyl-CoA synthase is upregulated in Arabidopsis
in response to drought.

UDP + sucrose 6-phosphateUDP-glucose + fructose 6-phosphate
sucrose phosphate synthase gene SPS2F 
upregulated by drought in Arabidopsis
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AtCLB protein binds to promoter of 
Arabidopsis thalianol synthase gene AtTHAS1.
Loss of Atclb gene function increases drought
tolerance suggesting AtCLB is a transcriptional
repressor of AtHAS1.
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AtbHLH112 increases expression of P5CS genes and reduces
the expression of P5CDH and ProDH genes to increase proline levels

AtbHLH112 increases the expression of POD and SOD genes

UGT76C2 gene expression down-regulated in Arabidopsis
in response to drought.

GhWRKY27a overexpression in tobacco reduced tolerance to drought.
overexpression of CarNAC4
in Arabidopsis 
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Histone deacetylase HDA9 negatively regulates drought stress responsiveness in Arabidopsis.
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WRKY18, WRKY40 and WRKY60 transcription factors repress the expression of CRK5,
and CRK5 likely functions upstream of ABI2 in ABA signaling
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AtGCN4 interacts with RIN4 and 14-3-3 proteins


