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Abstract Abiotic stresses, especially cold, salinity and

drought, are the primary causes of crop loss worldwide.

Plant adaptation to environmental stresses is dependent

upon the activation of cascades of molecular networks

involved in stress perception, signal transduction, and the

expression of specific stress-related genes and metabolites.

Plants have stress-specific adaptive responses as well as

responses which protect the plants from more than one

environmental stress. There are multiple stress perception

and signaling pathways, some of which are specific, but

others may cross-talk at various steps. In this review arti-

cle, we first expound the general stress signal transduction

pathways, and then highlight various aspects of biotic

stresses signal transduction networks. On the genetic

analysis, many cold induced pathways are activated to

protect plants from deleterious effects of cold stress, but till

date, most studied pathway is ICE-CBF-COR signaling

pathway. The Salt-Overly-Sensitive (SOS) pathway, iden-

tified through isolation and study of the sos1, sos2, and

sos3 mutants, is essential for maintaining favorable ion

ratios in the cytoplasm and for tolerance of salt stress. Both

ABA-dependent and -independent signaling pathways

appear to be involved in osmotic stress tolerance. ROS play

a dual role in the response of plants to abiotic stresses

functioning as toxic by-products of stress metabolism, as

well as important signal transduction molecules and the

ROS signaling networks can control growth, development,

and stress response. Finally, we talk about the common

regulatory system and cross-talk among biotic stresses,

with particular emphasis on the MAPK cascades and the

cross-talk between ABA signaling and biotic signaling.
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Introduction

Cold, drought, and high salinity are common stress condi-

tions that adversely affect plant growth and crop production.

Understanding the mechanisms by which plants transmit the

signals to cellular machinery to activate adaptive responses

is of fundamental importance to develop more stress tolerant

crops to improve production efficiency in the face of a

burgeoning world population. Signal transduction pathways

are the link between the sensing mechanism and the genetic

response. Plants cope with environmental changes by acti-

vating signal transduction cascades that control and coor-

dinate the physiological and biochemical responses

necessary for adaptation [1, 2].

Various abiotic stresses result in both general and spe-

cific effects on plant growth and development. For exam-

ple, drought limits plant growth due to photosynthetic

decline, osmotic stress-imposed constraints on plant pro-

cesses and interference with nutrient availability as the soil

dries. Salinity interferes with plant growth as it leads to
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physiological drought and ion toxicity [2]. Cold can also

cause osmotic stress in addition to their direct effect on

metabolism [3]. Therefore, osmotic stress and the associ-

ated oxidative stress appear to be common consequences of

exposure to drought, salinity and cold. Prevention of

osmotic stress caused by drought depends upon minimizing

stomatal and cuticular water loss and maximizing water

uptake (through root growth and osmotic adjustment).

During salt stress, osmotic adjustment appears to play a

major role in maintaining osmotic homeostasis, while

survival during freezing-induced osmotic stress may

depend upon prevention or delay of ice nuclei formation.

As part of plant stress responses, regulation of gene

expression also involves both universal and unique changes

in transcript levels of certain plant genes [4]. Based on the

presence of these general and specific abiotic stress toler-

ance mechanisms, it is logical to expect plants to have

multiple stress perception and signal transduction path-

ways, which may cross-talk at various steps in the path-

ways [5].

In this review, several abiotic stress signaling pathways

are described systematically. Specificity and potential

points of cross-talk are discussed when evidence exists.

General stress signal transduction pathways

and the roles of plasma membrane in this process

The signal transduction pathway from the abiotic stress like

cold, drought and high salinity to stimulate, to the final

adaptive stress response gene expression in plant cells and

enhanced access to right to adapt to survive adversity is

very complex, and so far these have not yet fully demon-

strated. However, a rough stage of the process of delivery

channels and some has been revealed by the results of

many studies.

A generic signal transduction pathway starts with signal

perception, followed by the generation of second messen-

gers including calcium, reactive oxygen species (ROS) and

inositol phosphates. These second messengers further

modulate the intracellular calcium level. This perturbation

in cytosolic Ca2? level is sensed by calcium binding pro-

teins, also known as Ca2? sensors. These sensors appar-

ently lack any enzymatic activity and change their

conformation in a calcium dependent manner. These sen-

sory proteins then interact with their respective interacting

partners often initiating a phosphorylation cascade and

target the major stress responsive genes or the transcription

factors controlling these genes. The products of these stress

genes ultimately lead to plant adaptation and help the plant

to survive and surpass the unfavorable conditions. Thus,

plant responds to stresses as individual cells and syner-

gistically as a whole organism (Fig. 1). Stress induced

changes in gene expression in turn may participate in the

generation of hormones like ABA, salicylic acid and eth-

ylene. These molecules may amplify the initial signal and

initiate a second round of signaling that may follow the

same pathway or use altogether different components of

signaling pathway [6–8].

It is known that the plasma membrane (PM) plays a key

role in the perception, transmission of external signals

(abiotic stresses) and also in plant defense responses to

stresses. It directly or indirectly perceives stresses to start

signal transduction pathway. It is suggested that abiotic

stresses may be sensed through physical properties of

membranes (lipid composition, fatty acid composition) [9,

10]. For example, LeFAD3 is an endoplasmic reticulum-

localized tomato omega-3 fatty acid desaturase gene.

Overexpression of LeFAD3 led to increased level of lino-

lenic acids 18:3, correspondingly level of linoleic acid

(18:2) decreased in leaves and roots, and alleviated the

injuries under chilling stress [11]. Maali Amiri et al. [12]

reported the expression profile of Acyl-lipid D12-desatur-

ase (desA) gene from Synechocystis and its effect on cell

membrane lipid compositionand cold tolerance in pro-

karyotic (Escherichia coli) and eukaryotic (Solanum tu-

berosum) cells. The results showed that desaturase could

enhance tolerance to cold stress in potato and desaturase

retain its functionality in the structure of the hybrid protein.

Cold stress and transcriptional cascade

The cold signal is perceived by membrane and transduced

by different transduction components results in stimulation

of transcription of several genes. Numerous transcription

factors that facilitate cold signaling and control expression

of cold regulon have been identified in Arabidopsis [13–16]

and homolog of these factors have been reported in other

plants also [17–20]. Significant progress has been made in

the past decade in elucidating the transcriptional networks

regulating cold acclimation. In this section, we will

emphasize on the ICE-CBF-COR Transcriptional Cascade

(Fig. 2), which play a enormous role during cold stress.

Since it was established that the alteration in gene

expression occur during cold acclimation, a major goal in

cold acclimation research has been to identify cold-

responsive genes and to determine whether they play roles

in freezing tolerance. Many cold-regulated genes (COR)

were isolated and characterized in Arabidopsis and other

cold tolerant plant species. Studies on regulation of COR in

Arabidopsis have resulted in the discovery of a family of

transcription factors known as C-Repeat binding factors

(CBFs) or dehydration responsive element binding factors

(DREBs), which control ABA-independent expression of

COR genes in response to cold stress has been identified.
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Since CBF transcripts begin accumulating within 15 min

of plant exposure to cold, it has been proposed that there is

a transcription factor already present in the cell at normal

growth temperatures that recognizes the CBF promoters

and induces CBF expression upon exposure to cold stress

[21, 22]. Molecular genetic analysis of the mutants led to

the identification of ICE1 (inducer of CBF expression 1), a

transcriptional activator of the CBF genes [23]. Ice1

mutant plants are impaired in cold acclimation and defec-

tive in cold-regulated expression of CBF3 and its target

COR genes [5].

ICE-CBF-COR transcriptional cascade

COR

Many plant species with origins in temperate regions can

acquire toleranc to freezing temperatures by a prior expo-

sure to low non-freezing temperatures, a process called cold

acclimation. The expression of COR (cold responsive

genes) has been shown to be critical in plants for both

chilling tolerance and cold acclimation [3, 24]. Arabidopsis

COR genes (COR78/RD29A, COR47, COR15a, COR 6.6)

encode LEA-like stress proteins. These genes are induced

by cold, dehydration (due to water deficit/high salt/freezing)

or ABA. Promoter analysis of the COR genes showed that

they contain dehydration responsive elements (DRE) or

C-Repeats (CRT) and some of them contain ABREs as well

[25, 26]. The expression of COR genes is regulated by both

ABA-dependent and -independent pathways [4, 5, 27].

CBF family, a central role in plant cold response networks

Isolation and analyse of cold-related genes led to the dis-

covery of the CBF cold-responsive pathway. It was a great

advance in understanding cold acclimation in Arabidopsis

[28]. Arabidopsis encodes a small family of cold-respon-

sive transcriptional activators known either as CBF1,

CBF2, and CBF3 [21, 29] or DREB1b, DREB1c, and

DREB1a [30, 31]. The CBF transcription factors, which are

members of the AP2/EREBP family of DNA-binding pro-

teins, recognize the cold- and dehydration-responsive DNA

regulatory element designated the CRT/DRE [32]. A role

for the CBF regulon in the enhancement of freezing tol-

erance is indicated by the results of CBF overexpression

experiments. Constitutive or stress-inducible overexpres-

sion of AtCBF1 or AtCBF3 in transgenic plants enhanced

chilling, freezing, drought and/or salt-stress tolerance in

Brassica [18], tomato [33], tobacco [34], wheat and rice

[35]. Similarly, overexpression of rice [36] and maize [37].

DREB1 in transgenic Arabidopsis was sufficient to

induce constitutive expression of CBF-target COR genes

Fig. 1 Generic pathway for

plant response to stress. The

extracellular stress signal is first

perceived by the membrane

receptors and then activate large

and complex signaling cascade

intracellularly including the

generation of secondary signal

molecules. The signal cascade

results into the expression of

multiple stress responsive

genes, the products of which can

provide the stress tolerance

directly or indirectly
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and conferred tolerance to freezing/drought stresses

[15].The effect of CBF overexpression on cold hardening is

due to the fact that these factors can upregulate proteins or

enzymes necessary for cold hardening. Indeed CBF over-

expression is associated with induction of cold responsive

genes at control temperatures. Cook et al. [38] have shown

that as much as 79% of the metabolite changes elicited

during cold acclimation were also found in non-acclimated

plants in response to overexpression of the AtCBF3. When

a plant has no or few genes whose promoter can be bound

by CBF, CBF overexpression would have little effect. In

tomato, functional CBF homologues exist, but a functional

CBF regulon is lacking and very few genes are cold

induced [18, 39]. Thus, CBFs play a pivotal role in gene

regulation during cold acclimation in evolutionarily diverse

plant species.

In Arabidopsis, the analysis of the cbf2 null mutant

indicates that CBF2 is a negative regulator of the

expression of CBF1 and CBF3 and plays a central part in

the tolerance to stress [40]. In contrast, in plants where the

expression of CBF1 and/or CBF3 is impaired, the induction

of CBF2 in response to cold is not diminished. CBF1 and

CBF3 are not implicated in regulating the expression of

CBF2 genes [39, 41].

ICE1

Induction of the CBF family by cold has prompted the

search for the presence of an earlier signal transducer than

CBF, namely ICE (inducer of CBF expression) [22]. The

mutant screening system using transgenic Arabidopsis

plants containing stress-inducible promoter::LUC provides

a powerful tool not only for the analysis of signal trans-

duction pathways upstream of gene expression but also for

studies of the post-transcriptional regulation of gene

expression. The ICE1 gene was identified through the map-

Fig. 2 Transcriptional regulatory network of cis-acting elements and

ABA- dependent transcription factors involved in cold, drought and

salinity stress gene expression. A transcriptional activator, ICE1/

2(Inducer of CBF Expression 1/2), functions upstream of the CBF/

DREB1 regulon. HOS1 functions as a negative regulator of ICE1.

Osmotic stress signaling generated via cold, salinity and drought

stress seems to be mediated by transcription factors such as DREB2A,

DREB2B, bZip and MYC and MYB transcription activators, which

interacts with CRT/DRE, ABRE or MYCRE/MYBRE elements in the

promoter of stress genes. Two different DRE/CRT-binding proteins,

DREB1/CBF and DREB2, distinguish two different signal transduc-

tion pathways in response to cold and drought stresses, respectively.

FRY1 functions as a negative regulator of drought, cold, and ABA

responses. ABI1, ABI2, and ERA1 function as negative regulators for

ABA signaling. Salinity mainly works through SOS pathway

reinstating cellular ionic equilibrium
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based cloning of the Arabidopsis ice1 mutation which

affected the expression of the CBF3/DREB1A pro-

moter::LUC transgene [23, 32].

ICE1, a MYC-type basic helix-loop-helix transcription

factor, can bind to MYC recognition elements in the CBF3

promoter and is important for the expression of CBF3

during cold acclimation. To date, ICE1 is the most

upstream transcription factor in the cold signaling pathway.

The ice1 mutant is defective in the cold induction of CBF3

and is hypersensitive to chilling stress and incapable of

cold acclimation [23], and it affects the basal transcript

levels of 204 of the 939 cold-regulated genes under non-

stress conditions [42]. Basal expression of these genes

could be important for chilling tolerance of Arabidopsis, as

altered expression of these genes in ice1 is correlated with

chilling sensitivity. ICE1 is constitutively expressed and

localized in the nucleus, but it induces expression of CBFs

only under cold stress. This suggests that cold stress-

induced post-translational modification is necessary for

ICE1 to activate downstream genes in plants [28]. Over-

expression of ICE1 in transgenics resulted in improved

freezing tolerance, supporting an important role for ICE1 in

the cold stress response. It is likely that other ICE-like

proteins exist because mutational analysis of the CBF2

promoter identified two segments, designated ICEr1 and

ICEr, that work in concert to impart cold-regulated CBF2

expression [43, 44].

Although ICE1 is constitutively expressed, it activates

CBF gene expression only upon cold treatment [23], which

suggests that ICE1 requires either interaction with addi-

tional factors induced by cold or post-translational regu-

lation under cold stress for its activity. Use of a

PRD29A::LUC genetic screen identified HOS1 [41] as an

upstream negative regulator of CBFs. HOS1 (high

expression of osmotically responsive genes), a RING-type

ubiquitin E3 ligase negatively regulates the function of

ICE1 at cold by ubiquitination-mediated degradation [45,

46], but the SUMO E3 ligase SIZ1-mediated sumoylation

represses the polyubiquitination that leads to an increase in

its stability at cold [47]. Moreover, it was observed that at

normal growth temperature, HOS1 resides in the cyto-

plasm, but it is shifted to nucleus upon cold treatment,

suggesting its role in relay of cold signal to the nucleus

[48]. An R2R3-type MYB transcription factor, AtMYB15

(Myb domain protein 15) was also found to be physically

interact with ICE1 [49]. MYB15 binds to CBF/DREB1

promoter regions to repress its expression and negatively

regulate freezing tolerance [49, 50]. Phosphorylation and

SIZ1-mediated SUMO conjugation/deconjugation of ICE1

are the key processes that finally activate ICE1 to bind to

its target genes. Active ICE1 binds to MYC cis-elements

(CANNTG) in the CBF3 (C-repeat Binding Factor) pro-

moter to induce its expression [20, 23].

ICE2

ICE2 is a transcription factor of the bHLH family that

participates in the response to deep freezing through the

cold acclimation-dependent pathway in Arabidopsis thali-

ana plants. According to the the TAIR database, ICE2

consists of five exons. The first exon contains a sequence

encoding the F-box domain, a variable region which is

characteristic of type I F-box plant-special proteins that

have only been described in plants [51, 52]. In the second

and third exons, the domain of a transcription factor of the

‘‘helix-loop-helix’’ family is encoded. The transcription

factors of this family are required throughout the whole cell

cycle [53].

It should be noted that out of the whole family of bHLH

(helix-loop-helix) transcription factors, only the ICE2 and

ICE1 genes encode an absolutely identical bHLH domain

sequence [23, 54, 55]. However at the current time the

structure and functions of the presumable ICE2 gene

transcription factor have only been predicted in silico and

have yet to be explored experimentally. Oksana et al. [56]

suggest that ICE2 presents a transcription factor that is not

involved in ubiquitin-dependent proteolysis but directly

participates in the response to cold stress. They demon-

strated that overexpression of the ICE2 gene in Arabidopsis

plants results in the ability of transgenic plants to survive

and undergo normal development after freezing at -20�C

with previous cold acclimation. The seeds of transgenic

lines that overexpressed ICE2 were characterized by

decreased levels of carbohydrate and increased levels of

lipids. The analysis of expression of CBF1 gene (also

known as DREB1B), which have been shown to be required

for the complete development of cold acclimation response

in Arabidopsis indicated a difference between expression

of the CBF1 gene in transgenic plants and the wild-type

control plants, Col-0. These results suggested that the

CBF1 transcription factor, known as one of the regulators

of the cold stress response, has a dominant role in pro-

viding freezing tolerance in transgenic plants characterized

by overexpression of ICE2. So we can postulate that

expression of ICE2 has a direct influence upon the

expression of CBF1.

From the above talks we can conclude that ICE-CBF-

COR pathway plays an important role in cold acclimated

plants like Arabidopsis.

CBF independent pathways

Microarray analysis has shown that CBFs regulate only

about 12% of the cold-responsive transcriptome [57].

Hence, non-CBF transcription factors might regulate the

remaining large portion of cold-responsive genes [44]. By

employing a genetic screen for deregulated expression of

Mol Biol Rep (2012) 39:969–987 973

123



the PRD29A::LUC reporter gene, two constitutively

expressed transcription factors, HOS9 (a homeodomain

protein) and HOS10 (an R2R3-type MYB) were identified.

HOS9 encodes a putative homeodomain transcription fac-

tor that is constitutively expressed and localized to the

nucleus. As compared with the wild-type, the hos9 mutant

is hypersensitive to freezing with or without cold accli-

mation, although cold induction of CBFs was not altered.

Furthermore, transcriptome analysis of hos9-1 mutant

plants under cold stress suggested that the HOS9 regulon is

different from that of the CBFs. Thus, HOS9 plays an

important role in regulating cold acclimation through a

CBF-independent pathway [13]. Moreover, the hos10-1

mutant has much less freezing tolerance despite an

enhanced expression of some COR genes under stress.

Furthermore, HOS10 appears to regulate positively

expression of NCED3 (9-cis-epoxycarotenoid dioxygen-

ase). Thus, HOS10 might regulate ABA-mediated cold

acclimation [44, 58].

Salt stress and ion signaling

High salinity includes both an ionic (chemical) and an

osmotic (physical) component. In this section we will only

talk about the Ionic stress signaling and the osmotic stress

will be talked about during the drought stress. Salt stress

disrupts plant ion homeostasis, resulting in excess toxic

Na? in the cytoplasm and a deficiency of essential ions

such as K? [59]. Various ion transporters function to limit

Na? entry into and exit out of plant cells, to regulate Na?

compartmentation in the vacuole, and to selectively import

K? over Na? into plant cells. The salt overly sensitive

(SOS) pathway, identified through isolation and study of

the sos1, sos2, and sos3 mutants, is essential for main-

taining favorable ion ratios in the cytoplasm and for tol-

erance of salt stress [2]. SOS3 is a myristoylated EF hand-

type Ca2?-binding protein able to sense specific salt stress-

induced calcium signals [60]; SOS2 is a Ser/Thr kinase

with a C-terminal regulatory domain and an N-terminal

catalytic domain [61], and SOS1 is a Na?/H? exchanger

located on the plasma membrane [62, 63]. During salt

stress conditions, the SOS2–SOS3 complex phosphorylates

and activates the transport activity of the SOS1 antiporter

[64, 65]. The sos mutants do not show altered responses to

general osmotic stress or drought. These phenotypes sug-

gest that SOS genes function specifically in coping with the

ionic aspect of salt stress [66] (Fig. 2).

SOS3

SOS3 is a Ca2? sensor essential for transducing the salt

stress-induced Ca2? signal and for salt tolerance in

Arabidopsis. SOS3 encodes a Ca2? binding protein with an

N-myristoylation motif and three Ca2?-binding EF hands.

The amino acid sequence of SOS3 shows significant sim-

ilarity to the regulatory subunit of yeast calcineurin and

animal neuronal Ca2? sensors [60]. A loss-of-function

mutation that reduces the Ca2? binding capacity of SOS3

(sos3-1) renders the mutant hypersensitive to salt; a defect

that can be partially rescued by high levels of Ca2? in the

growth medium. SOS3 binds Ca2? with low affinity when

compared to other Ca2?-binding proteins like caltractin and

calmodulin [60]. The differences in the affinity of these

Ca2? sensors may ultimately be useful in distinguishing

variations in Ca2? signals [5].

SOS2

SOS2 gene was isolated through the genetic screening of

mutants oversensitive to salt stress in Arabidopsis. The

mRNA level of SOS2 was shown to be up-regulated in

response to salt stress in the roots [6, 61]. SOS2 is a Ser/

Thr kinase with a C-terminal regulatory domain and an

N-terminal catalytic domain. The regulatory region of

SOS2 has an auto-inhibitory role in controlling the protein

kinase activity [67]. This region is where the positive

regulator SOS3 and the negative regulator type 2C protein

phosphatase ABI2 bind [67–69] (Fig. 3). The SOS3-bind-

ing domain is a 34-amino acid sequence known as the FISL

motif, and the ABI2-binding sequence is known as the

protein phosphatase interaction (PPI) motif. The function

of ABI2 in the sodium regulation pathway is to dephos-

phorylate and deactivate SOS2 or SOS1 [70].

SOS2 is active in substrate phosphorylation only when

plants are exposed to salt stress. SOS2 activity depends on

SOS3 and calcium [71]. One substrate of SOS2 is SOS1,

the plasma membrane Na?/H? antiporter that exports Na?

from the cytoplasm [63, 64]. Other substrates of SOS2 may

include vacuolar Na?/H? antiporters and H?-ATPases

because the activation of their transport activities under salt

stress requires SOS2 [65, 68, 72]. The SOS3–SOS2–SOS1

regulatory module can be expressed in yeast cells and is

functional in the heterologous system, where it can confer

Fig. 3 Diagram of SOS2 domain structure and protein interactions.

SOS2 has an N-terminal kinase catalytic domain similar to the

catalytic domains of yeast SNF1 and animal AMPK. The regulatory

domain of SOS2 contains a FISL motif that binds to the calcium-

binding protein SOS3 and a PPI motif that binds to the type 2C

protein phosphatase ABI2 [68]
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salt tolerance by maintaining low cytoplasmic Na? [68].

SOS2 not only enhances, together with SOS3, Na? extru-

sion into the apoplast by regulation of the plasma mem-

brane Na?/H? antiporter SOS1 but has also been shown

to increase the activity of tonoplast Na?/H? antiporters to

increase sodium transport into the vacuole in response to

salt stress [63, 64, 72]. Both of these transport activities

depend on the maintenance of H? gradients across the

membranes to provide the driving force for Na? transport,

and it is therefore necessary to increase the activities of the

H?-pumping transporters located on the plasma membrane

(P type H?-ATPase) and on the tonoplast (V-ATPase or

tonoplast H?-pyrophosphatase) during salt stress. Indeed, it

has been shown that the expression of genes encoding

plasma membrane ATPases is upregulated during salt

stress. A recent study has also used direct measurements of

H? fluxes in roots of the wild type and sos mutants to

directly show that disruption of the SOS pathway causes

altered H? transport at the plasma membrane [73]. On the

tonoplast, the V-ATPase, together with the H? transloca-

ting pyrophosphatase, is the major enzyme responsible for

maintaining a high concentration of H? inside the vacuole

relative to the cytoplasm [65, 74, 75].

SOS1

SOS1 is the only identified target of the SOS pathway to

date. Molecular studies have shown that SOS1 gene

expression is regulated by SOS2 and SOS3. SOS1 encodes

a plasma membrane localized Na?/H? antiporter [62].

Thus, the biochemical and physiological function of SOS1

is to remove Na? from the cytoplasm and export it to the

extracellular space or the root medium. The role of SOS1

in K? acquisition may be indirect and could possibly arise

through H? coupling with H?–K? co-transporters. SOS1

transcript is present in Arabidopsis plants even without salt

stress but its levels are upregulated by NaCl treatment [76].

Unlike many other stress-regulated genes that are upregu-

lated not only by salt stress but also by ABA or cold, SOS1

upregulation does not occur in response to ABA or cold-

stress treatment. Increased transcript level of SOS1 as a

result of salt stress is partly under the control of the SOS2

and SOS3 genes [62]. In sos2 and sos3 mutant plants,

NaCl induction of SOS1 transcript level is substantially

reduced [66].

A mutation of AtSOS1 (Salt Overly Sensitive 1), a

plasma membrane Na?/H?-antiporter in Arabidopsis tha-

liana, leads to a salt-sensitive phenotype accompanied by

the death of root cells under salt stress. Intracellular events

and changes in gene expression were compared during a

non-lethal salt stress between the wild type and a repre-

sentative SOS1 mutant, atsos1-1, by confocal microscopy

using ion-specific fluorophores and by quantitative

RT-PCR. In addition to the higher accumulation of sodium

ions, atsos1-1 showed inhibition of endocytosis, abnor-

malities in vacuolar shape and function, and changes in

intracellular pH compared to the wild type in root tip cells

under stress. Quantitative RT-PCR revealed a dramatically

faster and higher induction of root-specific Ca2? trans-

porters, including several CAXs and CNGCs, and the

drastic down-regulation of genes involved in pH-homeo-

stasis and membrane potential maintenance. The results

suggested roles of the SOS1 protein, in addition to its

function as a Na?/H? antiporter, whose disruption affected

membrane traffic and vacuolar functions possibly by con-

trolling pH homeostasis in root cells [76].

The SOS3 homolog

The SOS (for Salt Overly Sensitive) pathway plays

essential roles in conferring salt tolerance in Arabidopsis

thaliana. Under salt stress, the calcium sensor SOS3 acti-

vates the kinase SOS2 that positively regulates SOS1,

which show that SOS3 acts primarily in roots under salt

stress. By contrast, the SOS3 homolog SOS3-LIKE CAL-

CIUM BINDING PROTEIN8 (SCABP8)/CALCINEURIN

B-LIKE10 functions mainly in the shoot response to salt

toxicity. While root growth is reduced in sos3 mutants in

the presence of NaCl, the salt sensitivity of scabp8 is more

prominent in shoot tissues. SCABP8 is further shown to

bind calcium, interact with SOS2 both in vitro and in vivo,

recruit SOS2 to the plasma membrane, enhance SOS2

activity in a calcium-dependent manner, and activate SOS1

in yeast. In addition, sos3 scabp8 and sos2 scabp8 display a

phenotype similar to sos2, which is more sensitive to salt

than either sos3 or scabp8 alone. Overexpression of

SCABP8 in sos3 partially rescues the sos3 salt-sensitive

phenotype. However, overexpression of SOS3 fails to

complement scabp8. These results suggest that SCABP8

and SOS3 are only partially redundant in their function,

and each plays additional and unique roles in the plant salt

stress response [77].

SOS3 is expressed in root tissues only, particularly in the

root tips. SOS1, SOS2, and SOS3 are all strongly expressed

in this tissue, suggesting that the SOS cascade plays an

important role in root elongation in response to salt stress.

On the other hand, SCABP8 is mainly expressed in shoot

tissues, and expression of SCABP8 but not SOS3 is slightly

induced by salt stress, indicating that SOS3 and SCABP8

differ in their transcriptional regulation in response to

salinity. Functional analyses in yeast, together with the

specific sodium sensitivity of sos1, sos2, sos3, and scabp8

mutants, suggest that SOS3 and SCABP8 have an over-

lapping function in the activation of SOS2 and its down-

stream target SOS1.The shoot- and root-specific salt

sensitivities of the scabp8 and sos3 mutants may arise, at
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least in part, from the different spatial expression patterns

of the SCABP8 and SOS3 genes [77, 78].

Drought stress and osmotic signaling

Abscisic acid (ABA) is produced under water-deficit con-

ditions and plays an important role in the tolerance

response of plants to drought and high salinity. Exogenous

application of ABA also induces a number of genes that

respond to dehydration and cold stress. Several reports

have described genes that are induced by dehydration and

cold stresses but that do not respond to exogenous ABA

treatment [2, 9, 72]. This suggests the existence of ABA-

independent, as well as ABA-dependent, signal transduc-

tion cascades between the initial stress signal and the

expression of specific genes. The molecular mechanisms

regulating gene expression in response to dehydration and

cold stresses have been studied by analyzing the cis- and

trans-acting elements that function in ABA-independent

and ABA-responsive gene expression during the stresses in

Arabidopsis [13, 79]. Gene expression profiling using

cDNA or oligo microarray technology has advanced our

basic understanding of gene regulatory networks that are

active during the exposure of plants to various stresses [13,

80, 81]. In Arabidopsis, numerous genes that respond to

dehydration stress have been identified and categorized as

responsive to dehydration and early response to dehydra-

tion genes. There are at least four independent regulatory

systems for gene expression in response to water stress.

Two of them are abscisic acid (ABA)-dependent, others are

ABA-independent [4, 82] (Fig. 2).

ABA-independent pathways

The Arabidopsis RD29A/COR78/LTI78 gene is induced by

drought, cold, and ABA. However, this gene is induced in

aba or abi mutants by both drought and cold stresses,

which indicates that it is governed by both ABA-dependent

and ABA-independent regulation under drought and cold

conditions. Analyses of this promoter have shown that a

9-bp conserved sequence, TACCGACAT, named the DRE,

is an essential cis-element for regulating RD29A induction

in the ABA-independent response to dehydration and cold

[25]. DRE is also found in the promoter regions of many

drought- and cold-inducible genes [4, 16]. Transcription

factors belonging to the ERF/AP2 family that bind to these

DRE/CRT elements were isolated and termed CBF/DREB1

and DREB2. Their conserved DNA-binding motif is

A/GCCGAC. Both DREB1/CBF and DREB2 proteins bind

to DRE/CRT, but DREB1/CBF are thought to function in

cold-responsive gene expression, whereas DREB2 proteins

are involved in drought-responsive gene expression.

A database search of the Arabidopsis whole-genome

sequence found at least six DREB2 homologues encoded in

the Arabidopsis genome other than DREB2A and DREB2B.

DREB2A and DREB2B are induced strongly by drought

and high salinity, but the others are not. In addition,

expression levels of the other six DREB2 homologues

under stress conditions are very low. Therefore, among the

eight DREB2-type proteins, DREB2A and DREB2B are

thought to be major transcription factors that function

under drought and high-salinity stress conditions [83, 84].

However, overexpression of DREB2A in transgenic plants

neither caused growth retardation nor improved stress tol-

erance, suggesting that the DREB2A protein requires

posttranslational modification, such as phosphorylation, for

its activation [85]. DREB2A domain analysis using Ara-

bidopsis protoplasts identified a transcriptional activation

domain between residues 254 and 335, and deletion of a

region between residues 136 and 165 transforms DREB2A

to a constitutive active form. Overexpression of constitu-

tive active DREB2A resulted in significant drought stress

tolerance but only slight freezing tolerance in transgenic

Arabidopsis plants. Microarray and RNA gel blot analyses

revealed that DREB2A regulates expression of many water

stress inducible genes. However, some genes downstream

of DREB2A are not downstream of DREB1A, which also

recognizes DRE/CRT but functions in cold stress-respon-

sive gene expression. Then both DREB2A and DREB1A

can bind to the DRE sequence, but the DNA binding

specificities of each to the neighboring sequences of the

DRE core motif were slightly different; therefore, the

downstream genes of each are partially different. Green

fluorescent signals of the sGFP fused to DREB2A CA were

remarkably higher than those of the sGFP fused to the

DREB2A FL in the nucleus of the transgenic plants under

unstressed control conditions. Thus, these results suggest

that stability of the DREB2A protein is important for its

activation, and the activated DREB2A regulates drought

stress–responsive gene expression, which enhances drought

stress tolerance in plants [85].

ABA-dependent pathways

ABA regulates several aspects of plant development

including seed development, desiccation tolerance of seeds

and seed dormancy and plays a crucial role in the plant’s

response to abiotic (drought, salinity, cold, and hypoxia)

and biotic stresses. Genetic analysis of the ABA-deficient

mutants los5/aba3 and los6/aba1 of Arabidopsis showed

that ABA plays a pivotal role in osmotic stress-regulated

gene expression. The expression of stress-responsive genes

such as RD29A, RD22, COR15A, COR47, and P5CS was

severely reduced or completely blocked in the los5 mutant

[86], while in los6, the expression of RD29A, RD19,
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COR15A, COR47, KIN1, and ADH was lower than in wild-

type plants [87]. Therefore, although ABA-independent

pathways is existence, an ABA-dependent signaling path-

way plays an essential role in stress-responsive gene

expression during osmotic stress [5, 88].

Many stress-inducible genes are regulated by the

endogenous ABA that accumulates during drought and

high-salinity stress. ABA is synthesized mainly in response

to drought and high-salinity stress but not in response to

cold stress [13]. In Arabidopsis, expression levels of sev-

eral ABA synthesis genes, including the zeaxanthin epox-

idase gene (ZEP; also known as LOS6 [for low expression

of osmotic stress-responsive genes 6]/ABA1), a 9-cis-ep-

oxycarotenoid dioxygenase gene (NCED3), the aldehyde

oxidase gene (AAO3), and the molybdenum cofactor sul-

furase gene (MCSU; also known as LOS5/ABA3), are

upregulated by drought and salt stress but not obviously

induced by cold [2, 82, 89].

ABRE is a major cis-acting element in ABA-responsive

gene expression (Fig. 2). Two ABRE motifs are important in

the ABA-responsive expression of the Arabidopsis gene

RD29B [84]. The bZIP transcription factors ABRE-binding

protein (AREB)/ABRE-binding factor (ABF) can bind to

ABRE and activate ABA-dependent gene expression [90,

91]. The AREB/ABF proteins have reduced activity in ABA-

deficient aba2 mutants and in ABA-insensitive abi1 mutants,

and enhanced activity in the ABA-hypersensitive era1

mutant. Hence, activation of the AREB/ABF proteins has

been shown to require an ABA-mediated signal [90], which

is probably ABA-dependent phosphorylation. AREB1/ABF2

is a basic domain/leucine zipper transcription factor that

binds to the abscisic acid (ABA)-responsive element

(ABRE) motif in the promoter region of ABA-inducible

genes. To overcome the masked transactivation activity of

AREB1, an activated form of AREB1 (AREB1DQT) was

created. AREB1DQT- overexpressing plants showed ABA

hypersensitivity and enhanced drought tolerance, and eight

genes with two or more ABRE motifs in the promoter regions

in two groups were greatly upregulated: late embryogenesis

abundant class genes and ABA- and drought stress-inducible

regulatory genes. By contrast, an areb1 null mutant and a

dominant loss-of-function mutant of AREB1 (AREB:RD)

with a repression domain exhibited ABA insensitivity. Fur-

thermore, AREB1:RD plants displayed reduced survival

under dehydration, and three of the eight greatly upregulated

genes were downregulated, including genes for linker his-

tone H1 and AAA ATPase, which govern gene expression

and multiple cellular activities through protein folding,

respectively. Thus, these data suggest that AREB1 regulates

novel ABRE-dependent ABA signaling that enhances

drought tolerance in vegetative tissues [92].

Cloning and transgenic analysis of a DREB1-related

transcription factor, CBF4 in Arabidopsis, showed that

regulation of DRE elements may also be mediated by an

ABA-dependent pathway. CBF4 most closely related to

the three front described Arabidopsis CBF/DREB1 pro-

teins (CBF1/DREB1b, CBF2/DREB1c, and CBF3/

DREB1a [93] is the closest homolog of CBF/DREB1

proteins. Genes of the CBF/DREB1 family are mainly

induced by cold stress, but the drought-inducible gene

CBF4 functions to provide crosstalk between DREB2 and

CBF/DREB1 regulatory systems. CBF4 gene expression is

up-regulated by drought and ABA, but not by cold stress.

Overexpression of CBF4 in Arabidopsis resulted in con-

stitutive expression of CRT/DRE containing stress-

responsive genes and enhanced tolerance to drought and

freezing stresses [5, 93].

Other important transcriptional regulators, such as the

MYC and MYB proteins, are known to function as acti-

vators in one of the ABA-dependent regulatory systems

[82, 94]. These MYC and MYB proteins are synthesized

following accumulation of endogenous ABA, defining their

role in later stage stress responses. Microarray analysis

revealed target genes of MYC/MYB in overexpressing

transgenic plants, such as alcohol dehydrogenase and

ABA- or jasmonic acid (JA)-inducible genes [94]. Over-

expression of both AtMYC2 and AtMYB2 not only resulted

in an ABA-hypersensitive phenotype but also improved

osmotic stress tolerance of the transgenic plants [95, 96].

Because plants expose to complex environment, there are

more signaling components involved in plant responses to

abiotic stresses that remain to be discovered. However, one

candidate is heptahelical protein 1 (HHP1), a negative

regulator in stresses, may function in cross-talk between

cold and osmotic signaling [95]. HHP1 has been charac-

terized as a protein with a predicted seven transmembrane

domain structure homologous to adiponectin receptors

(AdipoRs) and membrane progestin receptors (mPRs). By

measuring transpiration rate and stomatal closure in

HHP1::GUS transgenic mutants, it was shown that the

guard cells in the hhp1-1 mutant had exhibited a decreased

sensitivity to drought and ABA stress compared with the

wild type or the c-hhp1-1 mutant, a complementation

mutant of HHP1 expressing the HHP1 gene. The N-ter-

minal fragment of HHP1 was found to interact with the

transcription factor inducer of CBF expression-1 (ICE1) in

yeast two-hybrid and bimolecular fluorescence comple-

mentation (BiFC) studies. The hhp1-1 mutant grown in soil

showed hypersensitivity to cold stress with limited water-

ing. The expression of two ICE1-regulated genes (CBF3

and MYB15) and several other cold stress-responsive genes

(RD29A, KIN1, COR15A, and COR47) was less sensitive to

cold stress in the hhp1-1 mutant than in the wild type.

These data suggest that HHP1 is not only a negative reg-

ulator in abscisic acid (ABA) and osmotic signaling but

also may be a novel signaling component in the cross-talk
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between the cold and osmotic signaling pathways in Ara-

bidopsis [97, 98].

Oxidative stress and ROS signaling

Ever since the introduction of molecular oxygen (O2) into

our atmosphere by O2
- evolving photosynthetic organisms

*2.7 billion years ago, reactive oxygen species (ROS)

have been the unwelcome companions of aerobic life [99].

Plant cells produce reactive oxygen species (ROS) con-

tinuously as a byproduct of aerobic metabolism; the most

common ROS are hydrogen peroxide (H2O2), superoxide

(O2
-), the hydroxyl radical (OH-) and singlet oxygen.

Stress of any kind, abiotic or biotic, generally leads to an

increased rate of ROS production [100]. ROS are contin-

uously produced as side-products of certain metabolic

pathways and also by some specific systems under fine

cellular control. At the same time, ROS are degraded via

several mechanisms, both, specific and non-specific. Two

different processes, the generation and degradation of ROS,

are usually under delicate cellular control and very low

(\10-8 M) steady-state ROS concentrations are main-

tained [99]. However, various abiotic stresses such as

drought, salinity, flooding, heat and cold stresses disrupt

the metabolic balance of cells, leading to the overproduc-

tion of reactive oxygen species (ROS) in plants which are

highly reactive and toxic and cause damage to proteins,

lipids, carbohydrates and DNA. The disturb of the balance

between ROS production and elimination lead to their

enhanced steady-state level called ‘‘oxidative stress’’ [101].

ROS signal transduction pathway of plants

ROS play a dual role in plant biology acts on the one hand

as important signal transduction molecules and on the other

as toxic by-products of aerobic metabolism that accumulate

in cells during different stress conditions [102]. It is pos-

sible that the use of ROS as versatile signaling molecules

originates from their proposed use to sense stress. Most

forms of biotic or abiotic stress disrupt the metabolic bal-

ance of cells, resulting in enhanced production of ROS.

Simple organisms, such as bacteria or yeast, sense the

enhanced production of ROS using redox-sensitive tran-

scription factors and other molecular sensors, activate

different ROS defense pathways, and regulate their meta-

bolic pathways to lower the production rate of ROS. This

‘basic cycle’ of ROS metabolism maintains a low steady-

state level of ROS in cells [102, 103]. Because of their

toxicity as well as their important signaling role, the level

of ROS in cells is tightly controlled by a vast network of

genes termed the ‘ROS gene network’.

Upstream factors induced the ROS signal generation

Environmental factors limit CO2 fixation, such as drought

and salt stress, ozone and high or low temperatures, reduce

the NADP? regeneration by the Calvin cycle, consequently,

the photosynthetic electron transport chain is over-reduced,

producing superoxide radicals and singlet oxygen in the

chloroplasts [104–108]. ABA plays a protective role in

response to abiotic stresses including drought, salinity and

cold [2, 109–111]. ABA also increases the production of

ROS, which serve as a signalling intermediate to promote

stomatal closure [112, 113]. It had remained unknown which

cellular mechanism is utilized to produce ROS in response to

ABA in guard cells. Kwak et al. [111] have identified

mutations in two of the ten NADPH oxidase (NOX) catalytic

subunit genes in Arabidopsis—AtrbohD and AtrbohF—that

abolish ABA-induced stomatal closure, ABA promotion of

ROS production, ABA-induced cytosolic Ca2? increases,

and ABA activation of the plasma membrane Ca2?-perme-

able channels, thereby demonstrating that these two NOXs

are sources for ABA-triggered ROS production in guard

cells. Accordingly, the above factors are the upstream reg-

ulatory factors of ROS signaling.

Downstream signaling events

Recent studies in Arabidopsis have uncovered some of the

key components involved in the ROS signal transduction

pathway of plants. Although the receptors for ROS are

unknown at present, it has been suggested that plant cells

sense ROS via at least three different mechanisms: (1)

unidentified receptor proteins; (2) redox-sensitive transcrip-

tion factors, such as NPR1 or HSFs; and (3) direct inhibition

of phosphatases by ROS [101–103, 109, 114, 115].

Redox-sensitive transcription factors Higher plants can

sense, transduce, and translate the ROS signals into

appropriate cellular responses, the process of which

requires the presence of redox-sensitive proteins that can

undergo reversible oxidation/reduction and may switch

‘on’ and ‘off’ depending upon the cellular redox state [116,

117]. ROS can oxidize the redox-sensitive proteins directly

or indirectly via the ubiquitous redox-sensitive molecules,

such as glutathione (GSH) or thioredoxins that control the

cellular redox state in higher plants [118, 119]. Redox-

sensitive metabolic enzymes may directly modulate cor-

responding cellular metabolism, whereas redox-sensitive

signaling proteins execute their function via downstream

signaling components, such as kinases, phosphatases, and

transcription factors [120–122].

Using a time-course microarray analysis, Miller et al.

[102] had identified several key regulators involved in ROS

978 Mol Biol Rep (2012) 39:969–987

123



signaling in plants that lack APX1 (ascorbate peroxidase 1)

and use different mutants. They studied several of these

proteins independently, and assesseding their role in ROS

signaling and responses to abiotic stress conditions. ROS

accumulated in the cytosol can be sensed by different

redox-response transcription factors such as HsfA4a and

that these sensors function upstream to a cascade of dif-

ferent transcription factors, including members of the zinc

finger protein Zat family (Zat 12, 10 and 7), members of

the WRKY transcription factor family, RAV, GRAS and

Myb families [103–127]. Additional reactive oxygen gene

network of plants players in this pathway could include

multiprotein bridging factor 1c (MBF1c), a transcriptional

coactivator and RbohD, is likely to be involved in ampli-

fying the ROS signal [101, 102, 128, 129]. The effectors of

this pathway include antioxidative enzymes and different

abiotic stress response proteins such as Lea proteins, they

could function in the scavenging of ROS and protect or

repair of cells [102, 130]. Below we will focus on one

Redox-sensitive transcription factor NPR1 whose func-

tional mechanisms have been deciphered to date.

In Arabidopsis thaliana, the redox-sensitive protein

NPR1 (non-oexpressor of pathogenesis- related gene 1), is

an important transducer of redox changes induced by sal-

icylic acid, and, at the same time, it is a key regulator of

SA-mediated suppression of signaling via jasmonic acid

[101, 131–133]. In addition, NPR1 was shown to operate as

an important modulator of the plant response to hormones,

such as JA, SA, and abscisic acid that provide resistance to

pathogens and insects. Ethylene also realizes its effects via

NPR1 and is involved in the development of SA-dependent

systemic acquired resistance (SAR), and cooperates with

hydrogen peroxide [101, 134, 135] creating links with

NPR1 operation. The molecular mechanisms of operation

of NPR1 have been studied to some extent. Under non-

stressed conditions, NPR1 is maintained in the cytoplasm

in oxidized form in large complexes comprising disulfide-

bonded intermolecular oligomers. Upon induction of the

SAR, the disulfide bonds are reduced and the newly formed

monomeric NPR1 migrates into the nucleus. Moreover

monomeric NPR1 interacts with TGA transcription factor

and DNA, resulting in the activation of expression of cer-

tain genes, particularly the PR-1 gene (pathogenesis-rela-

ted gene 1). Inactivation of the NPR1 gene blocks the

induction of SAR [136]. Site-directed mutagenesis of either

Cys-82 or Cys-216 to alanine converted the protein to

virtually constitutively monomeric form related with con-

stitutively activated expression of target genes [137].

Phosphatases

Downstream signaling events associated with ROS sensing

involve Ca2? and Ca2?-binding proteins, such as

calmodulin [138, 139], the activation of G-proteins [140],

and the activation of phospholipid signaling that, resulting

in the accumulation of phosphatidic acid [141]. It is pos-

sible that the localization of ROS signals in specific cellular

sites is similar to that of Ca2? signals in response to

stimuli. The development of intercellular ROS sensors

analogous to the fluorescence-based protein sensors for

Ca2? would help considerably in studying the spatial and

temporal nature of ROS signaling in plants [103].

The effects of ROS on components of the mitogen-

activated protein kinase (MAPK) cascade result in the

indirect activation of transcription factors. In Arabidop-

sis, H2O2 activates Arabidopsis thaliana MAPK3

(AtMPK3) and AtMPK6 via the activity of the

MAPKKK Arabidopsis NPK1-RELATED PROTEIN

KINASE1 (ANP1) [142] and strongly induces Arabid-

opsis thaliana NUCLEOTIDE DIPHOSPHATE

KINASE2 (AtNDPK2) [143]. Plants that overexpress

AtNDPK2 have reduced levels of ROS and enhanced toler-

ance of cold, salt and ROS stress, whereas the atndpk2

knockout mutant is more sensitive to oxidative stress.

AtNDPK2 overexpression also leads to an increased expres-

sion of antioxidant genes. Because AtNDPK2 specifically

interacts with AtMPK3 and AtMPK6, and enhances the

activity of AtMPK3 in vitro, a model has been proposed in

which oxidative stress activates AtNDPK2, which regulates

the cellular redox state by signaling the transient expression

of antioxidant genes, possibly by activating the MAPK

cascade [144].

Serine/threonine protein kinase (OXI1) has been shown

to play a central role in ROS sensing and the activation of

mitogen-activated-protein kinases (MAPKs) 3 and 6 by

Ca2?. This kinase is also activated by PDK1 through the

phospholipase-C/D- phosphatidic-acid pathway. A MAPK

cascade involving MAPK3/6 acts downstream of OXI1 and

controls the activation of different defense mechanisms in

response to ROS stress [141, 145].

Hormone regulation in ROS signaling

Increasing evidence shows that higher plant hormones are

positioned downstream of the ROS signal. H2O2 induces

accumulation of stress hormones, such as salicylic acid

(SA) and ethylene [146]. Tobacco plants exposed to

ozone accumulate ABA and the induction of the PDF1.21

gene by paraquat is impaired in Arabidopsis mutants

insensitive to jasmonates (JA) and ethylene [147]. Higher

plant hormones are not only located downstream of the

ROS signal, but ROS themselves are also secondary

messengers in many hormone signaling pathways. No

doubt, feedback or feed forward interactions may con-

ceivably occur between different hormones and ROS

[122, 148–150].
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Issues needing additional research emphasis

Taking into account the complex nature of the ROS gene

network and its integration into the web of plant signaling

networks, we face a major challenge in dissecting the

genetic network that controls ROS signaling in plants:

What are the sensors for reactive oxygen species (ROS) in

plants? How are the different cellular signaling networks

linked to the ROS gene network? How redox signaling is

linked with hormonal regulation, nutrient status and redox

potential of higher plants, and how their redox signaling is

cooperated with inter- and intracellular signaling, transport

capacity, and developmental and environmental cues to

maintain an appropriate dynamic homeostasis for stress

tolerance and efficient survival?

The cross-talks

In nature stress does not generally come in isolation and

many stresses act hand in hand with each other. In response

to these stress signals that cross talk with each other, nature

has developed diverse signaling pathways for combating

and tolerating them. These pathways act in cooperation to

alleviate stress [6]. The cross-talk between pathways could

be explained by the presence of promoter sequence ele-

ments in the promoter region of stress induced genes that

respond to several environmental stresses and signaling

molecules [151]. A large number of evidences have been

accumulated to support the notion that signaling pathways

are interconnected to constitute the networks that lead to

various plant responses [9, 138, 152]. Results from the

analyses of Arabidopsis transcriptome and Arabidopsis

mutants altered in their cold response indicated that

crosstalk exists in stress responsive gene expression,

including during cold as well as between the stress

response and plant growth and development. A signaling

network that occurs through interactions among Ca2?,

Ca2?-regulated proteins, MAP kinases, and numerous

transcription factors allows plants to exhibit a variety of

responses, enabling them to adapt to adverse environmental

conditions such as freezing temperatures. Interactive

effects of temperature, osmotic stress, and ABA indicate

that both positive and negative interactions exist among

these stress factors in regulating gene expression [153].

A web-like network with many nodes is suitable for

gathering information and allowing cross-talk with other

signaling pathways, and it contributes to the efficient

propagation and fine tuning of the signal. Presumably, the

abiotic signaling system has developed in complexity

because it enables plants to respond to and adapt to stresses

efficiently [154].

The cross-talks between abiotic stresses

Microarray technology employing cDNAs or oligonucleo-

tides is a powerful tool for analysing gene expression

profiles of plants exposed to abiotic stresses such as

drought, high salinity, or cold, or to ABA treatment [155–

157].There are two predominant varieties of microarray

technology available, the cDNA microarray and the oli-

gonucleotide microarray, the most prominent being the

Affimetrix GeneChip [95, 158]. Rice gene expression in

response to high salinity stress was first analysed using

cDNA [expressed sequence tag (EST)] microarray tech-

nology [159]. Recently, stress-inducible genes in rice were

analysed using a microarray including *1,700 indepen-

dent rice cDNAs (ESTs). These cDNAs were harvested

from rice plants exposed to drought, cold, or high salinity

stresses [160]. Stress-inducible expression of the candidate

genes identified via microarray analysis was confirmed

using RNA gel-blot analysis. These analyses confirmed

that 73 of these genes were truly stress inducible. Expres-

sion of *40% of drought- or high salinity- inducible genes

was also induced by cold stress. In contrast, expression

of[98% of the high salinity- and 100% of ABA-inducible

genes were also induced by drought stress. These data

implicated the existence of a substantial common regula-

tory system or significant cross-talk between the drought,

high salinity, and ABA response pathways. These results

also indicate a somewhat weaker relationship between the

signaling pathways activated in response to cold versus

drought stress or between cold versus ABA treatment

[95, 160].

Studies suggest that osmotic stress imposed by high salt

or drought is transmitted through at least two pathways; one

is ABA-dependent and the other ABA independent. Cold

exerts its effects on gene expression largely through an

ABA-independent pathway [161]. ABA induced expression

often relies on the presence of cis-acting element called

ABRE [3, 4, 90, 161]. Genetic analysis indicates that there is

no clear line of demarcation between ABA-dependent and

ABA-independent pathways and the components involved

may often cross talk or even converge in the signaling

pathway [86, 138]. Calcium, which serves as a second

messenger for various stresses, represents a strong candi-

date, which can mediate such cross talk. Several studies have

demonstrated that ABA, drought, cold and high salt result in

rapid increase in calcium levels in plant cells [162, 163].

The cross-talk between ABA signaling

and abiotic signaling

ABA is an important classic phytohormone and plays a

critical role in response to various stress signals. Salt,
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drought, and to some extent, cold stress cause an increased

biosynthesis and accumulation of ABA, which can be

rapidly catabolized following the relief of stress [7]. The

application of ABA to plant mimics the effect of a stress

condition. As many abiotic stresses ultimately results in

desiccation of the cell and osmotic imbalance, there is an

overlap in the expression pattern of stress genes after cold,

drought, high salt or ABA application. This suggests

that various stress signals and ABA share common ele-

ments in their signaling pathways and these common ele-

ments cross talk with each other, to maintain cellular

homeostasis [161].

The main function of ABA seems to be the regulation of

plant water balance and osmotic stress tolerance. Several

ABA deficient mutants namely aba1, aba2 and aba3 have

been reported for Arabidopsis. ABA deficient mutants for

tobacco, tomato and maize have also been reported without

any stress treatment the growth of these mutants is com-

parable to wild type plants. Under drought stress, ABA

deficient mutants readily wilt and die if the stress persists.

Under salt stress also ABA deficient mutants show poor

growth [6, 86]. In addition, exogenous application of ABA

also induces a number of genes that respond to cold stress.

Nevertheless, the role of ABA in cold stress-responsive

gene expression is not clear. Several reports have described

genes that are induced by dehydration and cold stresses but

that do not respond to exogenous ABA treatment. This

suggests the existence of ABA-independent, as well as

ABA-dependent, signal transduction cascades between the

initial stress signal and the expression of specific genes

[13].The cross-talk between ABA-dependent and ABA-

independent regulatory systems has been suggested by

genetic and molecular analyses [158, 164], and the cross-

talk occurs at the interaction between different cis-acting

elements (Fig. 2). Many drought- and cold-inducible genes

contain both DRE/CRT and ABRE motifs in their pro-

moters. These cis-acting elements are thought to function

independently. However, precise analysis of these cis-act-

ing elements in RD29A gene expression revealed that

DRE/CRT functions cooperatively with ABRE as a cou-

pling element in ABA-responsive gene expression in

response to drought stress [165]. This indicates that inter-

actions between different transcription machineries func-

tion to provide crosstalk between different stress signaling

pathways. As is the case for the CBF4/DREB1D gene,an

osmotic-stress inducible gene of the CBF/DREB1 family

[4]. Genes of the CBF/DREB1 family are mainly induced

by cold stress, but the drought-inducible gene CBF4

functions to provide crosstalk between DREB2 and CBF/

DREB1 regulatory systems. The drought-inducible

expression of CBF4 is controlled by ABA-dependent

pathways, suggesting that CBF4 may function in the slow

response to drought that relies on the accumulation of ABA

[13]. Apparently, ABA signaling is far more complicated

than earlier suggested and cross talk among several path-

ways has been suggested. Presumably, the ABA signaling

system has developed in complexity because it enables

plants to respond to and adapt to stresses efficiently.

Diverse signals converge at MAPK cascades

Mitogen-activated protein kinases (MAPKs) are important

signal transducing enzymes that connects diverse recep-

tors/sensors to a wide range of cellular responses in

mammals, yeasts and plants. In recent years, a large

number of different components of plant MAPK cascades

were isolated. Molecular and biochemical studies have

revealed that plant MAPKs play important role in the

response to a broad variety of abiotic stresses, including

temperature, drought, salinity, but also in the signaling of

plant hormones and the cell division [166, 167].The basic

assembly of a MAPK cascade is a three-kinase module

conserved in all eukaryotes. MAPK, the last kinase in the

cascade, is activated by dual phosphorylation of the Thr

and Tyr residues in a tripeptide motif (Thr–Xaa–Tyr, where

Xaa could be Glu, Gly, Pro or Asp) located in the activa-

tion loop (T-loop) between subdomains VII and VIII of the

kinase catalytic domain. This phosphorylation is mediated

by a MAPK kinase (MAPKK or MEK), which, in turn, is

activated by a MAPKK kinase (MAPKKK or MEKK).

There are multiple members of each of the three tiers of

kinases in a cell, which contribute to the specificity of the

transmitted signal [168, 169].

Perhaps some of the strongest evidence for cross-talk

during abiotic stress signaling in plants comes from studies

of MAPK cascades. The Arabidopsis genome encodes

approximately 60 MAPKKKs, 10 MAPKKs and 20

MAPKs. Signals perceived by the 60 MAPKKKs have to

be transduced through 10 MAPKKs–20 MAPKs which

offer scope for cross-talk between different stress signals.

MAPKs are implicated in developmental, hormonal, biotic,

and abiotic stress signaling [170]. Members of MAPK

cascades are activated by more than one types of stress,

which suggests that MAPK cascades act as points of con-

vergence in stress signaling [5].

Constitutive expression of MAPKKK/Nicotiana protein

kinase 1 (MAPKKK/NPK1) in maize activated an oxida-

tive signal cascade and the transgenics showed tolerance to

cold, heat, salinity and also higher photosynthetic rates

[171]. These results clearly demonstrate that NPK1 some-

how protects the photosynthetic machinery. In addition,

activation of MAPK cascade in response to cold and salt

stress has been identified in Arabidopsis by yeast two-

hybrid interactions, complementation of osmosensitive

yeast mutants and by overexpression studies in plants.

Over-expressing Arabidopsis MAPK kinase 2 (MKK2)
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plants resulted in the constitutive upregulation of down-

stream MPK4 and MPK6 activity and other 152 genes

involved in stress metabolism, signaling and transcriptional

regulation. While overexpression of MKK2 resulted in salt

and freezing tolerance, on the contrary mkk2 null mutant

plants show hypersensitivity to salt and cold stress [172].

These results again suggest that MAPK cascade is an

important convergent point for cross-talk between different

abiotic stress responses [173].

Conclusion and perspectives

Signaling pathways have to be regarded as complex net-

works. Multiple points of convergence and divergence that

enable signal integration at different levels, and provide the

molecular basis for appropriate downstream responses

characterize these signal transduction networks. From the

above review, we know that Plants not only have stress-

specific signal transduction pathways such as the ICE-

CBF-COR signaling pathway of cold stress and the sos

pathway which play a vital role in the ion stress but also the

cross-talk between abiotic stresses for instance the ABA

signaling and the MAPK cascade. Although recent pro-

gresses in this field have identified several signaling factors

related to the abiotic stress-response in plants, there is a

long way to go. Dinneny et al. [174] clearly demonstrated

that different differentiated cells in roots responds differ-

ently to various abiotic stresses, suggesting that different

cell types respond differently to abiotic stresses. Our

understanding of the whole-plant stress response mecha-

nism is very limited. To dissect this system, we need to

investigate stress responses in differentiated cells, tissues

and organs, and to connect the data relevantly. Systems

biological and mathematic biological approaches will be

required to integrate the data and to draw a complete

overall picture of the abiotic stress response in plants.

Challenges to be met for integrated knowledge of plant

abiotic stress responses and tolerance include:

• Identification of sensors and signaling pathways for

abiotic stresses.

• Understanding the molecular basis of interplay among

stresses

• Identification of key factors in the connection between

abiotic stress responses and developmental processes.

• Addressing how local abiotic stress signals are pro-

cessed and transduced to other parts of the plant body.

A deeper understanding of the transcription factors

regulating these genes, the products of the major stress

responsive genes and cross talk between different signaling

components should remain an area of intense research

activity in future [175]. To gain a better understanding of

different signaling components, their functions and how

these signals communicate with others, it is important to

develop novel methods of analysis. Conventional genetic

screens based on stress injury or tolerance phenotypes have

been applied with success [176]. However, such screens

may not be able to identify all components in the signaling

cascades due to functional redundancy of the pathways in

the control of plant stress tolerance. The accessibility of the

Arabidopsis genome and various reverse genetics strategies

for generating knock out mutants should lead to the iden-

tification of many more signaling components and a clearer

picture of abiotic stress signaling networks. Recently,

cDNA and GeneChip microarrays have been applied to

reveal novel signaling determinants on a whole-genome

scale in response to some abiotic stresses in Arabidopsis

thaliana [86, 177, 178]. Adoption of forward and reverse

genetic approaches by more researchers in this field will

certainly expedite our understanding of stress signaling

mechanisms in plants.
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