
Available online at www.sciencedirect.com

A stress-free walk from Arabidopsis to crops
Yin Hoon Chew1 and Karen J Halliday1,2
Global concerns such as food security and climate change

have highlighted an urgent need for improved crop yield.

Breakthroughs in Arabidopsis research provide fresh

application routes to achieve novel crop varieties that can

withstand or avoid stresses imposed by a changing growth

environment. This review features advances in CBF-stress

signalling that expand opportunities to produce super hardy

crops that can withstand multiple abiotic stresses. It examines

molecular external coincidence mechanisms that avoid abiotic

stresses by confining plant growth and reproduction to

favourable times of the year. The potential value of

mathematical modelling approaches is discussed in relation to

improving crop-stress resistance or avoidance, and

forecasting crop performance.
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Introduction
International concerns regarding food security and a com-

peting demand to produce biofuels have highlighted the

requirement for renewed efforts to increase plant yield and

productivity [1]. The improvements in grain yield achieved

over the last 50 years have now reached a plateau at a time

when yields are threatened by global warming and increas-

ing CO2 levels [2]. To ensure food supplies keep pace with a

growing population we need to develop and exploit new

crops, and adopt new approaches to improving popular grain

crops. Recent advances in our understanding of abiotic

stress tolerance and avoidance in Arabidopsis offer con-

siderable potential for crop improvement in the future [2].

Abiotic stresses such as cold, heat, drought and salinity can

have a strongly detrimental effect on crop biomass and

yield [3]. The production of crops with improved responses

to wide-ranging environmental conditions experienced in
www.sciencedirect.com
nature offers obvious benefits for both the farmer and wider

society. Two general approaches have been applied to this

problem. First, the development of robust stress-tolerant

cultivars with improved resistance to abiotic stress. Second,

the production of stress-avoiding varieties that can adjust

their growing habit to favourable times of the year. The

substantial expansion in our knowledge of abiotic stress

tolerance and avoidance strategies in Arabidopsis provides

increased potential for exploitation in crops. Judicious use

of Arabidopsis alongside model crop plants such as rice and

wheat can generate an iterative cycle that expedites un-

derstanding. This review highlights the exemplar CBF

stress response pathway as a means to improve tolerance of

stresses that are highly correlated in nature, and examines

the molecular networks that underpin stress avoidance. A

brief overview is provided on how modelling approaches

can be employed to predict responses to changing environ-

mental conditions.

Coping with stress
In the natural environment, plants have to cope with

temperature extremes. Temperature can change

dramatically through a season, and even during a daily

photo-cycle, 20–30 8C fluctuations are not unusual [4��].
Environmental temperature has a direct impact on bio-

chemical reaction rates, water and nutrient uptake, mem-

brane fluidity, protein and nucleic acid conformation

whereas freezing leads to the formation of ice crystals

that can inflict physical damage within the cell [5,6].

Exposure to cool temperatures induces the transcription

of a suite of genes that offer protection and adjust the

plants’ metabolic and regulatory pathways to the new

operational temperature range. As dehydration and osmo-

tic stress often accompany temperature stress, the mol-

ecular response elicited by temperature includes

dehydrins, a subgroup of cold responsive genes that offer

protection from dehydration and osmotic stress. Principal

components in the stress response network are C-

REPEAT BINDING FACTORS (CBFs), transcription

factors that improve the robustness of crops to both the

direct and indirect effects of temperature.

The CBF regulon: a case study
Periods of cold can severely restrict growth, diminish plant

survival rates and reduce crop productivity. However,

many plants from temperate climates are not only able

to withstand cold spells, they can acquire freezing toler-

ance following exposure to chilling temperatures, through

a process known as cold acclimation [5]. Central to this

process is the CBF regulon: CBF genes and their transcrip-

tional targets that trigger a suite of pathways that collec-

tively protect the plant from the harmful effects of cold [7].
Current Opinion in Biotechnology 2011, 22:281–286
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CBFs are pathway integrators that improve tolerance to multiple abiotic

stresses. Temporal regulation of C-REPEAT BINDING FACTORS (CBFs)

by temperature and light is ‘gated’ by the circadian clock. CBFs activate

COLD-RESPONSIVE/LATE EMBRYOGENESIS–ABUNDANT (COR/LEA)

genes improving tolerance to freezing, salinity and drought. Extreme

heat induces DREB2A which improves heat stress tolerance through the

HEAT SHOCK TRANSCRIPTION FACTOR–HEAT SHOCK PROTEIN

(HSF-HSP) pathway. Activities of the CBF and vernalisation pathways

are coordinated. Before vernalisation, CBF activation by cold

suppresses flowering by elevating FLOWERING LOCUS C (FLC) levels.

Following the transition to reproductive development, the floral gene

SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) feeds back to

negatively regulate CBFs. This cross regulation ensures that flowering is

suppressed during cold snaps, and that the CBFs are restrained

following the switch to reproductive growth.
Studies in Arabidopsis have defined important elements in

the CBF pathway and provided a molecular platform for

extended study and application in crops [8]. CBFs, also

known as DREBs, are transcription factors that recognize

the cold-responsive and dehydration-responsive DNA

regulatory element designated the C-REPEAT/DEHY-
DRATION-RESPONSIVE ELEMENT (CRT/DRE).

Exposure to low temperatures induces the expression of

CBFs that regulate the transcription of COLD-RESPON-
SIVE/LATE EMBRYOGENESIS–ABUNDANT (COR/
LEA) genes [9]. CBF-induced molecular events trigger a

number of biochemical changes such as the accumulation

of simple sugars and the amino acid proline that are thought

to protect the plant against cold and subsequent exposure

to sub-zero temperatures [7]. A key controller of the CBF

regulon is INDUCER OF CBF EXPRESSION 1 (ICE1),

an MYC-type basic helix–loop–helix (bHLH) transcription

factor that enhances the expression of CBFs in a tempera-

ture-dependent manner [5,10]. Constitutive expression of

the CBF genes in transgenic Arabidopsis plants results in

the induction of COR gene expression and an increase in

freezing tolerance without a low temperature stimulus

[6,7,11].

Improving crop stress resistance
The CBF pathway is highly conserved in flowering

plants. Components are present in both temperate cereals

(e.g. barley, rye and wheat) and species that suffer

damage at chilling temperatures and that are completely

unable to tolerate freezing, such as tomato, maize and rice

[12,13]. Targeted manipulation of the CBF pathway

therefore offers real scope to improve survival rates and

yield in winter crop varieties and extend the geographical

range of crops that cannot currently withstand cold spells

or sub-zero temperatures. As the CBF regulon also

enhances resistance to drought and salinity, this pathway

is a logical target for boosting crop protection from abiotic

stresses that are highly correlated in nature (Figure 1).

A number of recent studies have started to map the cold

regulated transcriptome in economically important crops

such as rice and wheat [14,15�,16,17]. These and related

studies have significantly expanded our knowledge of the

CBF pathway in these species, which we now know

comprises multiple CBF subgroups [6]. Studies in wheat

have identified CBFs that are constitutively elevated and

cold-inducible in winter but not spring cultivars [16,18].

These differences are thought to contribute to the

superior cold tolerance of winter cultivars.

Conservation of CBF pathways in higher plants permits

application of the Arabidopsis tool-kit to component

testing and delineating molecular mechanisms that oper-

ate in crops. TaICE41 and TaICE87, ICE1-like genes

from wheat were recently shown to bind the MYC

elements in the promoters of wheat CBFs [19]. Over-

expression of TaICE41 or TaICE87 in transgenic Arabi-
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dopsis resulted in enhanced freezing tolerance following

cold acclimation. Here, TaICE41 and TaICE87 were

shown to operate through the classical CBF regulon, as

AtCBF2, AtCBF3 and other known cold-regulated genes

were expressed at higher levels in these plants. Other

studies have shown that improved abiotic stress tolerance

can be achieved by manipulating CBF levels. Constitu-

tive expression of wheat wCBF2 in tobacco led to signifi-

cant improvements in freezing tolerance [20], while

elevated expression of TaDREB2 or TaDREB3, CBFs
from wheat, greatly increased drought and frost tolerance

in transgenic wheat and barley [21].

A number of studies have also been conducted in rice. A

comparative study demonstrated that rice OsDREB1A
and OsDREB1B had high functional overlap with the

Arabidopsis orthologues CBF3/DREB1A, CBF1/DREB1B
and DREB1C. Like their Arabidopsis counterparts,

OsDREB1A and OsDREB1B genes were shown to be

induced by cold stress [22]. Overexpression of these

genes led to improved stress tolerance to drought, high

salt and cold in transgenic rice plants. Transgenic over-

expression of barley HvCBF4 in rice also resulted in
www.sciencedirect.com
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elevated tolerance to drought, high-salinity and low-

temperature stresses [23]. Recently, the MYB transcrip-

tion factor MYBS3 was shown to enhance cold tolerance in

rice [24]. In contrast to DREB1/CBF that is known to

respond rapidly and transiently to cold stress, the MYBS3
response was gradual. This suggested MYBS3 may be

important for long-term adaptation to cold stress in rice.

In tomato the CBF pathway has been shown to be

important for the induction of chilling tolerance in the

mature fruit. Ethylene, which is important for fruit ripen-

ing, together with cold, has been shown to be required for

the induction of LeCBF1 [25�]. These findings indicate

that CBF regulon activation in tomato protects mature

tomatoes from damage imposed by cold storage. This

finding offers a clear application route aimed at improving

the quality and shelf-life of commercial tomato varieties.

Unwanted side-effects
While elevating CBF levels can significantly improve

stress tolerance, an unwelcome consequence of high

CBF1 or CBF3 levels can be growth retardation and

reduced yield [7,11,12]. Interestingly a recent study illus-

trated that use of the drought-inducible maize Rab17
promoter rather than a constitutive promoter, reduced

the deleterious effects of TaDREB2 and TaDREB3 on

development [21]. Growth retardation can also be avoided

by using alternative CBFs, for example, wCBF2 expression

in tobacco and HvCBF4 expression in rice improved stress

tolerance without stunting growth [20,23].

CBFs prevent over-heating
Thermo-tolerance in plants and other organisms relies

heavily on the accumulation of HEAT SHOCK

PROTEINS (HSPs) that are thought to act as molecular

chaperones in protein quality control [26]. Heat stress

transcription factors (HSFs) operate as central regulators

of HSP expression. Recent work has shown that Arabi-

dopsis DREB2A and DREB2C, not only improve resist-

ance to drought and salinity stress, but also provide

protection from severe heat [27�,28]. This appears to

be achieved by activating the heat shock pathway. Heat

stress boosts DREB2B transcript levels, which induces

HSFA3 transcription and downstream HSP targets. These

studies illustrate that individual CBF/DREBs have

different thermal dependencies with CBFs specialising

in either cold or warm protection.

Light modulates CBF expression
Many molecular, cellular and physiological responses are

subject to regulation by the plants’ internal circadian

oscillator and the CBF regulon is no exception. The

induction of CBF2 and CBF3 transcription by low-

temperature abundance is gated by the circadian clock

[29��]. CBF expression has also been shown to be highly

dependent on light quality in Arabidopsis [30��]. Lowering

the red to far-red ratio (R/FR), which stimulates vegetation
www.sciencedirect.com
shade, increases the amplitude of circadian-gated CBF
gene expression. This light quality-dependent increase

in CBF expression raises the temperature at which freezing

tolerance is induced. Thus light appears to moderate the

temperature threshold of cold acclimation. Interestingly

the phytochrome light receptors have been implicated in

the suppression of flowering at warm ambient tempera-

tures [31]. The light pathways may therefore have an

explicit role in buffering the impact of temperature on

environment-driven plant responses. The link between

light and the CBF regulon provides additional routes for

pathway modification extending molecular options for crop

improvement. These studies in Arabidopsis also reinforce

the notion that the CBF regulon has a central role in the

signalling network, integrating internal clock-driven and

varied environmental cues (Figure 1).

Stress avoidance
In addition to strategies dealing with the direct con-

sequences of environmental stress, plants have developed

sophisticated stress-avoidance mechanisms. An effective

way to improve survival rate and yield is to restrict

vegetative growth to the season that offers the most

favourable conditions [32,33�]. To do this the plant must

detect and interpret seasonal cues and measure the pas-

sage of time. Central to this process is the circadian clock

that allows accurate day length measurement and cru-

cially, anticipation of the coming season [34]. Much of our

understanding of the plant circadian clockwork has come

from detailed studies in Arabidopsis, however, similar

clock structures are thought to operate in a range of crop

species [35]. We now understand the basic principles that

underlie the ‘external coincidence’ mechanism that inte-

grates light and clock signals in day length recognition.

Key components that operate at this junction are the

growth promoters PHYTOCHROME INTERACTING

FACTOR 4 and 5 (PIF4 and PIF5) and the flowering

time regulator CONSTANS (CO) [36,37]. Dual action of

the clock that drives rhythmic expression, and light that

controls protein stability, underlies PIF4/5-mediated

growth and CO-controlled flowering time by day length.

As well as day length, temperature can also deliver strong

seasonal cues. In winter annuals that germinate in the fall,

flowering is blocked until the plants have experienced a

prolonged period of cold [38]. This protective vernalisa-

tion pathway ensures that flowering is arrested until the

spring and the onset of more favourable conditions.

Intensive study of this pathway in Arabidopsis has unra-

veled the complex epigenetic mechanism that underlies

this control. Central to this process is the FLOWERING

LOCUS C (FLC), a MADs box protein that prevents

flowering by repressing transcription of floral activators

such as FLOWERING LOCUS T (FT), SUPPRESSOR OF
OVEREXPRESSION OF CO1 (SOC1) and LEAFY (LFY).

FLC is subject to epigenetic regulation that either acti-

vates or suppresses its transcription. In winter annuals
Current Opinion in Biotechnology 2011, 22:281–286
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FLC is highly expressed and vernalisation results in

histone modifications that prevent FLC transcription

[39]. Studies have shown that although elements of this

pathway differ, vernalisation is also achieved through

epigenetic modification in cereals [40,41]. Here, VERNA-
LIZATION 1 and 2 (VRN1 and VRN2) are key vernalisa-

tion targets. Cold-induced epigenetic changes promote

VRN1 expression, which is accompanied by transcrip-

tional repression of VRN2 [42]. These changes promote

transition of the shoot apex from the vegetative to repro-

ductive state. Interestingly in both Arabidopsis and cer-

eals the vernalisation and cold acclimation pathways are

linked [43��,44]. In Arabidopsis, brief cold spells before

vernalisation lead to CBF-activated FLC expression,

which delays flowering and improves freezing tolerance.

Post-vernalisation, the CBF pathway is suppressed by the

floral activator SOC1. In wheat VRN-1 has been shown to

negatively regulate the cold acclimation pathway

suggesting similar pathway connections in Arabidopsis

and cereals. This cross-pathway regulation could be

important to restrain flowering during cold periods experi-

enced during the summer or fall. SOC1 negative feed-

back appears to suppress the cold response in plants that

have switched from vegetative to reproductive growth

(Figure 1).

Models that have predictive power
Modelling strategies can be used to identify and interpret

molecular events that result from complex circuit beha-

viour. Recently a modelling approach has been used to

provide a fuller understanding of the photoperiodic regu-

lation of flowering time [45��]. Model prediction and

experimental verification identified a novel function for

FLAVIN-BINDING, KELCH REPEAT, F BOX 1

(FKF1), an important regulator of photoperiodic flower-

ing. The formal integration of complex molecular events

and the potential predictive power of models have

obvious applications in crop improvement. Advance-

ments in our understanding of the circadian clock net-

work and the molecular links that determine flowering

time in Arabidopsis have aided the development of an

eco-physiological flowering in pea [46]. This approach led

to the prediction and experimental validation of the

hypothesis that the flowering gene HIGH RESPONSE
TO PHOTOPERIOD (HR), interacted with the photo-

period pathway.

An Arabidopsis phenology model [4��] has been devel-

oped that considers the environmental effects of photo-

period, vernalisation and ambient temperature

fluctuations on flowering time. The model was developed

using field data from a range of Arabidopsis flowering

pathway mutants situated at five sites across Europe in

different seasons. This allowed the relative contributions

of different signalling pathways to be assessed across

environments. Interestingly, this study suggested that

the previous notion of discrete classes of winter-annual
Current Opinion in Biotechnology 2011, 22:281–286
and rapid-cycling Arabidopsis ecotypes may be inaccur-

ate, rather most ecotypes are capable of both life histories.

The model could predict the effects of novel environ-

ments on flowering time across a range of genotypes.

Sophisticated model-assisted strategies have been used to

identify traits that are involved in drought tolerance. One

approach utilises a phenotyping platform that measures

the contribution of stress-QTLs to simple heritable traits

under differing environmental conditions [47]. These

traits and the underlying QTLs are linked to output yield

allowing the identification of traits that are beneficial in

complex stress conditions.

Modelling approaches are applicable to crop research at

different levels. Models that integrate genetic, molecular

and biochemical information facilitate understanding of

complex behaviour, such as pathway integration whereas

models that cross scales from the molecular, cellular to

whole plant or field level have enormous potential in crop

improvement and crop yield forecasting.

Concluding remarks
The convergence of research effort on Arabidopsis has

generated a knowledge base and variety of valuable tools

that are amenable to crop research. The Arabidopsis

system has proved to be a useful and time-saving testing

ground for components discovered in crops. Interchange-

able use of Arabidopsis and crops, or ‘system-swapping’

has advanced our understanding of stress tolerance and

stress avoidance strategies in crops. As improving stress

avoidance strategies or a broader tolerance of environ-

mental stresses can dramatically enhance crop survival,

these are obvious exploitation routes to enhance crop

yield. Targeting the CBF pathway, that integrates

environmental and internal signals, increases the poten-

tial to protect crops from stresses that are highly corre-

lated in nature (Figure 1). With the global demand for

food projected to increase 70–100% by 2050, innovative

approaches to enhance crop robustness and yield will play

an increasingly important role in meeting the nutritional

demands of a growing population [1,48–50].
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