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Abstract

Here we highlight how both the root and shoot environment impact on whole plant hormone balance, particularly

under stresses such as soil drying, and relate hormone ratios and relative abundances to processes influencing

plant performance and yield under both mild and more severe stress. We discuss evidence (i) that abscisic acid

(ABA) and ethylene act antagonistically on grain-filling rate amongst other yield-impacting processes; (ii) that ABA’s

effectiveness as an agent of stomatal closure can be modulated by coincident ethylene or cytokinin accumulation;

and (iii) that enhanced cytokinin production can increase growth and yield by improving foliar stay-green indices

under stress, and by improving processes that impact grain-filling and number, and that this can be the result of
altered relative abundances of cytokinin and ABA (and other hormones). We describe evidence and novel processes

whereby these phenomena are/could be amenable to manipulation through genetic and management routes, such

that plant performance and yield can be improved. We explore the possibility that a range of ABA-ethylene and ABA-

cytokinin relative abundances could represent targets for breeding/managing for yield resilience under a spectrum

of stress levels between severe and mild, and could circumvent some of the pitfalls so far encountered in the

massive research effort towards breeding for increases in the complex trait of yield.
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Introduction

The ways in which crop plants generate, transport, and

regulate both local and long-distance hormone-based chem-

ical signals are important research targets. Similarly, the

mechanisms by which these signals are translated into

adaptations such as changes in root and shoot biomass and
architecture, changes in plant water transport and gas

exchange, and more direct yield-related parameters such as

alterations in grain-filling rate, are being intensively studied.

Such knowledge can greatly impact on the ways in which

we design, or screen for more water-productive or stress-

tolerant genotypes (Araus et al., 2008; Mittler and

Blumwald, 2010), and can allow the development of novel

ways of treating/managing crops in the field (Davies et al.,
2002; Belimov et al., 2009; Dodd, 2009). This type of

research is becoming increasingly important in the context

of food and energy security, because traditional or empirical

breeding for the primary trait of ‘yield’ is both slow (it can

only be measured at plant maturity) and complex (yield is

controlled by many different genes, each making a small

contribution, such that taken as a whole, yield manifests

low heritability and can react unpredictably to environmen-
tal change). Screening genotypes for a molecular marker or

phenotype that can act as a surrogate for yield is potentially

more rapid. However, determining which genes or pheno-

types could act as yield surrogates requires in-depth

knowledge of processes that impact on yield. Here we

discuss the influence of plant hormone status in this context,

and the influence of both the roots and the shoots on this

balance.
Genetic linkages to drought-tolerance features such as

stomatal closure, reduced canopy expansion, ‘stay-green’,

and deep-rooting; as well as the biochemical processes that
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control them, have been investigated in relation to yield

maintenance or high water productivity under drought.

Examples of single genes (or traits) associated with

increased plant survival rates under relatively severe

droughts, are those controlling cellular desiccation tolerance

(Nelson et al., 2007; Yang et al., 2007) and changes in

hormone concentration (Iuchi et al., 2001; Rivero et al.,

2007; Thompson et al., 2007). Genetic manipulation of
these features induced yield gains under stress when tested

under specific experimental conditions. However, this did

not always translate to yield gains (and indeed sometimes

gave rise to yield penalties) under field conditions, where

water was freely available at least some of the time, and

where there are other important genotype by environment

(G3E) interactions which affect yield. One reason for the

elusive nature of a ‘magic bullet’ for minimizing drought-
induced yield impediments is that breeding for the conser-

vative use of water frequently equates to breeding for plants

with reduced rates of transpiration, through more closed

and/or fewer stomata. This commonly leads to a reduction

in photosynthesis and carbon fixation, therefore giving rise

to smaller plants, at least where soil moisture levels are not

limiting. There are, however, significant exceptions to this

problem: Rebetzke et al. (2002) identified commercially
applicable wheat genotypes with yield increases of 10% in

dryland systems (below 500 mm of rain per annum), by

screening for leaf level transpiration efficiency. Secondly,

Thompson et al. (2007) demonstrated the possibility that

high yields and low transpiration can, after all, be achieved

simultaneously through genetic approaches (in tomato

plants over-expressing LeNCED1 and exhibiting increased

abscisic acid [ABA] concentrations), because transpiration
is more sensitive to stomatal closure than photosynthesis

under many environmental conditions (whether it is induced

by managed manipulation of the environment or by genetic

control). Here partial stomatal closure resulted in large

increases in water use efficiency, with no significant

difference in biomass accumulation after 10 weeks growth

in either droughted or well-watered plants.

Nevertheless, much of the progress in yielding under
reduced water availability has come from breeding for traits

not so obviously related to water stress, such as the

modification of rates of phenological development at

sensitive stages. For example, reducing the length of the

anthesis silking interval (ASI; Bolanos and Edmeades, 1996;

Badu-Apraku et al., 2011) reduces the period of stress

susceptibility, and thus the likelihood of a stress-induced

yield reduction. This impressive gain in crop resilience is
summarized well in a recent Royal Society report, ‘Reaping

the benefits’ (The Royal Society, 2009).

More recently, the chances of engineering drought-

resistant genotypes where yields are not penalized under

less stressful water environments (Hammer et al., 2006)

have recently been improved through the use of stress-

inducible promoters to drive the expression of drought-

tolerance genes. Here, the chosen genes are only expressed
during the stress period (Nelson et al., 2007; Rivero et al.,

2007; Araus et al., 2008; Qin et al., 2011), and genes

inducing timely changes in hormone biology are among

those shown to be effective.

The progress of breeding for tolerance to severe drought

has also been hindered by the fact that any yield advantages

gained from engineering/selecting for drought-tolerance

traits will probably be very small in terms of grain weight,

even if this is double what had previously been possible:

doubling very little still equates to very little (Condon et al.,
2004; Fisher and Edmeades, 2010). At the other end of the

spectrum, a promising alternative may be to breed for less

conservative genotypes in terms of reductions in transpira-

tion, under relatively mild drought. Such genotypes may

well fare poorly under severe drought (and indeed they will

deplete soil moisture faster and a mild drought may become

a more severe drought), but when matched with environ-

ments that are likely to experience mild or intermittent
droughts only, this may not be problematic (Collins et al.,

2008). Under rain-fed agriculture, even relatively mild

droughts, such as those experienced in the UK, can reduce

maximal yields (found under fully irrigated conditions or in

wetter years) by as much as 30–60% (Dodd et al., 2012).

Even where yield gaps are smaller than this in terms of

percentage yield loss, they can often be large in terms of

actual grain weight, reflecting a change at the upper end of
the scale. Reducing relatively small yield gaps by maintain-

ing carbon gain at the expense of transpiration efficiency

(when expressed in terms of water loss per unit leaf area or

whole plant water use) may be a readily accessible breeding/

management target where we can predict some hormonal

influence.

Another set of problems encountered when breeding for

improvements in leaf-level water use efficiency (WUE), is
that these may not always translate into higher crop canopy

WUE or yield. If attempts to improve WUE are made

through increasing the sensitivity of stomatal closure to

drought, canopy temperature can increase as stomata close

and drive transpiration harder (Jarvis and McNaughton,

1986; Condon et al., 2004), especially in hotter climes. Thus,

just as much water escapes (via an increased leaf to air

diffusion gradient) from the canopy of the stressed crop
despite individual leaves having more closed stomata. Leaf

level WUE is thus often uncoupled from canopy or

ecosystem WUE (Condon et al., 2004; Niu et al., 2011).

This increased canopy temperature may also have a more

direct negative effect on yield, as cooler canopies have been

associated with improved yield (Lopes and Reynolds, 2010).

This problem might also be avoided by breeding for

reduced sensitivity of stomatal closure under mild drought,
particularly in warm climates.

Increased plant productivity under mild drought has

indeed been correlated with the ability of plants to maintain

high rates of growth and transpiration (Fischer and

Edmeades, 2010). Over-expression of a maize transcription

factor gene, ZmNF-YB2, conferred greater photosynthesis

and stomatal conductance, lower leaf temperatures, and

increased tolerance to such mild droughts, in transgenic
maize plants in the field (Nelson et al., 2007). Thus more

open stomata can be associated with enhanced yield.
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Here we identify some promising advances in our un-

derstanding of ABA, ethylene, and cytokinin signalling-

response pathways, and interactions between them, that

impact on crop performance and yield. We provide novel

insight into how such new knowledge can be exploited

through innovative crop management and crop breeding

strategies. We discuss whether changes in ratios and relative

abundances of hormone concentrations, rather than
changes in the concentration of a single hormone per se,

may represent useful targets for improving stress tolerance

or, indeed, rapidly accessible surrogates for yield. This is

because modelled plant responses (including yield responses

in cereal and energy crops) to the changeable environment

can be made to match measured responses more closely,

when combinations of signals rather than single hormones/

signals are used in model parameterization, both under
experimental conditions and in the field (Tardieu and

Davies, 1993). This is because signals often act in concert,

either antagonistically or synergistically, when responding

to environmental change/stress or developmental cues

(Tardieu and Davies, 1992, 1993; Ghassemian et al., 2000;

Sharp, 2002; Yang et al., 2006; Acharya and Assmann,

2009; Wilkinson and Davies, 2010). Furthermore different

abiotic stresses, and indeed biotic stresses, often induce
plant responses through shared or overlapping hormone

signal transduction pathways (Mittler and Blumwald, 2010,

Lee and Luan, 2012) and/or gene expression profiles (Seki

et al., 2001). Here we argue that breeding/managing for

particular ranges of ABA:ethylene and ABA:cytokinin

ratios or relative abundances, as biochemical markers that

integrate the products of, and/or responses to such multi-

gene regulated, multi-stress-responsive protein networks,
may also be an appropriate strategy.

ABA

ABA has long been recognized as a plant hormone that is

up-regulated in response to soil water deficit around roots,

amongst other stresses. It plays an important role in the

ability of plants to signal to shoots that they are experienc-

ing stressful conditions around the roots, giving rise to

water-saving anti-transpirant activity such as stomatal

closure and reduced leaf/canopy expansion (Davies et al.,

2002; Wilkinson and Davies, 2002). ABA is also involved in
adaptive ‘deeper’ root growth, and other aspects of

architectural modification, under drought (Spollen et al.,

2000; Giuliani et al., 2005) or nitrogen deficiency (Zhang

et al., 2007; Vysotskaya et al., 2009). It also modulates

aquaporin-related root and shoot hydraulic conductivity for

improved soil moisture scavenging and plant water distribu-

tion (Parent et al., 2009); and up-regulates processes involved

in cell turgor maintenance and desiccation tolerance such as
the synthesis of osmotically active solutes and antioxidant

enzymes (Chaves et al., 2003).

However, a given plant can respond very differently to

a given ABA concentration depending on its environment

and previous stress history, to the extent that ABA may

induce opposing effects on whole plant transpiration. It

rapidly limits transpiration (within hours or even minutes;

Sobeih et al., 2004) through its well-known ability to induce

stomatal closure as discussed above; however, ABA-induced

increases in hydraulic conductivity via improved aquaporin

functioning and/or osmotic regulation will tend to oppose

stomatal closure in the long run, or indeed may fully

overcome it (Tardieu et al., 2010, Travaglia et al., 2010),
potentially leading to sustained growth under stress. In

addition, other hormones such as cytokinins (CKs), auxin,

and ethylene, may alter the effectiveness of ABA to modify

its target cells directly, or indirectly by altering its bio-

synthesis (Davies et al., 2005; Wilkinson and Davies, 2010;

see below). Non-hormone-based signals of environmental

change, such as changes in tissue water status and changes

in apoplastic pH, can also modulate the extent to which
ABA penetrates to, or affects target cells such as stomatal

guard cells or growing leaf epidermis (Wilkinson and

Davies, 2002).

Which of these potential ABA-induced effects predom-

inates with respect to altering/adapting plant phenotype, is

likely to depend on the chronological progression of

changes in ABA concentration, ABA distribution, and

downstream effects. For example, stomatal closure may be
an initial rapid effect resulting from ABA accumulation in

the apoplast in the vicinity of stomatal guard cells, whilst

phenotypic reversion to sustained, high stomatal conduc-

tance may be possible days later, after enough time has

passed for osmotically active solutes to be synthesized in

leaf tissue, as a result of the sustained presence of ABA in

the leaf symplast. Alternatively, or in addition, ABA

accumulation at sites with high hydraulic resistance may
contribute to the maintenance of intra-plant water flow, via

increased aquaporin activity (Kudoyarova et al., 2011), to

override the opposing effect of ABA on stomata (Tardieu

et al., 2010), giving rise to an overall null effect, or, at least,

moderating ABA’s effectiveness as an anti-transpirant.

ABA and crop management

Advances in ABA signalling science have already allowed

refined development of crop management techniques for

reducing irrigation input, exemplified by the form of deficit

irrigation known as partial root-zone drying (PRD), which

is practised in parts of Southern Europe and China.
Standard deficit irrigation can sustain yields under reduced

irrigation because photosynthesis and fruit/grain growth are

less sensitive to water deficit, and water deficit-induced root-

sourced chemical signals like ABA, than transpiration. With

a partially reduced transpiration rate, plants can both yield

and still tolerate a reduced water supply. PRD allows some

of the pitfalls associated with standard deficit irrigation

(vulnerability to other abiotic stresses) to be avoided: one
portion of the root-zone is kept irrigated (drip or furrow

irrigation) such that shoot water relations remain relatively

unperturbed even though total crop water application rates

are still low. It has been shown that the ABA signal from

the root in the dry portion of the soil can persist to alter the
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shoot phenotype in some crops, despite improved shoot

water relations (Davies et al., 2002; Dodd, 2009). Other

potential management techniques involving altered ABA

signalling could include the use of relatively acidic foliar

sprays to reduce stomatal ABA sensitivity (Wilkinson and

Davies, 2002); or soil/seed inoculation with ABA producing or

suppressing bacteria, and the search for these is fully active.

ABA and crop breeding

NCED encodes an enzyme that catalyses a rate-limiting

reaction in the synthesis of ABA. Engineering the constitu-
tive over-expression of LeNCED1 in tomato resulted in

increased ABA accumulation and drought tolerance

(Thompson et al., 2007). However, breeding for changes in

ABA biology (increased concentration or perception) that

increase field performance and yield in crop species remains

a great challenge, because of the necessity for avoiding

inadvertent/concomitant reductions in carbon gain upon

stomatal closure, ABA-induced reductions in seed germina-
tion, and ABA-induced pollen sterility and abortion (Ji

et al., 2011). To overcome these problems it has recently

been found that the up-regulation of ABA concentration/

sensitivity can be confined to the stress period, through

links to drought-inducible promoters. For example,

drought-inducible (and indeed constitutive) over-expression

of the gene ABA3/LOS5 (integral to ABA biosynthesis) in

field-grown rice resulted in significantly increased yields
(Xiao et al., 2009). Using drought-inducible promoters

(from Arabidopsis) to drive the era1 anti-sense construct in

canola (ERA1 encodes the b-subunit of farnesyltransferase
for increased plant sensitivity to ABA), also resulted in

enhanced yield (Wang et al., 2005).

In addition to the complexities arising from opposing

direct and indirect effects of ABA itself on stomatal

aperture and shoot growth rates (see above), other prob-
lems with breeding for manipulation of ABA biology can

potentially arise through interactions between ABA and

other hormones or signalling molecules, such as ethylene

and CKs (see below).

Cytokinins

Cytokinins (CK) regulate the proliferation and differentia-
tion of plant cells (Ashikari et al., 2005). They also prevent

senescence (Davies et al., 2005): rapid premature leaf

senescence and death often occurs when water is limiting

during the grain-filling period, and genotypes possessing

stay-green (photosynthetically more active) traits that lead

to stress tolerance have been shown to contain elevated

levels of CK in xylem sap (Borrell et al., 2000). Transgenic

cassava plants over-expressing CK show significant drought
tolerance as a result of their stay-green capacity under stress

(Zhang et al., 2010). The ipt-gene, which drives CK

biosynthesis, has now been over-expressed in several plant

species under different promoters, and the transgenic plants

have demonstrated improved stress tolerance (reviewed by

Peleg and Blumwald, 2011), including field analyses (Qin

et al., 2011).

However, the relationship between delayed leaf senes-

cence and improved plant productivity does not always hold

(Yang and Zhang, 2010). Constitutive over-expression of ipt

results in detrimental pleiotropic effects such as decreased

root growth, altered flowering time, and poor tissue water

relations. Targeted reductions in CK content in transgenic
tobacco and Arabidopsis plants over-producing cytokinin

oxidase in roots, driven by root-specific promoters, was

shown to increase root growth and plant survival under

drought (Werner et al., 2010). The results are in conflict

with others showing that silencing of cytokinin oxidase

genes to increase CK levels in non-stressed barley led to

higher plant productivity, partially through improved root

biomass (Zalewski et al., 2010). Thus it is clear that effects
of CK on plant productivity are diverse and possibly

depend on where and when their content is changed and

how the changes are related to other hormones and external

conditions. Indeed tomato plants grafted on to rootstocks

constitutively expressing ipt also exhibited a decrease in root

biomass under control conditions (Ghanem et al., 2011).

However, under salinity stress the transgenic plants yielded

30% more than the wild-type plants.
It is now understood that ipt expression needs to be

appropriately timed. Use of maturation-induced and stress-

induced promoters (SARK, senescence associated receptor

kinase) prevented negative effects of constitutively high

shoot CK content on flowering time,, and transgenic

tobacco, rice, and peanut plants displayed enhanced

drought tolerance and yield as a result of delayed stress-

induced senescence (Peleg and Blumwald, 2011, Qin et al.,
2011). Transgenic peanut plants maintained higher photo-

synthetic rates, higher stomatal conductance, higher trans-

piration rates, and greater yields than wild-type control

plants under reduced irrigation in the field (Qin et al., 2011).

An alternative method for increasing CK concentration

has been applied in rice and barley: transgenic plants with

reduced expression of cytokinin oxidase (and thus increased

CK levels in shoots) showed grain yield improvements in
non-stressed plants linked to an increase in influorescence

number (Ashikari et al., 2005; Zalewski et al., 2010).

ABA–CK interactions

Increased xylem CK concentrations have been shown to

decrease stomatal sensitivity to xylem ABA (Radin et al.,

1982), and this effect increases as leaves age (Blackman and

Davies, 1985). CK content usually declines in stressed plants

(Davies et al., 2005), co-incidentally with ABA accumulation.

A causal relationship between these phenomena was con-

firmed in experiments showing an ABA-induced increase in

the expression of the gene coding for cytokinin oxidase
(Brugiere et al., 2003) as well as in the activity of enzymes

catalysing irreversible CK degradation (Vysotskaya et al.,

2009). Treatment of plants with an inhibitor of ABA

synthesis diminished both the activation of cytokinin oxidase

in stressed plants, and the decline in CKs (Vysotskaya et al.,
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2009). Since the decline in CK content in stressed plants is

likely to sensitize ABA-induced stomatal closure, it may be

beneficial to prevent this CK decline (perhaps via reduced

expression of cytokinin oxidase) in plants experiencing

mild or erratic soil water deficit, and prevent reductions in

carbon gain associated with unnecessarily sensitive stomatal

closure.

In addition to maintaining carbon gain under mild
drought by de-sensitizing stomata to ABA, increasing CK

concentrations in droughted plants may also be directly

beneficial for grain-filling under stress. This is because, in

rice and wheat at least, one yield detriment comes from the

strong metabolic dominance of the apical spikelets in grain-

filling, and the inhibition of filling to the inferior basal

spikelets. CK up-regulation may improve inferior grain-

filling (Mohapatra et al., 2011) by enhancing the activities
of cell-cycle genes to increase cell number, and thus the sink

capacity of the developing seeds. Alternatively, the authors

suggest that CK could improve phloem unloading. Slow

filling rates in inferior grains have been linked with low

contents of the cytokinins zeatin and zeatin riboside, and

auxin (Yang et al., 2000; Zhao et al., 2007, Zhang et al.,

2009); and with low ABA content and high rates of ethylene

evolution (Zhao et al., 2007; Zhang et al., 2009). The net
development of a plant organ is regulated by a balance

between hormones that promote and those that inhibit

development. In the context of spikelet development in rice,

it is possible that application of, or breeding for enhanced

gibberellic acid, CK, or auxin may increase the relative

proportions of hormones that promote and those that

inhibit the grain-filling of inferior spikelets. But it would

seem that increased CK content should not occur at the
expense of ABA, as both are linked to high grain-filling rate

(Zhao et al., 2007; Zhang et al., 2009). Again, breeding for

high ABA plus high CK seems preferable under mild

drought (where stress-induced senescence is not necessarily

an issue), as both improved inferior spikelet grain-filling and

reduced stomatal sensitivity to ABA can be coincidental,

without the potential detrimental effects that low ABA

content might have on, for example, root extension rate,
aquaporin activity, and the synthesis of solutes involved in

turgor maintenance.

Some of the work described above, using developmen-

tal- or tissue- specific promoters to control increases in ipt

to reduce stress-associated senescence, have coincidentally

reduced ABA concentration, alongside the increases in

stomatal conductance, photosynthesis, and growth of

plants exposed to drought or salt stress (Ghanem et al.,
2011). Could some of the positive effects of increased CK

on yield under stress have been the result of stronger

antagonism to ABA-induced stomatal closure at the guard

cells? Peleg et al. (2011) suggest, however, that robust root

development and increased water-absorbing capacity of

the transgenic peanut plants allowed a higher stomatal

conductance (rather than direct effects at the level of guard

cell signalling), even under drought conditions, ensuring
a higher CO2 supply to leaf tissues and therefore a higher

photosynthetic rate.

Manipulation of ABA–CK interactions through
management

Increasing CK concentrations via exogenous applications to

crop plants has generally proved ineffective due to in planta

regulation of CK homeostasis via cytokinin oxidase. Another

way of managing CK increases in plants may be through

their inoculation with preparations of CK-producing bacte-
ria, gradually releasing CK in concentrations within the

physiological range (Arkhipova et al., 2005). Some strains

of growth-promoting rhizobacteria have been shown to

produce high concentrations of CK (Omer et al., 2004).

Treatment of plants with one of these strains resulted in an

increase in CK content in lettuce and wheat plants accompa-

nied by their faster growth both in well-watered conditions

and under soil moisture deficit (Arkhipova et al., 2006). Here
we show that grain yield in field-grown wheat plants under

conditions of mild drought was increased by about 30–60%

using a pre-sowing seed treatment of such a bacterial

preparation (Table 1).

Ethylene

When up-regulated under stressful conditions such as heat

and drought, the gaseous plant hormone, ethylene, can

inhibit root growth and development, and, like ABA, it can
also reduce shoot/leaf expansion (Sharp, 2002; Pierik et al.,

2006). It is probably best known for its involvement in

stress-induced leaf senescence and abscission (Abeles et al.,

1992). There is also evidence that stress ethylene may

directly reduce photosynthesis (Rajal and Peltonen-Sainio,

2001). Stress ethylene production, for example under heat,

flooding, air pollution, soil compaction, and drought, can

also induce more direct yield detriments, notably reduced
grain-filling rates and/or increased embryo and grain

abortion (Hays et al., 2007; see Wilkinson and Davies,

Table 1. Effect of pre-sowing treatments of wheat seeds with

Bacillus subtilis IB-22 bacterial suspensions (colony forming cells

per ml) on wheat yield, where droughts were recorded over

a portion of the growing season (approximately 100 mm rainfall in

April–June) in a field experiment conducted in the Southern

wooded steppes of Bashkortostan, Russia in 2009

Means 6SE are shown. Yield components measured: grain

weight, number of skipe bearing tillers (n ¼ 50) and numbers of

surviving plants per bed (1.4 m2 per bed, n ¼ 10).

Bacteria
concentration

Yield
(ton ha�1)a

Grain
weight
(g plant�1)a

Number of
spike-bearing
tillersa

Survived
plants
per beda

0 3.960.5 2.960.1 2.460.1 18568

105 4.560.4* 3.560.1** 3.160.1** 239611*

106 5.660.7* 4.160,2** 3.460.2** 25669*

107 4.860.5* 4.960.3** 3.060.2** 231610*

a An asterisk (*) indicates significant difference between plants
grown from seeds pre-treated and untreated with bacteria (*P <0.05,
**P <0.01, Student’s t test).
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2010). As so many of the effects of stress on plants mirror

those known to be ethylene-induced, there is now general

acceptance that ethylene responses may underlie a portion

of the limitation of seed crop yield under abiotic stress, and

that the prevention of ethylene production or perception

under stress is a desirable genetic or management target.

However, plant ethylene production also fluctuates de-

velopmentally. It stimulates seed germination, and high
ethylene accumulation is traditionally associated with re-

productive processes such as ripening (Abeles et al., 1992).

Despite the resource-conservative effects of stress ethylene

described above, it can also be linked to the rapid expansion

of newly initiated leaves (Hunter et al., 1999). There is also

growing evidence that environmentally-induced increases in

plant ethylene generation can be growth-promotive under

some circumstances or in some genotypes, such as during
shade avoidance and plant competition, and when over-

coming submergence stress (Sharp, 2002; Pierik et al., 2006).

It is necessary to understand how ethylene can be associated

with these opposing sets of effects, before its regulation can

become a successful genetic or management target. Some

progress has been made recently in reconciling these

opposing effects: the concentration of other hormones such

as ABA can modulate the influence of ethylene on processes
such as shoot and root growth and stomatal conductance

(see below).

A role for ethylene in stomatal control is also gaining

support. It has been shown experimentally to close stomata

(Desikan et al., 2006), and instances of stomatal closure via

environmentally-induced ethylene accumulation have now

been recorded (Vysotskaya et al., 2011). Conversely,

ethylene can antagonize drought-and ABA-induced stoma-
tal closure (Tanaka et al., 2005; Wilkinson and Davies,

2009). The contrasting effects of ethylene on stomata that

can be demonstrated (above), alongside the clear detrimen-

tal effects of stress ethylene on leaf senescence, grain-filling,

and grain abortion have, perhaps, prevented large-scale

research efforts aimed at identifying a role for ethylene in

drought tolerance and yield linked to stomatal control.

However, as discussed above, under mild drought where
effects on leaf senescence and grain abortion are less

relevant to yield, the ethylene-induced antagonism of

drought/ABA-induced stomatal closure (see below) may be

beneficial for carbon gain and leaf cooling, both of which

are clearly linked to improved yield, at least in hotter

environments.

The detrimental effects of ethylene on crop performance

and yield are not necessarily confined to a stressful environ-
ment, as they may also be linked to genotypic variability in

productivity through plant architecture. As discussed

above, slow filling rates in a percentage of the grains lower

down on a rice spikelet or wheat ear, called inferior grains,

have been linked with low contents of CK and ABA and

high rates of ethylene evolution (Yang et al., 2000; Zhao

et al., 2007; Zhang et al., 2009). Developing grains in the

lower part of the panicle/ear that are confined in the flag
leaf sheath for a longer period, may be subject to the

inhibitory action of ethylene more than those in the upper

part of the ear/panicle, which may be the basis of the fact

that a spike or ear always contains at least some inferior,

smaller, less plump grains, particularly in some genotypes.

Mohapatra et al. (2000) used ethylene inhibitors to improve

the growth and development of the inferior spikelets, while

the application of ethylene promoters inhibited further

growth and development. Ethylene has now also been

linked to reduced grain-filling in both superior and inferior
spikelets under stress (Mohapatra et al., 2011), and the

authors envisage that yield gains in grain crops could be

made through screening genotypes for lower retention time

in the leaf sheath and/or for shorter leaf sheaths.

Ethylene:ABA ratios

Evidence for various interactions between ethylene and

other hormones that control adaptive responses (such as

grain-filling, but also other processes such as stomatal

conductance and growth) to resource scarcity, have been

reported. For instance, ethylene is known to prevent ABA

accumulation and vice versa (Spollen et al., 2000), or to
modulate cellular sensitivity to ABA (Ghassemian et al.,

2000; Wilkinson and Davies, 2010). Ethylene accumulation

can antagonize the control of gas exchange and leaf growth

by drought and ABA (Tanaka et al., 2005; Wilkinson and

Davies, 2010). This antagonism produces an opposing effect

of ethylene to the conservative effects described in the

previous section (stomatal closure, growth reduction), under

conditions in which ABA accumulation is also increased. As
discussed above, slow filling rates in inferior grains have

been linked with low ABA content and high rates of

ethylene evolution (Zhao et al., 2007; Zhang et al., 2009).

Yang et al. (2006, 2007) express the grain-filling rate in wheat

and rice in terms of a grain ABA:ethylene (or ABA:ACC

ratio – ACC, or 1-aminocyclopropane, – is the ethylene

precursor), which changes according to position on ear/

panicle (superior or inferior) and/or in response to soil
moisture content. Filling rate increases with the ABA:-

ethylene ratio. Furthermore, Sharp et al. (2004) show that

root growth in droughted maize plants is partially main-

tained due to an ABA-induced decrease in ethylene synthesis.

Thus, evidence is accumulating that the sensitivity of

various stress responses is dependent on a ratio between

ethylene and/or its precursor ACC and ABA concentration,

rather than on a given concentration of either hormone
alone (Acharya and Assmann, 2009; Wilkinson and Davies,

2010). We argue that organ growth, grain-filling, and

stomatal behaviour (amongst other effects) respond to such

ratios per se, whether they are generated by changes in air

pollution, soil drying or indeed in response to any other

stress that affects tissue concentrations of either hormone.

Here we provide evidence for ethylene–drought interactions

relevant to gas exchange in wheat. Studies of the effect of 1-
methylcyclopropane (1-MCP, an inhibitor of ethylene

perception) on stomatal conductance and ABA content in

leaves of droughted wheat plants demonstrated a sharper

decline in stomatal conductance in response to drought in 1-

MCP treated plants (Table 2), which was associated with
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higher shoot water potential (not shown) and increased leaf

tissue ABA concentration. A greater accumulation of ABA
in the plants occurred when these could no longer perceive

ethylene. Thus, at least some wheat genotypes do not

respond to soil drying as sensitively as is potentially

possible, due to stress-ethylene-induced reductions in ABA

accumulation. The extent of stress-ethylene production may

be genotype-dependent (Balota et al., 2004). This provides

scope for genetic or management modulation of water use

and carbon gain in field crops.

Ethylene and crop management

Ethylene physiology is accessible to manipulation via crop

management. Syngenta-Dow have developed a new crop

management technique to reduce crop ethylene perception

and reduce stress-induced grain yield losses, based on
novel applications of 1-MCP. Liquid foliar applications

of ‘Invinsa’ (AgroFresh Inc., USA), which then produces

gaseous 1-MCP, can act on a range of ethylene-associated

process (above). Crop management using plant-growth-

regulating rhizobacteria (PGPRs), as either seed treat-

ments or soil additions, that reduce plant ethylene

accumulation under stress by metabolizing the ethylene

precursor, ACC, at the root–soil interface, also increase
yields of legumes in the field (Belimov et al., 2009). Tests

are underway to develop its applicability to improve plant

performance and yield in field grain crops (AA Belimov,

personal communication).

Low endosperm ABA concentrations are associated with

low rates of grain-filling in inferior spikelets of rice, and

exogenous ABA application reverts grain-filling to rates

equivalent to those in superior grains by improving
assimilate partitioning to grains (Yang et al., 2006). As

described above, low ABA:ethylene ratios are associated

with reduced grain-filling. Yang and Zhang (2010) suggest

that controlled soil drying of irrigated crops in the mid- to

late-grain-filling stages, to induce assimilate remobilization

of stored carbohydrates, can lead to improved grain-filling

of inferior spikelets and increased harvest index (Yang

et al., 2007), by increasing the ABA:ethylene ratio.

Ethylene and crop breeding

Since genetic variability in stress ethylene generation exists

within several species (Balota et al., 2004), and this has been

linked to stress sensitivity in terms of yield, leaf injury,

senescence, and growth (Balota et al., 2004; Hays et al.,

2007), it is feasible that screening and breeding techniques

can be based on minimizing stress ethylene production in
either roots, shoots, flag leaves and developing grains. We

propose that it should be possible to determine ABA–

ethylene ideotypes for the two ‘ideals’ of (i) conservative

responses to severe drought and (ii) less conservative responses

to erratic and/or mild soil drying. Conservative responses

could be associated with relatively high ABA:ethylene ratios,

whereas stress-insensitive stomata for improved yield under

mild drought could be linked to lower ratios.
Ethylene biology has already been genetically modulated

in plants with varying degrees of success in terms of stress

tolerance. Ethylene-insensitive tomato mutants exhibit in-

creased root biomass (Gallie et al., 2010). Maize mutants

deficient in ACC synthase (Zmacs6), with lower rates of

ethylene production, exhibit accelerated root elongation

(Gallie et al., 2009), and higher rates of CO2 assimilation in

expanding leaves (Young et al., 2004). However, higher
stomatal conductance and transpiration in these mutants

reduced drought tolerance. We propose, however, that

under milder drought, reduced stomatal closure and in-

creased C gain in these, or similar mutants, could improve

yield in the field.

By contrast, antagonism of ABA-induced stomatal clo-

sure by ethylene was suppressed in etr1-1 and ein3-1

ethylene-insensitive Arabidopsis mutants (Tanaka et al.,
2005). Dong et al. (2011) showed that an acs7 mutant with

reduced ethylene production exhibited increased tolerance

to salt, heat, and drought stresses, linked with both greater

ABA concentrations and the modulation of ABA stress-

signalling genes under high salinity. Prasad et al. (2010)

showed that Arabidopsis plants mutated in a gene that

positively regulates lateral root development contained more

ethylene and fewer lateral roots. The wild-type phenotype
was restored by inhibition of ethylene biosynthesis and

perception inhibitors, and by ABA, indicating that ethylene-

induced reductions in ABA production and/or signalling

were responsible for reduced lateral root formation.

Whilst such genetic manipulations are promising, it

remains to be seen whether genetic modulations in ethylene

biology are effective for crop improvement and higher

yielding in the field.

Conclusions

Many processes that impact on crop performance and yield

are controlled by plant hormone balance, which is

Table 2. Effect of 1-MCP treatment on stomatal conductance

(n ¼ 10) and ABA content (n ¼ 5) in 10-d-old wheat plants

2 d after the imposition of a soil water deficit (soil water content

maintained at 30% full capacity)

Stomatal conductance is expressed as % of control values

(60% soil water capacity). Plants were grown under controlled

conditions: PPFD 400 lmol m�2 s�1 under a 14 h photoperiod

at 22 �C.

Treatment Stomatal
conductance,
(mmol m�2 s�1)a

ABA content
(ng g�1 fresh weight)a

1-MCP-untreated 7866 197623

1-MCP-treated 3664** 299631*

a An asterisk(*) indicates significant difference between
untreated and treated with 1-MCP plants (*P <0.05, **P <0.01,
Student’s t test).
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particular to a given organ or tissue. This balance is

a function of environment and developmental stage. It can

be influenced by signals/hormones emanating from and/or

passing through roots in response to changes in the rooting

environment, or by signals arising from altered shoot

functioning in response to changes in either the root or the

shoot environment. Here we highlight interactions between

ABA and ethylene, which can act antagonistically to control
grain-filling rate and number, stomatal conductance, and

shoot and root growth. ABA’s effectiveness as an agent of

stomatal closure can be modulated by both ethylene and

CK concentration, such that relative abundances or ratios

of these hormones rather than a given concentration of one

hormone alone, are most influential. Enhanced CK pro-

duction can increase growth and yield by improving foliar

stay-green indices under stress, and by improving grain-
filling, grain number, and quality, and its effectiveness is

also dependent on interactions with other hormones such as

ABA. These phenomena are/could be amenable to manipu-

lation through genetic and management routes, some of

which are discussed, such that plant performance and yield

can be improved. We propose that genotypes or manage-

ment methods that give rise to stomata that close less

sensitively in response to stresses such as soil drying when
this is mild or erratic, may allow greater carbon gain, as

long as the hormone balance in other tissues is not

detrimental to, for example, rooting depth or grain/pod/

fruit filling. The hormone balance appropriate to genetic or

management-based improvements in plant performance and

yield under more severe drought will be very different.

Acknowledgements

This research was partially supported by a grant from the

President of the Russian Federation for Young Doctors of
Philosophy (MD-3291.2012.4), and from the Russian Foun-

dation for Basic Researchers (No. 11-04-97023).

References

Acharya BR, Assmann SM. 2009. Hormone interactions in stomatal

function. Plant Molecular Biology 69, 451–462.

Abeles FB, Morgan PW, Saltveit ME. 1992. Ethylene in plant

biology. San Diego, CA, USA: Academic Press.

Araus JL, Slafer GA, Royo C, Serret MD. 2008. Breeding for yield

potential and stress adaptation in cereals. Critical Reviews in Plant

Science 27, 377–412.

Arkhipova TN, Veselov SYu, Melent’ev AI, Martinenko EV,

Kudoyarova GR. 2006. Comparison of effects of bacterial strains

differing in their ability to synthesize cytokinins on growth and cytokinin

content in wheat plants. Russian Journal of Plant Physiology 53,

507–513.

Arkhipova TN, Veselov SU, Melentiev AI, Martynenko EV,

Kudoyarova GR. 2005. Ability of bacterium Bacillis subtilis to produce

cytokinins and to influence the growth and endogenous hormone

content of lettuce plants. Plant and Soil 272, 201–209.

Ashikari M, Sakakibara H, Lin S, Yamamoto T, Takashi T,

Nishimura A, Angeles ER, Qian Q, Kitano H, Matsuoka M. 2005.

Cytokinin oxidase regulates rice grain productio. Science 309,

741–745.

Badu-Apraku B, Akinwale RO, Ajala SO, Menkir A,

Fakorede MAB, Oyekunle M. 2011. Relationships among traits of

tropical early maize cultivars in contrasting environments. Agronomy

Journal 103, 717–729.

Balota M, Cristescu S, Paynete WA, te Lintel Hekkert S,

Laarhoven LJJ, Harren FJM. 2004. Ethylene production of two

wheat cultivars exposed to desiccation, heat, and paraquat-induced

oxidation. Crop Science 44, 812–818.

Belimov AA, Dodd IC, Hontzeas N, Theobald JC, Safronova VI,

Davies WJ. 2009. Rhizosphere bacteria containing 1-

aminocyclopropane-1-carboxylate deaminase increase yield of plants

grown in drying soil via both local and systemic hormone signalling.

New Phytologist 181, 413–423.

Blackman PG, Davies WJ. 1985. Root-to-shoot communication in

maize plants of the effects of soil drying. Journal of Experimental

Botany 36, 39–48.

Bolaños J, Edmeades GO. 1996. The importance of the anthesis–

silking interval in breeding for drought tolerance in tropical maize. Field

Crops Research 48, 65–80.

Borrell AK, Hammer GL, Henzell RG. 2000. Does maintaining

green leaf area in sorghum improve yield under drought? II. Dry matter

production and yield. Crop Science 40, 1037–1048.

Brugiere N, Jiao SP, Hantke S, Zinselmeier C, Roessler JA,

Niu XM, Jones RJ, Habben JE. 2003. Cytokinin oxidase gene

expression in maize is localized to the vasculature, and is induced by

cytokinins, abscisic acid, and abiotic stress. Plant Physiology 132,

1228–1240.

Chaves MM, Maroco JP, Pereira JS. 2003. Understanding plant

responses to drought: from genes to the whole plant. Functional Plant

Biology 30, 239–264.

Collins NC, Tardieu F, Tuberosa R. 2008. Quantitative trait loci and

crop performance under abiotic stress: where do we stand? Plant

Physiology 147, 469–486.

Condon AG, Richards RA, Rebetzke GJ, Farquhar GD. 2004.

Breeding for high water-use efficiency. Journal of Experimental Botany

55, 2447–2460.

Davies WJ, Kudoyarova G, Hartung W. 2005. Long-distance ABA

signaling and its relation to other signaling pathways in the detection of

soil drying and the mediation of the plant’s response to drought.

Journal of Plant Growth Regulation 24, 285–295.

Davies WJ, Wilkinson S, Loveys BR. 2002. Stomatal control by

chemical signalling and the exploitation of this mechanism to

increase water use efficiency in agriculture. New Phytologist 153,

449–460.

Desikan R, Last K, Harrett-Williams R, Tagliavia C, Harter K,

Hooley R, Hancock JT, Neill SJ. 2006. Ethylene-induced stomatal

closure in Arabidopsis occurs via AtrbohF-mediated hydrogen

peroxide synthesis. The Plant Journal 47, 907–916.

3506 | Wilkinson et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article/63/9/3499/583689 by guest on 21 August 2022



Dodd IC. 2009. Rhizosphere manipulations to maximize ‘crop per

drop’ during deficit irrigation. Journal of Experimental Botany 60,

2454–2459.

Dodd IC, Whalley WR, Ober ES, Parry MAJ. 2012. Genetic and

management approaches to boost UK wheat yields by ameliorating

water deficits. Journal of Experimental Botany 62, 5241–5248.

Dong H, Zhen Z, Peng J, Chang L, Gong QQ, Wang NN. 2011.

Loss of ACS7 confers abiotic stress tolerance by modulating ABA

sensitivity and accumulation in Arabidopsis. Journal of Experimental

Botany 62, 4875–4887.

Fischer RT, Edmeades GO. 2010. Breeding and cereal yield

progress. Crop Science 50, 85–98.

Gallie DR. 2010. Regulated ethylene insensitivity through the

inducible expression of the Arabidopsis etr1-1 mutant ethylene

receptor in tomato. Plant Physiology 152, 1928–1939.

Gallie DR, Geisler-Lee J, Chen JF, Jolley B. 2009. Tissue-specific

expression of the ethylene biosynthetic machinery regulates root

growth in maize. Plant Molecular Biology 69, 195–211.

Ghanem ME, Albacete A, Smigocki AC, et al. 2011. Root-

synthesized cytokinins improve shoot growth and fruit yield in salinized

tomato (Solanum lycopersicum L.) plants. Journal of Experimental

Botany 62, 125–140.

Ghassemian M, Nambara E, Cutler S, Kawaide H, Kamiya Y,

McCourt P. 2000. Regulation of abscisic acid signalling by the

ethylene response pathway in Arabidopsis. The Plant Cell 12,

1117–1126.

Giuliani S, Sanguineti MC, Tuberosa R, Bellotti M, Salvi S,

Landi P. 2005. Root-ABA1 a major constitutive QTL affects maize

root architecture and leaf ABA concentration at different water

regimes. Journal of Experimental Botany 56, 3061–3070.

Hammer G, Cooper M, Tardieu F, Welch S, Walsh B, van

Eeuwijk F, Chapman S, Podlich D. 2006. Models for navigating

biological complexity in breeding improved crop plants. Trends in Plant

Science 11, 587–593.

Hays DB, Do JH, Mason RE, Morgan G, Finlayson SA. 2007. Heat

stress induced ethylene production in developing wheat grains

induces kernel abortion and increased maturation in a susceptible

cultivar. Plant Science 172, 1113–1123.

Hunter DA, Yoo SD, Butcher SM, McManus MT. 1999. Expression

of 1-aminocyclopropane-1-carboxylate oxidase during leaf ontogeny in

white clover. Plant Physiology 120, 131–141.

Iuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, Kato T,

Tabata S, Kakubari Y, Yamaguchi-Shinozaki K, Shinozaki K.

2001. Regulation of drought tolerance by gene manipulation of 9-cis-

epoxycarotenoid dioxygenase, a key enzyme in abscisic acid

biosynthesis in Arabidopsis. The Plant Journal 27, 325–333.

Jarvis PG, McNaughton KG. 1986. Stomatal control of transpiration:

scaling up from leaf to region. Advances in Ecological Research 15, 1–49.

Ji XM, Dong B, Shiran B, Talbot MT, Edlington JE, Hughes T,

White RG, Gubler F, Dolferus R. 2011. Control of abscisic acid

catabolism and abscisic acid homeostasis is important for

reproductive stage stress tolerance in cereals. Plant Physiology 156,

647–662.

Kudoyarova G, Veselova S, Hartung W, Farhutdinov R,

Veselov D, Sharipova G. 2011. Involvement of root ABA and

hydraulic conductivity in the control of water relations in wheat plants

exposed to increased evaporation demand. Planta 233, 87–94.

Lee SC, Luan S. 2012. ABA signal transduction at the crossroad of

biotic and abiotic stress responses. Plant, Cell and Environment 35,

53–60.

Lopes MS, Reynolds MP. 2010. Partitioning of assimilates to deeper

roots is associated with cooler canopies and increased yield under

drought in wheat. Functional Plant Biology 37, 147–156.

Mittler R, Blumwald E. 2010. Genetic engineering for modern

agriculture: challenges and perspectives. Annual Review of Plant

Biology 61, 443–462.

Mohapatra PK, Naik PK, Patel R. 2000. Ethylene inhibitors improve

dry matter partitioning and development of late flowering spikelets on

rice panicles. Australian Journal of Plant Physiology 27, 311–323.

Mohapatra PK, Panigrahi R, Turner NC. 2011. Physiology of

spikelet development on the rice panicle: is manipulation of apical

dominance crucial for grain yield improvement? Advances in

Agronomy 110, 333–360.

Nelson DE, Repetti PP, Adams TR, et al. 2007. Plant nuclear factor

Y (NF-Y) B subunits confer drought tolerance and lead to improved

corn yields on water-limited acres. Proceedings of the National

Academy of Sciences, USA 104, 16450–16455.

Niu S, Xing X, Zhang Z, Xia JIA, Zhou X. 2011. Water-use

efficiency in response to climate change: from leaf to ecosystem in

a temperate steppe. Global Change Biology 17, 1073–1082.

Omer ZS, Bjorkman PO, Nicander B, Tillberg E, Gerhardson B.

2004. 5-Deoxyisopentenyladenosine and other cytokinins in culture

filtrates of the bacterium Pantoea agglomerans. Physiologia Plantarum

121, 439–447.

Parent B, Hachez C, Redondo E, Simonneau T, Chaumont F,

Tardieu F. 2009. Drought and abscisic acid effects on aquaporin

content translate into changes in hydraulic conductivity and leaf

growth rate: a trans-scale approach. Plant Physiology 149,

2000–2012.

Peleg Z, Blumwald E. 2011. Hormone balance and abiotic stress

tolerance in crop plants. Current Opinion in Plant Biology 14, 290–295.

Peleg Z, Reguera M, Tumimbang E, Walia H, Blumwald E. 2011.

Cytokinin mediated source–sink modifications improve drought

tolerance and increase grain yield in rice under water stress. Plant

Biotechnology Journal 9, 747–758.

Pierik R, Tholen D, Poorter H, Visser EJW, Voesenek LACJ.

2006. The Janus face of ethylene: growth inhibition and stimulation.

Trends in Plant Science 11, 176–183.

Prasad ME, Schofoeld A, Lyzenga W, Liu H, Stone SL. 2010.

Arabidopsis RING E3 ligase XBAT32 regulates lateral root production

through its role in ethylene biosynthesis. Plant Physiology 153,

1587–1596.

Qin H, Gu Q, Zhang J, Sun L, Kuppu S, Zhang Y, Burow M,

Payton P, Blumwald E, Zhang H. 2011. Regulated expression of an

isopentenyltransferase gene (IPT) in peanut significantly improves

drought tolerance and increases yield under field conditions. Plant and

Cell Physiology 52, 1904–1914.

Plant hormone interaction in crop breeding | 3507
D

ow
nloaded from

 https://academ
ic.oup.com

/jxb/article/63/9/3499/583689 by guest on 21 August 2022



Radin JW, Parker LL, Guinn G. 1982. Water relations of cotton

plants under nitrogen deficiency. V. Environmental control of abscisic

acid accumulation and stomatal sensitivity to abscisic acid. Plant

Physiology 70, 1066–1070.

Rajala A, Peltonen-Sainio P. 2001. Plant growth regulator effects

on spring cereal root and shoot growth. Agronomy Journal 93,

936–943.

Rebetzke GJ, Condon AG, Richards RA, Farquhar GD. 2002.

Selection for reduced carbon isotope discrimination increases aerial

biomass and grain yield of rainfed bread wheat. Crop Science 42,

739–745.

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R,

Gepstein S, Blumwald E. 2007. Delayed leaf senescence induces

extreme drought tolerance in a flowering plant. Proceedings of the

National Academy of Sciences, USA 104, 19631–19636.

Seki M, Narusaka M, Abe H, Kasuga M, Yamaguchi-

Shinozaki K, Carninci P, Hayashizaki Y, Shinozaki K. 2001.

Monitoring the expression pattern of 1300 Arabidopsis genes under

drought and cold stresses by using a full-length cDNA microarray.

The Plant Cell 13, 61–72.

Sharp RE, Poroyko V, Hejlek LG, Spollen WG, Springer GK,

Bohnert HJ, Nguyen HT. 2004. Root growth maintenance during

water deficits: physiology to functional genomics. Journal of

Experimental Botany 55, 2343–2351.

Sharp RE. 2002. Interaction with ethylene: changing views on the role

of abscisic acid in root and shoot growth responses to water stress.

Plant, Cell and Environment 25, 211–222.

Sobeih WY, Dodd IC, Bacon MA, Grierson D, Davies WJ. 2004.

Long-distance signals regulating stomatal conductance and leaf

growth in tomato (Lycopersicon esculentum) plants subjected to

partial root-zone drying. Journal of Experimental Botany 55,

2353–2363.

Spollen WG, LeNoble ME, Samuels TD, Bernstein N, Sharp RE.

2000. Abscisic acid accumulation maintains maize primary root

elongation at low water potentials by restricting ethylene production.

Plant Physiology 122, 967–976.

Tanaka Y, Sano T, Tamaoki M, Nakajima N, Kondo N,

Hasezawa S. 2005. Ethylene inhibits abscisic acid-induced stomatal

closure in Arabidopsis. Plant Physiology 138, 2337–2343.

Tardieu F, Davies WJ. 1992. Stomatal response to abscisic acid is

a function of current plant water status. Plant Physiology 98, 540–545.

Tardieu F, Davies WJ. 1993. Integration of hydraulic and chemical

signalling in the control of stomatal conductance and water status of

droughted plants. Plant, Cell and Environment 16, 341–349.

Tardieu F, Parent B, Somonneau T. 2010. Control of leaf growth by

abscisic acid: hydraulic or non-hydraulic processes? Plant, Cell and

Environment 33, 636–647.

The Royal Society. 2009. Reaping the benefits: science and the

sustainable intensification of global agriculture. RS policy document

11/09. ISBN: 978-0-85403-784-1.

Thompson AJ, Andrews J, Mulholland BJ, et al. 2007.

Overproduction of abscisic acid in tomato increases transpiration

efficiency and root hydraulic conductivity and influences leaf

expansion. Plant Physiology 143, 1905–1917.

Travaglia C, Reinoso H, Cohen A, Luna C, Tommasino E,

Castillo C, Bottini R. 2010. Exogenous ABA increases yield in field-

grown wheat with moderate water restriction. Journal of Plant Growth

Regulation 29, 366–374.

Vysotskaya L, Wilkinson S, Davies WJ, Arkhipova T,

Kudoyarova G. 2011. The effect of competition from neighbours on

stomatal conductance in lettuce and tomato plants. Plant, Cell and

Environment 34, 729–737.

Vysotskaya LB, Korobova AV, Veselov SY, Dodd IC,

Kudoyarova GR. 2009. ABA mediation of shoot cytokinin oxidase

activity: assessing its impacts on cytokinin status and biomass

allocation of nutrient deprived durum wheat. Functional Plant Biology

36, 66–72.

Wang Y, Ying J, Kuzma M, et al. 2005. Molecular tailoring of

farnesylation for plant drought tolerance and yield protection. The Plant

Journal 43, 413–424.

Werner T, Nehnevajova E, Köllmer I, Novak O, Strnad M,
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