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water use efficiency

Trends in Biotechnology, Volume 23, Issue 6, June 2005, Pages 308-315
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and challenges for biotechnology
Trends in Biotechnology, Volume 23, Issue 4, April 2005, Pages 180-185
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plant transformation
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83 Engineering drought and salinity tolerance in plants:
lessons from genome-wide expression profiling in Arabidopsis
Trends in Biotechnology, Volume 23, Issue 11, November 2005, Pages 547-552
Katherine Denby and Chris Gehring
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89 Biopharmaceutical production in plants: problems, solu-
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Trends in Biotechnology, Volume 23, Issue 11, November 2005, Pages 559-565
Véronique Gomord, Paul Chamberlain, Roy Jefferis and Loic Faye
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96 Engineering plants with increased disease resistance:
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Trends in Biotechnology, Volume 23, Issue 6, June 2005, Pages 275-282
Sarah J. Gurr and Paul J. Rushton
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104 Engineering plants with increased disease resistance:
how are we going to express it?

Trends in Biotechnology, Volume 23, Issue 6, June 2005, Pages 283-290
Sarah J. Gurr and Paul J. Rushton
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112 Genomics-based approaches to improve drought toler-
ance of crops

Trends in Plant Science, Volume 11, Issue 8, August 2006, Pages 405-412
Roberto Tuberosa and Silvio Salvi
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120 lIdentification, isolation and pyramiding of quantitative
trait loci for rice breeding

Trends in Plant Science, Volume 11, Issue 7, July 2006, Pages 344-350
Motoyuki Ashikari and Makoto Matsuoka
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127 Potato in the age of biotechnology

Trends in Plant Science, Volume 11, Issue 5, May 2006, Pages 254-260
Ewen Mullins, Dan Milbourne, Carlo Petti, Barbara M. Doyle-Prestwich and
Conor Meade
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134 Golden Rice - five years on the road - five years to go?
Trends in Plant Science, Volume 10, Issue 12, December 2005, Pages 565-573
Salim Al-Babili and Peter Beyer
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143 Progress in the dissection and manipulation of vitamin
E synthesis

Trends in Plant Science, Volume 10, Issue 12, December 2005, Pages 574-579
Dean DellaPenna

HErE: # E AR iR bR R 10

Tocochromanols 2 —4H 8 & FFh4E BRI FIE B = HE Y
YIB. ENHBEMET ALXRENLAEFHM—HERE,
Tocochromanols REFERNKEEY P EM. BREERINEMNR
BEROMIMEWTEM  BEERREtocochromanols = [a] 4
EFEBFMZERNRA, AFENLEF. BIXEREDAH
BT MEREPCC803REFMERERAMMR ., L FFRE D
BEERAFSUSBNMNE. BIXEERIENREHEERNT
AT EAEY XS tocochromanol &2 FREMELIARERSE
BERX., FENMREZN#EHN XM FTEEDTFHNEEEF
WK ERE, DEREEAERMEBRTERHNAR.

149 Plant-derived pharmaceuticals - the road forward
Trends in Plant Science, Volume 10, Issue 12, December 2005, Pages 580-585
Julian K-C. Ma, Rachel Chikwamba, Penny Sparrow, Rainer Fischer, Richard
Mahoney and Richard M. Twyman
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155 Volatile science? Metabolic engineering of terpenoids in
plants

Trends in Plant Science, Volume 10, Issue 12, December 2005, Pages 594-602
Asaph Aharoni, Maarten A. Jongsma and Harro J. Bouwmeester
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The management of limited fresh water resources is a
major challenge facing society in the 21st century. The
agricultural sector accounts for more than two-thirds of
human water withdrawal and is therefore a prime area
to implement a more rational water use. Environmental
stresses are a major factor limiting stable food pro-
duction. Given the growing shortage of available water
for crops this will be an emerging factor in international
agricultural economy. The most environmentally
friendly and durable solution to the problem of water
shortage is to complement more efficient irrigation
approaches with crops with optimal water use effi-
ciency, achieved either through genetic engineering or
conventional breeding, combined with high yields.

Introduction

Plant leaves and stems have microscopic epidermal pores
flanked by a pair of guard cells, called stomata, which
enable gas exchange — mainly of water vapour and carbon
dioxide — between inner leaf tissues and surrounding air.
Environmental cues, such as light intensity, light quality,
water status, temperature and the concentration of
atmospheric carbon dioxide (which influences the leaf
internal CO, concentration C;), and also endogenous
{mainly hormonal) signals, control the development, density
and aperture of stomata [1,2]. These factors influence both
water loss by transpiration and net photosynthesis. Water
use efficiency (WUE) is therefore defined as CO, assimila-
tion per unit water transpired. Although reducing tran-
spiration by stomatal closure is the most prominent
response to drought, it could also be optimized through the
control of stomatal size and density [3].

Here we present an overview of recent advances in
understanding stomatal development and response,
which determine the actual gas exchange capacity of a
plant and have an important impact on its final yield. In
addition, we highlight major achievements in enhancing
dehydration tolerance in plants. Finally, we illustrate how
imaging technology can help in the process towards
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engineering high yield crops tolerant to limited water
supplies.

Environmental control of stomatal development
Despite the fact that several genes involved in stomatal
development have been characterized (Box 1), little is
known about the environmental control thereof. In most
species, an increase in COg results in a lower stomatal
density [3,4]. The Arabidopsis gene HIC (high carbon
dioxide) was the first gene to be identified belonging to a
signaling pathway that controls stomatal development in
response to an environmental cue [b]. HIC codes for an
enzyme involved in the synthesis of very-long-chain fatty
acids and is a negative regulator of stomatal development
in response to CO, concentration. The hic™ phenotype is
not different to wild type except when grown in elevated
CO,, in which case the mutant shows a higher stomatal
index (relative prevalence of stomatal cells). This suggests
that the epidermal wax (very-long-chain fatty acid deriva-
tives) composition of the cuticle of the guard cells controls
stomatal numbers at elevated COs; [4}. Furthermore, plants
show a more pronounced response (lower stomatal density)
to high CO, under drought conditions, compared with well-
watered plants [3], suggesting that COy; and drought
signaling might interact. Whether HIC has a role in the
transduction of other external signals towards stomatal
development remains to be determined {6]. Plants grown at
low humidity have an increased cuticle wax load [6] and a
lower stomatal density than those grown at higher humidity
[7]. Moreover, it was shown that mutants with enhanced
wax load and altered wax composition show alower stomatal
index and higher drought tolerance [8], indicating that
cuticle wax composition might also be involved in the control
of stomatal development by water status. Other environ-
mental cues, such as salt stress, also result in a reduction of
stomatal index {9].

Mitogen-activated protein kinases (MAPK) have been
suggested to integrate responses to stress, growth and
cytokinesis [10]. The requirement for YODA (YDA) in
meristemoids (Box 1) might reflect the use of MAPK
signaling in response to a changing environment [11].
Hence, YDA might have an important role in drought-
induced stomatal development. Furthermore, overexpres-
sion of protein kinases (such as SRK2C and NPK1 [12,13])
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Box 1. Stomatal development (Figure I)

Stomata develop from meristemoid mother cells (MMC), which divide
asymmetrically to form a nonstomatal subsidiary cell (SC) and a
smaller cell that becomes a meristemoid (M) [60]. The meristemoid
divides asymmetrically 1-3 times and then differentiates into a guard
mother cell (GMC), which produces two guard cells (GC). Stomata
formation follows strict spacing rules, leaving at least one pavement
cell in between two stomatal complexes. The first stomatal patterning
mutants isolated were too many mouths (tmm) and four lips (fip),
showing clustered stomata (i.e. stomata that are not separated by
intervening pavement cells) in the cotyledons [60]. TMM, a putative
cell surface receptor, participates in a signaling pathway that controls
the plane of patterning divisions as well as cell proliferation and
differentiation based on a positional context [61,62]. FLP limits the cell
division competence of the GMCs, acting only in later stages of the
meristemoid pathway [60]. A third mutant that exhibits increased
stomatal density and formation of clustered stomata was designated
sdd1 (stomatal density and distribution1) [63]. SDD1 acts through

YDA

control of cell fate and orientation of cell divisions. SDD1 is a predicted
subtilisin-like protease, probably modifying extracellular ligands that
bind to TMM and a co-receptor kinase. It was suggested that SDD1 is
less important for the one-cell spacing pattern than TMM but is more
crucial for determining stomatal density [7,60,62].

Recently, a cell-fate switch in stomatal development was
identified and designated YODA (YDA). YDA is a newly character-
ized mitogen-activated protein kinase kinase kinase (MAPKKK)
acting as a negative regulator of stomatal development [11,20].
Genetic analysis places YDA downstream of TMM and SDD. YDA
might alternatively act in an independent pathway controlling cell
fate in the same uncommitted cells as TMM and SDD - before
GMC specification [11]. YDA acts before FLP. A putative transcrip-
tion factor named FAMA is also involved in stomatal patterning
and development. A corresponding T-DNA insertion line shows no
stomata [11]. Whether FAMA is a target for MAPK signaling
remains to be determined.

FAMA

Subsidiary cells

Meristemoid

Meristemoid
mother cell

Figure I. Stomatal development.

resulted in enhanced dehydration tolerance confirming
their implication in the regulation of water usage. In
addition, plants overexpressing other genes involved in
drought tolerance, for example, the transcription factor
CBF4, might display changes in stomatal control or
development [14].

The role of the plant growth regulator abscisic acid
(ABA) on stomatal development in plants exposed to
drought is still not clear. ABA-treated Tradescantia
virginiana plants had significantly smaller stomata and
higher stomatal density in their lower epidermis, com-
pared with non-treated plants [15]. These characteristics
might enhance WUE in drought conditions. Small stomata
can open and close more rapidly and thus provide the
capacity for a rapid decrease in stomatal conductance of a
leaf, minimizing water loss upon drought [16]. In
Arabidopsis, the stomatal index of wild-type and ABA-
insensitive or ABA-deficient mutants was similar [17].
This suggests that ABA does not have an essential role in
stomatal development in normal environmental con-
ditions; however, it does not imply that ABA is unnecess-
ary for stomatal development under stress conditions.
Besides ABA, ethylene is a signal implied in many stress
responses known to affect stomatal development [18,19].

Stomatal responses to drought
Stomatal pore opening and closure are regulated by
environmental signals. This is a short-term adaptation
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that enables plants to retain water upon drought and
maximize CO, uptake — essential to photosynthesis —
during the day (Box 2) [20]. At night, stomatal aperture
decreases. The efficiency and speed of stomatal movement
to fluctuating water availability [influenced by the water
vapor pressure deficit (VPD) between the leaf and
surrounding air] are major factors in maximizing photo-
synthesis and WUE [21,22]. To alleviate the ever-increas-
ing water demand of agriculture, more water-efficient
crops are needed [23,24] (Stockholm International Water
Institute; http:/www.siwi.org). To engineer stomatal
responses and thus balance CO, intake and plant water
loss, it is essential to understand the molecular mechan-
isms underlying guard-cell responses to water deficit
(Box 2) [25]. ABA is a primary signal in response to
drought. Upon water deficit, ABA is synthesized in roots
and shoots [26,27] and is subsequently redistributed to the
guard cells, where it triggers stomatal closure. This
requires the coordinated control of several cellular
processes, such as guard-cell turgor, cytoskeleton organ-
ization, membrane trafficking and gene expression
[28,29]. ABA-deficiency (e.g. aba3/los5 [30]) or insensi-
tivity (e.g. abil [31]) in vegetative tissues typically confers
a wilting phenotype as a result of higher transpiration.
Conversely, the gcrl mutant (G-protein-coupled receptor,
GPCR1) is hypersensitive to ABA and has a drought
resistance phenotype, as a result of lower rates of water
loss [32]. However, under normal growth conditions it is



Box 2. ABA signaling in stomatal closure (Figure II)
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Stomatal movement is a finely tuned response modulated by a
complex network of control mechanisms, wherein abscisic acid (ABA)
has a prominent role (see stomatal level subfigure; http://isotope.bti.
cornell.edu/intro/intro_wue.html). Water shortage in the plant induces
ABA accumulation, which in turn reduces stomatal conductance (gs)
and thus transpiration (E). Leaf water use efficiency (WUE) is
expressed as the ratio of assimilation (A) and transpiration (E).
However, caution is required because this parameter is not always
correlated with crop WUE [24]. The stomatal perception of ABA leads
to a multitude of responses, such as cytosolic pH increase, accumu-
lation of reactive oxygen species (ROS), nitric oxide (NO) synthesis,
ion channel activity modulation (both at the vacuolar and plasma
membrane), increase in the concentration of cytosolic calcium ions,
synthesis of lipid-derived second messengers and activation of
protein kinases and phosphatases [64,65]. ABA is perceived by a yet
unidentified ABA receptor (ABA-R) activating Ca’* permeable chan-
nels (I). This activation is antagonized by both a protein phospha-
tase (PP) and the small G protein ROP10. ABA also activates Ca>*
channels via ROS and NO in a NAD(P)H-dependent manner (ll).
Mobilization of Ca?* from internal stores is regulated by several
players, such as cADPR (by activation of ADP ribosyl cyclase),

Inositol-1,4,5- triphosphate (InsP3; derived from lipids through PLC
activity) and Inositol hexakisphosphate (InsP6) (lll). The ABA signal
also triggers sphingosine kinase (SphK), which converts shingosine
(SPH) in sphingosine-1-P (S1P). S1P induces stomatal closure in a
process dependent on GPA1 (a Ga-subunit protein), whose function
is inhibited by GPCR1, a G-protein-coupled receptor-like protein
[32]. Most of these signals converge to affect Ca?" level [66].
Whether [Ca®*],,, oscillations or calcium-independent pathways are
implicated in stomatal response to ABA is still under debate [66,67].
ABA signaling downstream of Ca®* is negatively regulated by the
protein phosphatases ABI1 and ABI2. ABI2 associates with a
calcineurin B-like protein (CBL1) and the CBL-interacting protein
kinase 15 (CIPK15) to form a trimeric protein complex, and is
inactivated by redox signals [64]. ABI1 is sequestered to the
plasmamembrane by phosphatidic acid (PA; derived from ABA-
activated PLD) [68]. This binding decreases ABI1 phosphatase
activity and, consequently, promotes ABA response. The serine-
threonine kinase OST1/SRK2E [43] functions downstream of ABI1 in
the stomatal closure response [69,70] but upstream of cytoplasmic
alkalinization [69]. ABA also induces the production of NO, which
modulates ion channel activities and Ca’™ levels [67] (lll).
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Figure Il. ABA signaling in stomatal closure.

indiscernible from the wild type. This indicates that
GPCR1 is a key factor in the regulation of stomatal
closure and opening under drought stress.

The reduction in guard-cell turgor pressure that
mediates stomatal closure involves the efflux of potassium
and anions, and sucrose and malate removal [22,33]. A

knockout mutant of the major voltage-gated potassium
channel in the guard-cell membrane (guard cell outward
rectifying K" channel, gork1) displays an increased level
of transpiration (as expected from its inability to close its
stomata) [22]. Importantly, this increased water loss is
amplified under drought conditions, hinting at a
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regulatory role of GORK1 in water retention. Further-
more, there is evidence that ABC-transporter proteins
(multidrug resistance-associated proteins with an ATP
binding cassette, MRP) are implicated in modulation of
guard-cell ion-channel activities. Knockout mutants of
MRP4 and MRP5 were assessed for effects on stomatal
regulation [34,35]. Disruption of MRP5 resulted in
reduced opening of stomata in the light and, hence,
reduced transpiration. In addition, stomatal closure in
mrp5 mutants was insensitive to ABA and Ca®™.
Importantly, MRP5 deficiency also led to a higher leaf
WUE compared to the wild type. By contrast, MRP4
knockout mutants leave their stomata (that are sensitive
to ABA) more opened both in light and darkness, and are
less tolerant to dehydration. Likewise, the ABA-deficient
nced3 mutant, affected in a key-regulatory step in ABA
synthesis [36], and gorkl [22] displayed an increased
water loss both in dark and light.

Although ABA is known to initiate the reactions of guard
cells to drought (Box 2), it is likely that other signals can
control stomatal movement independently of ABA. This is
exemplified by the limited stomatal opening induced by light
in the ABA-insensitive mrp5 mutant. In addition, it was
shown that stomatal closure can be induced by Cd>" in the
ABA insensitive mutant abiI-1 [37].

Imaging techniques to quantify plant water usage
The basic question in monitoring stomatal responses to
drought is: how can- aberrant stomatal regulation in
mutant plants be revealed efficiently? Modified water
status can be highlighted by several methods: (i) visual or
camera-based [38] assessment of wilting; (ii) recording
weight loss (an integrative measurement of water loss
over several hours) [8,32,36]; (iii) water uptake (poto-
metric) measurements [34]; and (iv) monitoring of air
humidity at the leaf level (porometry) [39]. However, all
these procedures have the drawback of either having low
precision, or being labor intensive and not fit for screening
of an entire plant population [40]. Thermal imaging
overcomes these hurdles and permits automated, non-
invasive monitoring of evaporation at the leaf surface.
Similar to the function of sweat glands in animals, the
evaporation of water from leaf stomata has a cooling effect.

As a consequence of stomatal closure, transpiration (E)
decreases, as does the associated heat loss, causing an
increase in surface temperature. Thermography reveals
the temperature distribution of objects by visualizing their
emitted long-wave infrared radiation (i.e. thermal radi-
ation typically near 10 ym) [41]. As water transport in
plants is driven by leaf transpiration, thermal imaging
can quantitatively estimate plant water usage. Under
controlled environment conditions, VPD, air speed and
light level are kept constant. Transpiration is then mainly
determined by stomatal conductance because transpira-
tion through the remaining part of the leaf surface
(98.0-99.8%) represents only a fraction of the total
transpiration (10-100 times lower) owing to the presence
of a waxy cuticula [41]. However, leaf surface morphology
(e.g. the absence of hairs) can alter the boundary layer
conditions, which in turn influences leaf temperature.
Stomatal conductance is the last step in the ‘chain of
events’ controlling water use, but is influenced by the
water availability within the plant (Box 2). Water uptake
and transport also influence WUE; for instance, modified
root architecture (e.g. more lateral roots [8]) could, in
addition to an altered stomatal index and cuticular
permeability, determine the final characteristics of the
plant.

Thermography has been applied since the 1970s to
detect disturbed plant water relations [42]. As an example,
the progressive onset of drought stress can be visualized
before visible wilting occurs (Figure 1). The use of thermal
imaging to screen for mutants with altered transpiration
is gaining momentum; specific responses to changes in key
environmental factors, such as COz, humidity and light,
can be monitored in real-time [31,43,44] (Figure 2).
Thermography can also help to characterize transpiration
kinetics in mutants isolated by alternative screening
approaches. Thus, this technique provides new leads to
the characterization of the signaling cascade for stomatal
control. However, the implications of stomatal closure
extend beyond the limitation of transpiration (E). Depen-
dent on the light level and CO availability, decreased CO
uptake can limit photosynthetic assimilation [45]. Thus,
screening for water-conservation traits only (i.e. efficient
stomatal closure), will probably be detrimental to crop
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Figure 1. Thermal monitoring of drought stress. Thermal images of attached sugar beet leaves have a temperature span of 2 °C as indicated by the scale. The first three days
after irrigation was stopped (upper panels), the leaf temperature in the indicated circular region was 19.2 °C. Four days after irrigation was stopped (lower left panel), a leaf
temperature increase was apparent. Wilting occurred after six days (lower right panel) when the surface temperature had approached 20 °C.
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Figure 2. Mutant screening by thermal imaging. Highlighting abi71-17 (abscisic acid
insensitive) Arabidopsis mutants with a low leaf temperature phenotype within a
population of wild-type plants. Top panel: thermal image. Lower panel: corre-
sponding image in the visible spectrum.Temperature scale from 21 to 25°C;
mutants are more than 1°C colder than the surrounding wild-type plants.
Figure reproduced with permission from Ref. [31].

yield. Hence, additional monitoring tools are needed to
ensure optimal photosynthetic yield.

Assessing photosynthetic yield
Assimilation can be quantified by measuring changes in
CO» concentration at the level of leaves or plants enclosed
in a cuvette [34]; however, this approach is not amenable
to screening. Destructive determination of the carbon
isotope signature of a plant at the end of the growth period
(DELTA technique; http:/www.csiro.au) yields an inte-
grative account of assimilation efficiency [24], and is used
to assess WUE. Using this approach, high yielding wheat
cultivars were obtained. However, combined imaging of
transpiration and assimilation would enable non-contact
measurements throughout plant development.

Light absorbed by higher plants is only partially used
for photo-assimilation. Dependent on temperature, light,

@
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CO, level and the photosynthetic capacity of plants, a
variable share of the captured light energy is dissipated as
heat (xanthophyll and/or lutein cycles) [46]. This thermal
emission from leaves can be measured with a photo-
acoustic setup [47], which is non-imaging and requires the
enclosure of the studied leaf-region in a gas-tight cuvette.
In addition, a small fraction of the light quanta absorbed is
re-emitted as chlorophyll fluorescence. This emission can
be revealed after blue light excitation by imaging the
emitted red fluorescence light [48], and has been used
extensively to monitor a plethora of stress conditions [42].
The information derived from chlorophyll fluorescence
emission at different light intensity levels (low non-
photosynthetically active light, optimal light for photo-
synthesis and saturating light levels) gives an indication
of the share of photochemical and non-photochemical
‘quenching’ (NPQ) processes [42,48]. From these measure-
ments, parameters are derived that display a linear
relationship with photosynthetic electron transport, thus
reflecting carbon assimilation [49,50], which contributes
to crop yield. As illustrated by Figure 3, local ABA-induced
stomatal closure imposes a limitation on photosynthesis
under high light conditions, which induces a concomitant
increase in thermal dissipation (NPQ). Conversely, as
expected from its higher stomatal density, the sdd1
mutant (Box 1) displayed less NPQ in response to
increasing light, compared with the wild type [51], which
could be beneficial in field conditions. As a drawback, sdd 1
has a higher transpiration rate. By contrast, the lsd1
(lesion simulating disease) mutant shows a 50% reduction
in transpiration and is unable to dissipate the excess
excitation energy by NPQ, eventually leading to its
runaway cell death (red) phenotype [39].

Finally, the response of plants targeted for field culture
to combinations of stresses needs to be considered. More
specifically, a thorough insight is needed into how plant
stress-response networks interact [52]. Engineering
drought resistance needs to be reconciled with optimal
plant performance, which implicates fine-tuning of sto-
matal reactions under diverse environmental conditions,
avoiding deleterious side-effects.

Towards screening for optimal WUE: perspectives for
the future

Safeguards are required against relying solely on thermo-
graphy to quantify stomatal conductance for screening
purposes. Preferably, quantitative yield parameters
should be followed up simultaneously. In this respect, a
screening for alterations in chlorophyll fluorescence
emission could help to highlight lowered photosynthetic
efficiency. Based on the results of a first screening,
candidate plants can be further submitted to short-term
plant growth assays [42]. The combination of thermal and
chlorophyll fluorescence imaging has been exploited
previously to determine the quantitative link between
stomatal conductance and chlorophyll fluorescence par-
ameters as NPQ and photochemical yield of PSII [53]. To
apply such screening strategy, cameras must be able to
monitor populations of plants. Moving either plants ([54],
http://www.lemnatec.com/scanalyzer_gh.htm, Traitmill)
or camera systems [55] greatly expands the screening
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Figure 3. Combined thermal and chlorophyll fluorescence imaging. A kinetic analysis of stomatal conductance (gs) — as a measure of transpiration — and the chlorophyll
fluorescence parameters, non-photochemical quenching (NPQ) and photochemical yield of photosystem Il (® PSII) is shown. From left to right: just before abscisic acid (ABA)
application, 15, 50 and 90 minutes after treatment. A decrease in gs and @ PSI|, and an increase in NPQ were visualized at the site of ABA treatment on an attached bean leaf.
At lower illumination levels, no decrease in photochemical parameters is evident, while the response at higher light levels is exacerbated. Figure reproduced with permission

from [53].

capacity of a setup. Quantification of performance is
objectively assessed through image processing [38,56].
Such combined screening setups could be a ‘test-bed’ to
assess the agricultural performance of engineered crops.
Screening under stress-free conditions produces cultivars
with superior performance also under mild drought stress,
as exemplified by breeding in wheat [57]. Moreover,
engineering drought resistance by inducible promoter
constructs [25,46,58] will avoid the growth penalty
associated with constitutive expression of the targeted
genes. Plant engineering based on mutant analysis or,
ultimately, on in silico testing of virtual plants [25,59]
combined with crop simulation modeling [24], will be
supported by the quantitative feedback from imaging-
based assessment.
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