Chapter 6
Water Use Efficiency

Helen Bramley, Neil C. Turner, and Kadambot H.M. Siddique

Abstract Water use efficiency (or transpiration efficiency) describes the intrinsic
trade-off between carbon fixation and water loss that occurs in dryland plants
because water evaporates from the interstitial tissues of leaves whenever stomata
open for CO, acquisition. The transpiration efficiency of crop plants is generally
low as they typically lose several 100-fold more water than the equivalent units of
carbon fixed by photosynthesis. With the increasing demand for sustainable water
use and increasing agricultural productivity, the need to improve transpiration
efficiency (TE) of crops has received much attention, although this trait may not
be beneficial in all water-limited environments. This chapter shows that TE is
predominantly driven by hydraulic properties and genes that modulate TE are
mostly involved in gas exchange. Genetic variation exists in crop plants for most
of the respective traits, but more research is needed to determine their relative
influence on TE under well-watered as well as water-limited conditions. Moreover,
research is needed to demonstrate that improvements in TE will improve yields in
different environments.
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6.1 Introduction

CO, acquisition by dryland plants inherently results in water loss. Vast amounts of
water are transpired in comparison with the small amounts of carbon that are fixed
by photosynthesis. Typical crop plants transpire 200-1,000 g of water per g of
assimilated carbon (Martin et al. 1976). With diminishing fresh water supplies, the
threat of more frequent droughts due to climate change, and the increasing demand
for more food crops, the possibility of increasing “agricultural water productivity”
through agronomic and genetic means has received much attention (Araus et al.
2008; Reynolds and Tuberosa 2008; Passioura and Angus 2010). Although conser-
vation agriculture, improved irrigation management, and other agronomic practices
have made significant contributions to improving yields under water-limited
conditions (Anderson et al. 2005; Turner and Asseng 2005), genotypes that are
better matched to their target environments are also needed.

One theoretical avenue for improving yields with less water is through manipu-
lation of the relationship between carbon gain (photosynthesis) and water loss
(transpiration). The ratio between these two parameters, called water use efficiency
(WUE and see below for full definition), essentially describes how “efficient” the
plant is at optimizing carbon gain while minimizing water loss. Plants that are
drought tolerant or have evolved in environments with limited available water tend
to have higher WUE than plants adapted to conditions with freely available water
(Smith et al. 1989). It is, therefore, not surprising that different plant species vary in
their WUE (Briggs and Shantz 1913; Rawson and Begg 1977; Siddique et al. 2001).
Many species also display plasticity in their WUE (Smith et al. 1989), acclimating
to drier conditions, but caution needs to be taken in comparing studies from
different environments as differences in transpiration associated with vapor pres-
sure deficits need to be taken into account (Rawson and Begg 1977). Identification
that there is intraspecific genetic variation for WUE has encouraged breeders to
develop selection programs for improving WUE as a way to improve drought
resistance (Farquhar and Richards 1984; Condon et al. 1990; Bonhomme et al.
2009; Barbour et al. 2010; Galmés et al. 2010; Devi et al. 2011). However, traits
that are associated with high WUE are often associated with low yield potential,
and therefore, there is debate whether selection for high WUE results in higher yield
under water-limited conditions (Blum 2005, 2009). Selection for high WUE may
only be appropriate for irrigated crops or crops that are grown on stored soil
moisture (Blum 2005, 2009). With this caveat in mind, we will explore the traits
that are associated with high WUE in this chapter and indicate their relationship to
yield production.

Genetic variation in photosynthetic efficiency and transpiration has also driven
research to identify mechanisms and genes controlling WUE in the hope of
speeding up breeding efforts. Given the multifarious hydraulic and biochemical
processes involved in controlling water flow through the plant and photosynthesis
rates, many genes and their interaction are likely to be involved in determining the
WUE of a plant during development and under water-limited conditions. The
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problem arises in identifying which of the plethora of genes will have the most
impact if their activity is modified in such a complex system. The outlook however
is promising, as a few signaling and transcription factors have been identified that
control a cascade of subsequent events and development of relevant traits (Masle
et al. 2005; Karaba et al. 2007), making these individual genes propitious
candidates for genetic manipulation or targeting by breeders. Because these indi-
vidual genes have the potential to most rapidly influence development of new crop
varieties with modified WUE, we will focus on these genes in this chapter.

6.2 Definition of Water Use Efficiency

WUE is used in various ways depending on the level of the observations. At the
level of the crop in the field, WUE is usually the ratio of aboveground biomass or
economic yield to water use or evapotranspiration (ET):

WUE, = aboveground biomass/water use
WUE, = grain yield/water use

Water use or ET needs to be measured for the whole growing season. In
Mediterranean climatic regions where crops grow on current rainfall and there is
no runoff or deep drainage from the soil, growing-season rainfall may be a useful
measure of crop water use (French and Schultz 1984a, b; Siddique et al. 1990a,
2001). However, in glasshouse experiments where pots can be weighed and roots
extracted, WUE may be on a total biomass basis:

WUE, = total biomass/water use

One of the problems associated with the measurement of WUE in the field is that
water use or ET includes water loss by soil evaporation as well as transpiration by
the crop so that changes in WUE may reflect changes in soil evaporation rather than
changes in plant production/transpiration. It is difficult to measure soil evaporation
within the crop in the field as it will differ from bare soil evaporation even when
measured nearby. In pots it is possible to cover the soil to reduce the soil evapora-
tion, so that water use is now a measure of transpiration. Transpiration efficiency
(TE) over the growing season or part of the growing season can be measured where

TE,; = total biomass/transpiration
TE, = aboveground biomass/transpiration

TE, = grain yield or economic yield/transpiration

For comparisons between locations or seasons, differences in humidity or vapor
pressure deficits will influence the value of the measured transpiration, so that WUE
and TE are likewise affected. Average values of the vapor pressure deficit for the
period of measurement of transpiration can be used to make the values of WUE and
TE comparable.
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At the level of the leaf, the instantaneous TE (sometimes incorrectly termed
instantaneous WUE) can be measured by gas exchange equipment as the ratio of the
rate of net leaf photosynthesis (Ayn) to rate of leaf transpiration (E):

AN/E = pa(1 — pi/pa)/1.6(ei — ea)

where p, and p; are the partial pressures of carbon dioxide and e, and e; are the
vapor pressure deficits of the air external (a) and internal (i) to the leaf. Integrated
over the life of the plant, the losses of carbon by respiration (¢.) and the losses of
water through the cuticle and partly closed stomata (¢,) must be also accounted for
when determining TE (Hubick and Farquhar 1989; Turner 1997):

TE = (pa(1 = pi/pa)(1 = 9.))/(1.6(ei — €a)(1 — @)

Thus TE is affected by both environmental factors, primarily vapor pressure
deficit, and plant factors. It has long been known that some species such as maize
and sorghum have much higher values of WUE, and particularly TE, than others
(Briggs and Shantz 1913), and this was shown to be due to the higher rates of
assimilation and higher ratios of internal to external partial pressures for CO, in C,
species than C; species (Tanner and Sinclair 1983). Initially it was considered that
the TE of a species did not vary among genotypes (Fischer 1981), but subsequent
analysis and measurement demonstrated that TE did vary among genotypes and that
it could be selected in breeding programs (Farquhar and Richards 1984; Condon
et al. 1990; Richards 2006). Analysis has shown that variation among genotypes
can arise from either or both differences in photosynthetic efficiency and
differences in stomatal conductance (g,) (Condon et al. 1990). Differences on the
discrimination of '*C to '>C due to different diffusion rates through the stomatal
pore and uptake within the stomatal cavity can be used to measure integrated TE.
Carbon isotope discrimination (CID) also varies with drought, which generally
increases TE. Thus, genetic differences in TE are usually identified in well-watered
plants in the vegetative phase and not on the seed as differences in harvest index and
CID in the conversion of carbon to starch or sugars can cloud differences in TE
(Richards 2006).

6.3 Plant Mechanisms and Characteristics That Influence WUE

Figure 6.1 shows plant traits that influence water use and photosynthetic efficiency.
Essentially, the plant is a hydraulic conduit between the soil and atmosphere.
Canopy and root architecture, organ morphology, anatomy, and aquaporin activity
influence a plant’s water uptake capacity, transport efficiency, and water loss. These
in turn influence plant water status (Fig. 6.2). A well-hydrated status is needed for
growth and many biochemical processes. The trade-off between water loss (tran-
spiration) and CO, assimilation exists because the atmosphere is almost always
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Fig. 6.1 Attributes that influence water use and photosynthetic efficiency

drier than the substomatal cavities of leaves. Consequently, when the stomata open,
water evaporates from the interstitial tissues into the atmosphere. The four
attributes listed above also influence net assimilation rates, but photosynthetic
efficiency is also influenced by leaf anatomy and biochemical pathways (Fig. 6.2).

The C,4 biochemical pathway, in which the first products of photosynthesis are
C,4 carboxylic acids, and specific bundle sheath anatomy of leaves enable higher
rates of photosynthesis than the C; biochemical pathway. As C,4 plants frequently,
but not always, have lower stomatal conductances, the TE of C, species is consid-
erably greater than that of C; species when directly compared in the same environ-
ment. However, C, species are often grown in warmer and drier environments than
C; species, so that WUE may be similar because of the greater vapor pressure
deficits in the warmer and drier environments or seasons. The highest values of TE
are found in those plants that fix carbon via the carboxylic acid metabolism (CAM)
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Fig. 6.2 Schematic diagram of the complex interaction between hydraulic and biochemical
components that influence transpiration efficiency

pathway, whereby the plant opens its stomata and takes up CO, in the dark when
vapor pressure deficits and water loss are low. CAM plants store the carbon as the
C, malate in mesophyll cells and use sunlight to convert the malate to
carbohydrates behind closed stomata (Ting 1985). While the CAM biochemical
pathway is very efficient in terms of water productivity, dry matter production is
very low and is generally found in specialized plants living in extremely dry
environments. However, a crop species that has the CAM pathway is pineapple
(Ananas comosus), but as some species can switch between CAM and C; pathways
depending on water supply (Dodd et al. 2002), it is likely that pineapple uses the C;
pathway when irrigated for fruit production.
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6.3.1 Physical Attributes That Influence Transpiration and
Photosynthesis

6.3.1.1 Canopy Size and Architecture

Canopy size and architecture will influence WUE and TE through its effects on ET,
E, and Ay. For example, more-closed canopies will have higher humidity and,
hence, potentially lower rates of transpiration. The water-conserving benefits of a
denser canopy may, however, be outweighed by reduced light penetration and
lower rates of photosynthesis. Canopy architecture affects light interception and
reflectance, such that erectophile canopies with leaves more vertically orientated
allow greater light penetration and reflectance during the day due to the angle of the
sun, compared with planophile canopies where leaves are orientated more in a
horizontal plane (Pinter et al. 1985; Yunasa et al. 1993).

Canopy size and architecture in the field affects ET through soil moisture
evaporation. While agronomic methods such as stubble retention and application
of mulches can help reduce evaporation from the soil (Yunasa et al. 1994; Richards
et al. 2002; Gregory 2004), soil moisture evaporation will also be ameliorated by a
crop canopy that shades the soil surface (Siddique et al. 1990b). Soil moisture
evaporation may be greater early in the season, before the canopy has fully
established, depending on temperature and relative humidity. The trait for early
vigor may be a way of establishing canopy cover quicker to minimize soil evapora-
tion (Richards et al. 2002). Wheat genotypes with early vigor traits have been tested
in a number of environments (Regan et al. 1992; Turner and Nicolas 1998;
Botwright et al. 2002). However, although vigorous growth is supported by higher
rates of photosynthesis in wheat, these genotypes appear to have much higher rates
of transpiration resulting in lower instantaneous TE in comparison with commercial
cultivars (Dias de Oliveira et al. 2013). These genotypes may, therefore, deplete the
soil moisture more quickly, leaving insufficient water supply for the reproductive
and grain filling stages, which would be a problem for crops growing on predomi-
nantly stored soil moisture.

While early vigor may not be suitable where high TE is required, this does not
exclude it as a suitable trait in other water-limited environments. For example, in
southwestern Australia, winter rainfall during the growing season usually exceeds
crop demand for water, but terminal drought during spring and early summer is a
common occurrence (Turner and Asseng 2005). Terminal drought is the greatest
limitation to crop yields (Boyer 1982; Loss and Siddique 1994; Dracup et al. 1998).
Early vigor genotypes flower earlier, thereby avoiding terminal drought, and their
high growth rates facilitated by high photosynthesis and transpiration rates mean
that there is sufficient biomass to support grain production after flowering despite a
shorter vegetative stage (Dias de Oliveira et al. 2012). In this type of environment,
more effective use of available water such as early vigor rather than high TE may be
the key to improving and sustaining crop yields (Siddique et al. 1989; Turner 1997).
Blum (2005, 2009) has argued in support of this paradigm, and Sinclair (2012) has
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demonstrated that although improvements in TE are possible, it is unlikely to
dramatically improve yields, but more effective water use may be a better focus
for breeding efforts.

6.3.1.2 Leaf Morphology and Anatomy

The attributes of leaves are probably the greatest determinants of plant TE. Natural
variation in the complexity of leaf shape is controlled in most eudicots by expres-
sion of a KNOX! gene (Bharathan et al. 2002; Kimura et al. 2008), but monocots
have only simple leaves where KNOX is downregulated. Auxin is also involved in
regulating whether leaf margins are serrated or lobed and many other genes are, of
course, involved in regulating the length and width of leaf laminas (see review by
Nicotra et al. 2011). The function of leaf shape (excepting leaf size) is still a matter
of debate (Nicotra et al. 2011) and is mainly relevant in an ecological context, but it
should not be dismissed completely from this discussion because the water relations
of leaves are strongly influenced by leaf shape (Nicotra et al. 2011), and therefore,
manipulation of leaf shape may be an avenue to improving TE in crop species with
complex or lobed leaves.

The size of a leaf, its color, orientation, and its topology determine the amount of
light intercepted and its radiation and heat load. Small and thick leaves are
associated with drought tolerance and high TE (Abrams et al. 1990, 1994). In
many crop species, leaf size decreases with water deficit, and in fact, leaf expansion
is one of the most sensitive processes to water stress (Boyer 1970; Hsiao et al.
1985). Leaf thickness also tends to increase in many crop species in response to
water deficit, particularly genotypes with greater drought tolerance and higher TE
(Nobel 1980; Wright et al. 1994). Increasing leaf thickness is associated with water
conservation. Increasing leaf thickness will increase the boundary layer thickness
and, hence, decrease the rate of evaporation from the leaf (see below), but boundary
layer thickness will be conversely reduced by a reduction in leaf size. Thicker cell
walls, as well as increased suberization of bundle sheaths, help protect from
dehydration but would probably also decrease leaf hydraulic conductance (see
below). Leaf thickness also contributes to higher TE through an increase in Ay
(Dornhoff and Shibles 1976; Schulze et al. 2006) due to greater abundance of
photosynthetic apparatus.

Topological features such as pubescence and glaucousness are associated with
drought tolerance and high TE in xerophytes, and many plant species adapted to
semiarid environments and environments with seasonal rainfall (Mulroy 1979;
Ehleringer 1980; Ehleringer and Clark 1987; Rieger and Duemmel 1992; Abrams
et al. 1994). Despite the limited research on pubescence and glaucousness in crop
species providing no clear indication that they will lead to improvements in yield by
increasing TE, there is increasing recent interest in selection of glaucousness and
pubescence for drought tolerance by plant breeders (Reynolds et al. 2001).

Depending on their density and length, leaf trichomes help to keep the surface of
the leaf more humid, thereby reducing transpiration, and trichomes may also help
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reduce the heat load of a leaf by reflecting light (Ehleringer 1980, 1984). Trichome
density varies within and across species (Ehleringer 1984), and trichome density of
some species and genotypes increases in response to water deficit (Ehleringer
1982). Varying trichome density has been observed in several crop species (Sharma
and Waines 1994; Webster et al. 1994; Sagaram et al. 2007). Trichomes, like leaf
thickness, increase the thickness of the undisturbed air surrounding the leaf, that is,
the boundary layer (Schuepp 1993). The conductance of water vapor across the
boundary layer decreases with increasing boundary layer thickness, and therefore,
the rate of evaporation from the leaf surface will be lower (Nobel 2009). However,
the conductance of CO, across the boundary layer will be similarly reduced, and so
the presence of leaf trichomes may negatively impact on photosynthetic rate. It
should be noted, however, that the boundary layer resistance to CO, diffusion will
only impact photosynthetic rates if it is greater than stomatal and internal resistance
to CO, (Nobel 1999). Selecting for leaf pubescence in crops would, therefore, only
have a beneficial effect on TE if the increased resistance to water vapor diffusion
out of the leaf was greater than the increased resistance to CO, diffusion into the
leaf. Pubescence as a trait may be beneficial in the drier climates expected for the
future because greater atmospheric CO, due to climate change will increase the
gradient for CO, diffusion into the leaf. Leaf pubescence in Brachypodium
distachyon has been reported to be under the control of a single dominant gene,
SPUB (Garvin et al. 2008), which provides the opportunity to manipulate expres-
sion of this trait and evaluate its influence on the physiology of a species closely
related to the major crops wheat and barley.

The aboveground parts of almost all land plants are covered by a waxy cuticle,
which helps reduce evaporation from the nonstomatal epidermis. Transpiration
across the leaf cuticle varies between species and across genotypes probably due
to differences in thickness and hydrophilic properties of the epicuticular wax
(Jordan et al. 1984; Larsson and Svenningsson 1986; Svenningsson and Liljenberg
1986; Clarke and Richards 1988; Gonzalez and Ayerbe 2009). As cuticular transpi-
ration is usually measured when the stomata are assumed to be closed in the dark, it
needs to be recognized that some of the putative variation in cuticular transpiration
may be the result of incomplete stomatal closure. High glaucousness and low
cuticular transpiration are associated with drought tolerance, which can vary with
environmental conditions depending on the species (Oppenheimer 1960). Glau-
cousness may also help in reflecting light to reduce radiation load. Evidence in
support of this comes from a study on durum wheat lines isogenic for glaucousness
(Richards et al. 1986). Glaucous lines had slightly cooler leaf temperatures under
water deficit in the field, compared with nonglaucous wheat lines (Richards et al.
1986). In some species, transpiration through the stomata can increase with glau-
cousness (Kerstiens 1997, 2006), which would cool the leaf surface, but Richards
et al. (1986) reported similar transpiration rates for glaucous and nonglaucous lines.
Glaucousness of wheat flag leaves had no effect on TE, or photosynthetic and
transpiration rates, but increased leaf duration under drought (Richards et al. 1986).
Although glaucousness reduced photosynthesis and transpiration rates of wheat
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ears, the greater proportional reduction in transpiration resulted in increased TE of
ears in comparison with nonglaucous ears (Richards et al. 1986).

Glaucousness did not correlate with yield or yield components in a doubled
haploid population derived from a cross between a drought-tolerant and a relatively
drought-intolerant bread wheat line (Bennett et al. 2012), despite glaucousness of
parental material being associated with higher TE and yield under water deficit
(Izanloo et al. 2008). The disparity between these two studies may be related to
differences in behavior in glasshouse compared with field conditions, although
Bennett et al. (2012) speculated that their method of visually scoring for glaucous-
ness may not correlate with physical wax content, especially those lines that were
given mid-high scores, as was observed by Clarke et al. (1993). Epicuticular wax
content should also have been measured (Bennett et al. 2012). In barley breeding
lines, increased drought resistance and greater yields compared with commercial
cultivars were associated with greater epicuticular wax load (Gonzalez and Ayerbe
2009). Water deficit increased the epicuticular wax load and reduced nonstomatal
transpiration. Epicuticular wax load was negatively associated with nonstomatal
transpiration and positively associated with grain yield (Gonzalez and Ayerbe
2009). The negative association between epicuticular wax load and nonstomatal
transpiration has also been observed for sorghum (Jordan et al. 1984), but the
converse was observed in earlier studies on barley and oats (Larsson and
Svenningsson 1986; Svenningsson and Liljenberg 1986).

Stomata are small pores on leaf and stem surfaces that facilitate the exchange of
gases between the leaf interior and the atmosphere. They are an important determi-
nant of TE, being physically located as the gateway controlling the trade-off
between carbon capture and water loss, and, as such, have warranted the greatest
amount of research. Stomatal conductance has a greater effect on transpiration than
photosynthesis, so maximum TE will occur through coordination of stomatal
opening and capability for CO, fixation (Nobel 2009; Yoo et al. 2009).

Stomatal density and size of their aperture determine a leaf’s conductance to
CO, and water vapor (assuming gas exchange across the nonstomatal epidermis is
negligible). Stomatal density increases stomatal conductance to water vapor (gs) of
a leaf in a linear dependent manner, but conductance to water vapor through a single
pore increases with radius of the aperture to the fourth power, i.e., doubling the
number of stomata will double g, but doubling stomatal aperture (keeping density
the same) will increase g, 16-fold. Hetherington and Woodward (2003) showed that
there is a strong negative curvilinear relationship between stomatal density and
stoma size across a range of plant groups and that the relationship between g, and
Ay approximately fit within one of two curvilinear relationships depending on
whether the plants have a C5 or C4 photosynthetic pathway. Stoma aperture size
is regulated by turgor pressure of the flanking guard cells. An uptake of ions (K* and
Cl™") (Turner 1972) generates the osmotic gradient to induce water uptake, which
probably occurs through aquaporins (Heinen et al. 2009). Guard cell volume
increases with turgor pressure causing the stoma to open due to radial orientation
of the cellulose microfibrils of the guard cells walls, causing the cells to swell more
in one direction. The reverse happens to cause a stoma to close. Guard cell length,
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therefore, ultimately determines aperture size of the stoma. It has been suggested
that small stomata can open and close more rapidly and by being generally
associated with high densities provide the capacity for rapid changes in g, with
fluctuating environmental conditions (Hetherington and Woodward 2003).

Stomatal density is under strict genetic control, but the number of stomata can
also be influenced by environmental factors (see review by Casson and Gray (2008)
and Sect. 6.4.1). Stomatal density tends to decrease when plants are grown under
elevated atmospheric CO, and has been shown to be modulated by the HIGH
CARBON DIOXIDE gene in Arabidopsis. Light intensity also induces changes in
stomatal density in developing leaves, but the genes regulating the response are not
yet known (Casson and Gray 2008). Drought can influence stomatal density of
developing leaves, depending on the species (Quarrie and Jones 1977; Clifford et al.
1995; Xu and Zhou 2008; Hamanishi et al. 2012), but this may be confounded by
inhibited leaf expansion at low soil water potentials (see above).

Stomatal opening depends on the water status of the plant and is influenced by
irradiance, CO, concentration, relative humidity, phytohormones such as ABA, and
stress (see reviews by Buckley 2005; Shimazaki et al. 2007). Evapotranspirational
demand (temperature, relative humidity, and wind speed) also determines g in field
conditions. Variation in g5 across species in response to soil water deficit has been
observed (Henson et al. 1989a). Stomatal closure occurred in lupin, but not wheat,
before changes in the leaf water potential were detected. The disparity in the
responses was later attributed to differences in sensitivity to ABA (Henson et al.
1989b). However, field-grown wheat has also been observed closing stomata before
leaf water potential decreased under drought (Ali et al. 1999), indicating that there
may be genotypic variation in ABA production and/or stomatal sensitivity to soil
water deficit. Genotypic variation in the relationship between g, and leaf water
potential under water-limited conditions has been observed for a number of other
crop species (Ackerson et al. 1980; Gonzalez et al. 1999).

Modern phenotyping programs are using canopy temperature, as assessed
through thermal imaging, as a surrogate for selecting genotypes with high g
(Jones et al. 2009; Munns et al. 2010). Lower canopy temperatures have correlated
well with greater yields in genotypes of wheat (Reynolds et al. 2007) and rice
(Garrity and O’Toole 1995), but not soybean (Harris et al. 1984). Low canopy
temperature was also correlated with yield in a comparison between four legume
species (Pandey et al. 1984), whereas lower canopy temperature was associated
with higher susceptibility to drought in genotypes of potato (Stark et al. 1991).
Lower canopy temperatures imply higher g, facilitating transpirational cooling and
favoring net photosynthesis. Higher g, also indicates enhanced capacity for water
uptake or better ability at maintaining plant water status. In these situations, low TE
may in fact be selected since canopy temperature depression is related to
transpirational cooling. Transpiration is linearly related to g5, whereas photosyn-
thesis saturates at high g (Yoo et al. 2009) due to metabolic limitations of carbon
assimilation and fixation (Farquhar and Sharkey 1982). The ideal then for improved
TE is to select genotypes with less than maximum g, when the slope of the
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relationship between Ay and g is greater than the slope of the relationship between
E and g (Yoo et al. 2009).

The internal anatomy of the leaf determines the pathway for water flow from the
petiole to the substomatal cavities and the distance for diffusion of water vapor
from the evaporation sites to the external atmosphere as well as the diffusion
distance for CO, to reach the photosynthetic apparatus. These properties, therefore,
determine leaf hydraulic conductance (water transport efficiency) and internal
conductance to CO,, respectively, although measurements of the internal conduc-
tance to CO; also include the permeability of mesophyll plasma membranes to CO,.

The reader is referred to Sack and Holbrook (2006) for an in-depth review of leaf
hydraulics, but we will highlight aspects relevant to TE in crop plants for the
purpose of this chapter. Leaf hydraulic resistance accounts for up to a third of the
total plant resistance to liquid water transport (Sack and Holbrook 2006), which is
an overlooked factor potentially affecting TE of crops (see more detailed discussion
below on roots, regarding constraints of hydraulic resistance to gas exchange). Leaf
hydraulics has mainly been studied in tree leaves in an ecophysiological context,
but many aspects would also be applicable to crop species. The hydraulic conduc-
tance of leaves from annual crop species is apparently two- to threefold greater than
woody species, although annual crop species accounted for only 7 % of the species
so far examined (Sack and Holbrook 2006). The high hydraulic conductance of crop
leaves may account for the small differences in water potential observed between
leaves and stems (Tsuda and Tyree 2000). Leaf hydraulic conductance is variable,
changing with development and environmental conditions (Tsuda and Tyree 2000;
Brodribb and Holbrook 2004; Nardini et al. 2005; Simonin et al. 2012). Irradiance
can also stimulate increased hydraulic conductance (independently of stomatal
opening) in some species, which has been attributed to increased aquaporin activity
(Cochard et al. 2007; Baaziz et al. 2012). Although not yet shown to involve
aquaporins, the hydraulic conductance of sunflower shoots was on average fourfold
higher when the leaves were illuminated than under ambient light in the laboratory,
but only when leaves were well hydrated (Guyot et al. 2012). The function of this
irradiance-induced stimulation of leaf hydraulic conductance is not yet fully under-
stood but when combined with stomatal regulation of g, provides flexible regulation
of leaf water status (Guyot et al. 2012).

The myriad of leaf hydraulic properties and responses reflects differences in
anatomy, principally vein density, and extravascular pathways for water flow
(Cochard et al. 2004; Brodribb et al. 2007). When water enters the leaves, it travels
through the veins, the density and pattern of which determine the distribution of
water within the leaf. Water distribution (and assimilate translocation) within Cy4
grass leaves is superior to C; grasses because of a more denser network of the
smaller longitudinal and transverse veins (Ueno et al. 2006). Water exits the major
or minor veins into the bundle sheath, but then its journey is less clear (Sack and
Holbrook 2006). Water may travel apoplastically, around the cells, or
transcellulary, through the cells of the mesophyll. Transcellular water transport
may occur through the symplast via plasmodesmata or across aquaporin-embedded
membranes. The contribution of these pathways is not yet known, but the rapid and
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reversible changes in leaf hydraulic conductance stimulated by temperature or
irradiance indicate significant transcellular transport in those species. Moreover,
suberin deposition in the walls of the bundle sheath, such as those found in the
mestome sheath of wheat and oats (O’Brien and Carr 1970), may obstruct
apoplastic water flow. The sites of water evaporation within the leaf are also not
yet known but will likely be determined by anatomy and the pathway for water flow
through the leaf.

Soybean is one of the few crop species where genotypic differences in leaf
hydraulics have been examined. High diversity of leaf morphological features was
observed in soybean cultivars, where g was significantly correlated with stomatal
density (Tanaka et al. 2010). The greater productivity of US cultivars compared
with Asian cultivars of soybean was attributed to greater g, due to greater stomatal
density. Interestingly, US cultivars had slightly smaller guard cells, smaller leaves,
and higher vein density, which indicate that leaves of US cultivars also potentially
had greater water transport efficiency. Conversely, a low leaf hydraulic conduc-
tance contributed to higher TE in a soybean genotype through water conservation
when transpirational demands were high (Sinclair et al. 2008). Either high or low
hydraulic conductance may, therefore, aid adaptation to drought, the significance of
either being dependent on coordination with other leaf properties.

The internal conductance to CO, (g;) is the remaining part of this discussion
about leaf properties to be considered with regard to TE of crop plants. The greatest
physical constraint to photosynthetic rates, excepting the biochemical process, was
long considered to be the stomatal resistance to CO, diffusion into the leaf.
However, g; is also a major constraint (Warren 2008). The internal conductance
includes the diffusion of CO, once inside the leaf to the sites of carboxylation. The
diffusion distance through the intercellular air spaces of the mesophyll is, therefore,
a major determinant of g; as well as the permeability of the mesophyll membranes
to CO,. The dissolution of gaseous CO, to the liquid phase at the mesophyll cell
wall and diffusion across the cytoplasm and chloroplast envelope should also not be
discounted.

There is high variability among species in the relative limitation of Ay due to g,
but generally Ay increases with increasing g; (see review by Warren 2008).
Herbaceous species tend to have higher g;, so the capacity for manipulating this
property to improve TE, by reducing a constraint to Ay, in crop species may be
limited, but g; will be influenced by anatomical changes in response to water stress.
Moreover, aquaporin-mediated CO, diffusion and carbonic anhydrase activity can
change g; rapidly (Flexas et al. 2007).

There are few genotypic comparisons of g; but we can make some inferences
from anatomical studies. In flag leaves of diploid, tetraploid, and hexaploid wheat
and Aegilops species, the surface area of the mesophyll cells per unit volume of
mesophyll tissue was similar, but diploid genotypes had the highest photosynthetic
rates at light saturation (Austin et al. 1982; Kaminski et al. 1990). This occurred
despite thinner leaves and lower chlorophyll abundance. Diploid genotypes may
have had a greater g; due to shorter diffusion distance between the leaf surface and
carboxylation sites in thin leaves; diffusion across the cytoplasm would also have
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been shorter because diploid mesophyll cells were smaller. Interestingly, greater
efficiency in the import of nutrients and export of assimilates was also related to
improved productivity as vein density was also positively correlated with Ay
(Austin et al. 1982). Light-saturated Ay was also negatively correlated with meso-
phyll cell size in ryegrass leaves, but this was dependent on growth temperatures
(Wilson and Cooper 1969). Conversely, slower growth rates and lower photosyn-
thetic rates were correlated with thinner leaves in bean genotypes (Sexton et al.
1997). However, RuBisCO may have been limiting in bean genotypes with lower
photosynthetic rates, as indicated by the lower leaf nitrogen contents.

6.3.1.3 Stem Anatomy

Apart from the obvious structural role in supporting leaves above the ground, stems
are the conveyors of water, nutrients, and photosynthetic assimilates between roots
and leaves. Their anatomy, especially the vascular bundles, will determine transport
efficiency which, similar to roots and leaves, will influence TE. The primary structure
of stems is highly variable with the vascular tissue forming either a continuous
cylinder sandwiched between the cortex and pith or a cylinder of discrete strands
within the undifferentiated ground tissue, or in monocots such as maize, the vascular
bundles may be spread throughout the ground tissue. Stems may also be involved in
storage and remobilization of assimilates or water, particularly in response to abiotic
stress. Remobilization of water-soluble carbohydrates is a major contributor to
drought adaptation in a number of crop species (Mclntyre et al. 2012), but it can
confound measurements of TE if the whole plant biomass at maturity is considered,
and therefore, TE is usually measured during the vegetative stages.

Within the vascular bundles, the number of xylem vessels varies. Xylem vessels
are analogous to pipes and hence, their abundance and diameters largely determine
the hydraulic conductance of a stem. Accordingly, the hydraulic conductance of
stems is generally much greater than leaves or roots (Steudle 2000). Studies on the
resistance to lodging indicate that there is high genetic variation for the number of
vascular bundles in grass species, including the major cereal crops (Jellum 1962;
Dunn and Briggs 1989; Khanna 1991; Kaack et al. 2003). Genetic variation in
vascular bundles also exists in other crop species. In tomato, thicker stems with
more conducting tissue (xylem vessels) were related to drought resistance
(Kulkarni and Deshpande 2006).

Water flow through the stem, and for that matter roots and leaves, can be
disrupted if tensions in the xylem become large and cavitations occur. The suscep-
tibility of xylem to cavitation-induced hydraulic disruption depends on the species,
but most research has examined this phenomenon in woody species. Xylem cavita-
tion can occur in annual crop species at fairly high water potentials in comparison
with woody species (Tyree et al. 1986). However, herbaceous species tend to
generate high root pressures when they are not transpiring (Steudle and Jeschke
1983; Bramley et al. 2010), and so it is possible that embolized vessels may be
refilled during the night. Although embolisms may be reversed, when cavitation
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occurs, water transport to the leaves will be disrupted, which will ultimately affect
crop productivity. The occurrence and susceptibility of crop species to hydraulic
disruption should, therefore, be investigated.

6.3.1.4 Root Architecture and Anatomy

The architecture of a root system, or spatial distribution within the soil, is described
by its length and branching pattern, which in turn are determined by the rate, angle,
and duration of root growth. The root system architecture, therefore, determines the
capacity for water and nutrient uptake from the soil (Lynch 1995, 2007). Root
systems of different species display a high degree of phenotypic plasticity,
responding to environmental conditions, but developmental instability has also
been proposed as another adaptive trait generating nongenetic variation (Forde
2009). Intraspecific variation in root system architecture of major crop species is
receiving increasing interest as a potential means to improve water and nutrient
uptake efficiency (Ratnakumar and Vadez 2011; Chen et al. 2012; Wasson et al.
2012), but the fact that roots are below ground and the soil environment is generally
heterogeneous presents an enormous challenge in root research. Phenotyping is,
thus, generally undertaken on roots growing in artificial medium (Chen et al. 2011;
Clark et al. 2011) or in glass-walled chambers (Liao et al. 2006; Manschadi et al.
2006; Bramley et al. 2011). Moreover, breeding programs need to ensure that traits
identified in the laboratory are translated into the field (Wasson et al. 2012).

In order to identify which root traits are relevant for improving TE, we need to
consider the target environment because this will determine temporal and spatial
variation in available water, as well as physical and chemical constraints to root
growth. For example, crops growing on deep stored moisture may need long roots
and high branch-root density at depth (Wasson et al. 2012), whereas high shallow-
root density may be more advantageous for crops growing on sandy soils relying on
intermittent in-season rainfall (Manschadi et al. 2006). There is considerable
genetic variation for root length density that could be exploited (Siddique et al.
1990a; Mwanamwenge et al. 1998; Chen et al. 2011; Ratnakumar and Vadez 2011).

We also need to consider the particular species when selecting root traits for high
TE because root hydraulic properties determine the region of root involved in water
uptake and the transport efficiency of the root system (hydraulic conductance),
which vary between species. For example, cereal roots absorb water preferentially
in a region just behind the root tip, whereas legumes absorb water along the entire
root length (Bramley et al. 2009). The hydraulic conductivity of cereal roots will,
hence, be influenced by the number of branches, whereas the hydraulic conductivity
of legume roots will be influenced by total root length.

The root system is a major constraint to gas exchange and, consequently, TE
because it forms the largest resistance to liquid water flow in the plant (Steudle
2000). Root hydraulic conductivity needs to be high enough to supply the leaf with
sufficient water to maintain leaf hydration so stomata can remain open. High root
hydraulic conductivity will also minimize the drop in water potential needed to
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drive water uptake from the soil and transport it to the shoot. However, root
hydraulic conductivity also needs to be variable and coordinated with stomatal
opening and environmental conditions to maximize hydraulic efficiency; otherwise,
the plant runs the risk of losing water to the soil when it becomes extremely dry or
excessive water loss to the atmosphere if the vapor pressure deficit is high. While
water transport is a passive process, roots themselves are not passive structures.

Hydraulic conductivity of a root system is determined by morphology, anatomy
of individual roots, and aquaporin activity. All roots are cylindrical, comprising
several concentric tissue layers: epidermis, exodermis (if present), cortex, and
endodermis. The endodermis surrounds the stele, which contains the pericycle
(origin of lateral roots), parenchyma, and vascular tissue. The outer surface of the
epidermis, and walls of the exodermis and endodermis, can contain lignin or
suberin, which reduces the permeability of the apoplast to water and nutrients
(Steudle et al. 1993; Zimmermann et al. 2000). Development of these wall
modifications depends on the species, developmental stage, and environmental
conditions (Barrowclough et al. 2000; Zimmermann et al. 2000; Bramley et al.
2009; Vandeleur et al. 2009). An exodermis does not develop in wheat, barley, or
perennial ryegrass (Perumalla et al. 1990) probably because the root cortex dies
back in mature roots (Hamblin and Tennant 1987), revealing the heavily suberized
endodermis. Lupin and chickpea roots also do not form an exodermis, but this has
not been tested in response to soil water deficit (Hartung et al. 2002; Bramley et al.
2009). Increased suberization of the exodermis and endodermis has been observed
in many crop species in response to water deficit, especially woody perennials, and
was correlated with decreased root hydraulic conductivity (Lo Gullo et al. 1998;
Rieger and Litvin 1999; Vandeleur et al. 2009). Maize is one of the few annual crop
species where an exodermis has been reported, and it becomes more suberized
under drought (Stasovski and Peterson 1991). The fact that increased exodermal
suberization can also be stimulated by growing maize roots in a mist culture has
demonstrated the reduction in root hydraulic conductance caused by this feature
(Zimmermann et al. 2000).

Air-filled spaces called aerenchymas can also develop in the cortex, particularly
in adventitious (nodal) roots, in response to waterlogging-induced oxygen defi-
ciency, some nutrient deficiencies, and occasionally water deficit (Drew et al. 1989;
Stasovski and Peterson 1991; Colmer 2003; Zhu et al. 2010). Aerenchyma devel-
opment may be a more common root response to soil water deficit than has been
reported because very few field studies have examined root anatomy, and cell
plasmolysis or death occurs with dehydration. Aerenchymas also serve as radial
barriers to water and nutrient transport (see review by Bramley and Tyerman 2010),
but they also reduce the plant’s respiratory costs (Zhu et al. 2010). Aerenchyma
development, then, may be a beneficial trait for drought tolerance (Zhu et al. 2010)
and even TE but only if water is preferentially absorbed in a region close to the root
tip, where aerenchymas do not form.

Principal anatomical differences occur between monocotyledon and
eudicotyledon roots, especially in vasculature development and because dicots
have secondary growth (Klepper 1983). Monocot roots generally develop a ring
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of small xylem vessels surrounding a central pith or large xylem vessel, whereas
xylem development in dicot roots initially occurs in poles and develops centripe-
tally in a diarch or tetrarch pattern. Consequently, the axial hydraulic conductance
of dicots is generally greater than monocots, and axial hydraulic conductance
increases with root length in dicots because of increasing vessel development
(Bramley et al. 2009).

Genetic variation in xylem vessel diameter has been exploited in wheat to reduce
axial hydraulic conductance (Richards and Passioura 1989). The philosophy was
based on the idea that reduced axial hydraulic conductance would reduce the rate of
water uptake, conserving soil water for later in the season when it would be
available for grain filling. Passioura (1972) first tested this theory by growing a
wheat cultivar entirely on stored soil moisture and removing all but one seminal
root to simulate reduced axial conductance, as all water uptake must flow through
the one remaining central xylem vessel (discounting the ring of smaller vessels).
Nodal roots were allowed to grow but were mostly restricted from accessing the soil
moisture. Single-rooted plants compensated for the initially small root system with
increased growth rate and branching, so that total root mass at maturity was the
same as the control plants. Single-rooted plants initially maintained a similar water
use as the control plants, but after a few weeks and until after anthesis, plant water
use was lower than the control plants. Single-rooted plants ultimately had greater
grain yield because control plants ran out of water for grain production. Passioura
(1972) did not measure root hydraulic conductance or other physiological
parameters, but he speculated that the estimated threefold reduction in axial con-
ductance (three seminal roots reduced to one) would have caused stomatal closure
due to much lower leaf water potentials, thereby conserving water. However,
translocation of stored carbon in response to water deficit also probably contributed
to grain yield (Passioura 1976). Remobilization of water-soluble carbohydrates is a
well-recognized drought-adaptive trait in wheat (Reynolds et al. 2009). Moreover,
partial excision of roots in young wheat plants increased hydraulic conductivity of
the remaining root, probably by an ABA-induced change in aquaporin activity
(Vysotskaya et al. 2004), so single-rooted wheat plants growing on stored moisture
may be more efficient in water use through a number of mechanisms.

Reducing the diameter of the central xylem vessel by 10 pm through plant
breeding increased wheat yield in the field by about 10 % in one of the selected
genotypes, in comparison with unselected controls, but only in the low-yielding or
drier environments (Richards and Passioura 1989). Theoretically this would reduce
axial hydraulic conductance of the seminal root system by about half (vessel
diameter decreased from 65 to 55 pm). It is not clear what effect the selection for
narrower xylem vessels in seminal roots had on morphology and anatomy of nodal
roots, anatomy of stems, or other physiological processes such as gas exchange and
leaf water status. Moreover, the yield increase was not observed in an environment
relying on in-season rainfall. Despite narrower xylem vessels being a potential
drought-adaptive trait for environments relying on stored soil moisture, no current
commercial wheat varieties appear to have been developed with narrower xylem
vessels. Subsequent investigations of genetic differences in xylem anatomy in rice
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have led to the conclusion that manipulating vessel radii will not improve drought
resistance, but in that study the aim was to increase axial hydraulic conductance
(Yambao et al. 1992). Conservative water use has also been shown to be important
in tolerance of chickpea genotypes to drought, which was correlated with lower g
but not root growth components (Zaman-Allah et al. 2011) and suggests that either
greater sensitivity to ABA or lower root hydraulic conductance induced stomatal
closure.

Surprisingly, studies on manipulating xylem anatomy to improve drought toler-
ance or TE have discounted the fact that it is the radial, not axial, hydraulic
conductance that mostly constrains total root hydraulic conductance (Steudle and
Peterson 1998). When water is taken up by the root, it has to cross the cylinder of
living tissue described above, either by crossing membranes or the symplast (via
plasmodesmata) or through cell walls (apoplast), and it is for this reason that the
radial hydraulic conductance is several orders of magnitude less than the axial
conductance. The radial pathway, though, is the main source attributing to variable
root hydraulic conductance through anatomical changes (described above) and
changes in aquaporin activity (see Sect. 6.4.4), depending on the pathway taken
by water across the root radius. If water crosses membranes at some point in the
radial pathway, aquaporins can facilitate rapid and reversible changes in hydraulic
conductance. Of greatest significance to TE are the aquaporin-mediated changes in
hydraulic conductance that can match transpirational demands (Henzler et al. 1999;
Vandeleur et al. 2009), but also those that improve water transport efficiency in
response to soil water deficit (Sade et al. 2010). However, more research is needed
linking aquaporins to their physiological roles.

Differences in radial root anatomy and aquaporin activity have been found
between genera, closely related species, and cultivars (Bramley et al. 2009;
Vandeleur et al. 2009). Genotypic differences in root anatomy have also been
observed in a number of crop species (Saliendra and Meinzer 1992; Zhu et al.
2010). However, the only study linking genotypic differences in aquaporin activity
to root hydraulics within a species has been undertaken on accessions of
Arabidopsis (Sutka et al. 2010).

6.3.2 Biochemicals and Enzymes

6.3.2.1 ABA and Sensitivity to ABA

The phytohormone abscisic acid (ABA) is an important stress hormone produced in
the roots as the soil dries (Davies and Zhang 1991; Turner and Hartung 2012) and is
transported in the xylem to the leaves where it closes the stomata (Henson et al.
1989b; Zhang and Davies 1989, 1990). It is, therefore, an important hormone in
controlling water loss. While ABA triggers stomatal closure in the leaves, it also
induces a reduction in leaf growth (Davies et al. 2005), an increase in root growth at
low water potentials (Spollen et al. 2000), and an increase in the hydraulic
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conductivity of roots (Hose et al. 2000; Aroca et al. 2006), all of which provide an
integrated response to water shortage. Although the influence of ABA on root
hydraulic conductivity may be transient (Hose et al. 2000) or inhibitory (Fiscus
1981), ABA production has been shown to increase yields of wheat under moderate
stress conditions (Travaglia et al. 2010) and improve TE in tree seedlings, particu-
larly when subject to a water deficit (Duan et al. 2007). As there is genetic variation
in the response of stomata to ABA concentration (Henson and Turner 1991), this
provides another genetic mechanism for differences in TE to be expressed (see
Sect. 6.4.4 for further details).

6.3.2.2 Isotopic Discrimination

Farquhar et al. (1982) first developed the theory that predicted that in C; plants the
discrimination of the small amounts of the naturally occurring stable isotope of
carbon, '*C, in photosynthesis will be least in those plants that fix the most carbon
per unit amount of water transpired, i.e., in those that have the highest TE. This was
confirmed by Farquhar and Richards (1984) who showed that the ratio of '*C to '2C
in the leaves of wheat genotypes was correlated with the TE measured from
changes in dry weight and water use for the period before sampling for CID. This
relationship between CID and TE has been shown to exist in a range of crop species
(Turner 1993), but not all crop species (Turner et al. 2007b). The relationship has
been used to select wheat genotypes that yield better under drought (Richards
2006).

6.3.2.3 Maintenance of Turgor and Leaf Water Potential

Crop plants have been shown to maintain their turgor potential/pressure as the plant
water status decreases by the accumulation of solutes (Jones et al. 1980; Turner and
Jones 1980), a process known as osmotic adjustment or osmoregulation (Turner and
Jones 1980; Morgan 1984). Wheat with genes for high osmotic adjustment has been
shown to have increased yields in water-limited environments (Richards 2006).
However, osmotic adjustment in chickpea was shown to be not highly inherited,
and the degree of osmotic adjustment was not associated with yield under dryland
conditions in the field (Turner et al. 2007a). Other crop species such as lupin show
limited capacity for osmotic adjustment, and they are relatively intolerant to
drought (see review by Palta et al. 2012).

Changes in tissue elasticity is another feature of adaptation to drought (Bowman
and Roberts 1985; Lo Gullo and Salleo 1988). The properties of cell walls predom-
inantly determine leaf elastic modulus and, therefore, water-holding capacity. Leaf
density correlates strongly with bulk leaf elastic modulus (Niinemets 2001). The
capacity to reduce leaf elastic modulus in response to soil moisture deficit enhances
the water-holding capacity and when combined with osmotic adjustment increases
turgor maintenance under lower relative water contents (Jensen and Henson 1990).
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High water-holding capacity, therefore, aids in maintaining leaf water status.
Conversely, with a high leaf elastic modulus (low elasticity), a leaf’s water poten-
tial decreases more for a given change in tissue water content, which may aid in
water uptake from dry soils (Bowman and Roberts 1985) or may induce stomatal
closure. Measurement of leaf elastic modulus is laborious, which is probably the
reason why few crop studies have investigated this attribute, but genetic diversity
exists (Johnson et al. 1984; Rascio et al. 1988). Moreover, leaf elastic modulus and
hydraulic conductance may not be mutually exclusive properties because a high
water-holding capacity would buffer against water loss when the root or shoot
resistance to water flow is high. Inferences about leaf hydraulic capacitance can be
made by plotting leaf water potential against transpiration rates; hysteresis between
dehydration and rehydration indicates that either the hydraulic conductance is
variable or stored water is initially used in transpiration (Zhang and Davies
1989). Whether these relationships are relevant to crop species, particularly annual
crops remains to be seen.

6.3.2.4 Photosynthesis and Respiration

Earlier, TE was shown to be a ratio between the rates of Ay and £. While this is
controlled at the level of the leaf by leaf conductance to CO, and water vapor, Ay is
also affected by other anatomical and biochemical factors in the carbon assimilation
pathway. Measurement under similar light intensity reveals variation in the rate of
leaf net photosynthesis among plant and crop species (e.g., Turner et al. 1984;
Leport et al. 1998). The reasons for this variation can be several. The concentration
of chlorophyll that captures the light energy may vary, but as the rate of photosyn-
thesis is maintained over a relatively wide range of leaf chlorophyll concentrations,
a low concentration may not necessarily result in lower rates of photosynthesis. The
conversion of CO, to carbohydrates is not the subject of this chapter, but with the
energy from sunlight captured in the thylakoid membranes of the chloroplasts, the
CO, is converted into C; sugars via a series of reactions in the Calvin cycle. One of
the key enzymes in the Calvin cycle is ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO), which comprises 50 % (20-30 % of the total leaf nitrogen)
of the soluble protein in the leaf of C; plants and 30 % (5-9 % of the total leaf
nitrogen) of the soluble leaf protein in C, plants. However, it is notoriously
inefficient in converting ribulose-1,5-bisphosphate to glycerate-3-phosphate and
glucose, and therefore, there has been considerable effort to increase the efficiency
of the enzyme and, hence, the photosynthetic efficiency of crop plants (Spreitzer
and Salvucci 2002; Parry et al. 2003). Although Spreitzer and Salvucci (2002)
concluded that this will not be easy due to the range of atomic structures of the
enzyme, attempts to genetically modify the enzyme and increase photosynthetic
efficiency have continued (see Masle et al. (2005) and discussion in Sect. 6.4.1), but
with limited success to date in crop plants. In the presence of high concentrations of
CO; in the leaf, RuBisCO converts the CO; to sugars, but if the CO, concentration
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decreases, for example, when stomata close with water deficits, RuBisCO also has
an affinity for oxygen and reduces ribulose-1,5-bisphosphate to glycerate-3-phos-
phate at a reduced rate and greater metabolic cost. This process is known as
photorespiration and is estimated to reduce photosynthesis by as much as 25 % in
C; plants (Sharkey 1988).

However, photosynthetic efficiency is much higher in C,4 plants because they are
able to increase the CO, concentration in the leaf, thereby reducing the oxygenation
of ribulose-1,5-bisphosphate and reducing the rate of photorespiration. In order to
bypass the photorespiration pathway, C4 plants have a mechanism to efficiently
deliver CO, to the enzyme RuBisCO. They have a different anatomy from C; plants
in that chloroplasts exist not only in the mesophyll cells but also in specialized
bundle sheath cells that surround the leaf xylem. Instead of direct fixation to
RuBisCO via the Calvin cycle, CO, is incorporated into the 4-carbon oxaloacetate
by the enzyme PEP carboxylase and then converted to malate, which can be
transferred to the bundle sheath cells that have the ability to regenerate CO, in
the chloroplasts. Bundle sheath cells can then utilize this CO, to generate
carbohydrates by the C; pathway (Slack and Hatch 1967). There have been many
attempts to increase the photosynthetic efficiency of C; plants by the incorporation
of the C4 photosynthetic pathway, but to date all attempts have been unsuccessful.

Respiration, the conversion of carbohydrates back to CO, with the release of
energy, is required for growth, metabolism, and nutrient uptake. It consumes
between 25 and 70 % of the carbon fixed and also varies among species and
genotypes (Lambers et al. 2005). Attempts to reduce carbon losses without affect-
ing growth have met with little success.

Finally, as mentioned above, the specialized leaf anatomy of C, plants enables
them to fix CO, more efficiently than C; plants. Additionally, leaf anatomy such as
thicker leaves also affects the rate of photosynthesis. Schulze et al. (2006) com-
pared 65 species of Eucalyptus at 73 sites in Australia and showed that thicker
leaves were associated with higher nitrogen content (and presumably higher
RuBisCO content) and higher TE as determined by CID.

6.4 Genes That Influence WUE

The interactive networks of traits and biochemical processes that influence or
determine TE imply that TE is under the control of a whole suite of genes. The
findings of Masle et al. (2005) suggested that TE may be under the control of a
single gene. During the last decade a number of other individual genes have also
been identified as having dominant roles in influencing WUE or TE (Table 6.1).
These genes are predominantly involved in signaling, transcription, or water trans-
port (Table 6.1). A summary of the genes that have been shown to influence WUE
or TE follows in the next section.
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6.4.1 Signaling Factors

One of the most promising discoveries for manipulation of TE arose in the last
decade when a leucine-rich repeat receptor-like kinase (LRR-RLK) called ERECTA
was identified as being a major contributor to the genetic locus for CID (Masle et al.
2005). Transmembrane receptor kinases, such as ERECTA, sense external signals
via extracellular ligands, which activate the molecule’s intracellular kinase domain
resulting in downstream signal transduction and gene regulation (Torii 2004).
ERECTA, known for its involvement in regulating organ shape (Torii et al. 1996),
was found to regulate the coordination between photosynthesis and transpiration in
Arabidopsis thaliana (Masle et al. 2005). Complementation of erecta mutants with
the wild-type allele restored TE to the same levels as wild-type plants under both
well-watered and water-deficient conditions. ERECTA coordinates the early phase
of stomatal development that determines stomatal density (see for review
Bergmann and Sack 2007), which subsequently influences stomatal conductance
and transpiration. More densely packed spongy mesophyll cells, greater electron
transport capacity, and higher RuBisCO carboxylation rates in complemented
ERECTA lines contributed to their greater CO, assimilation rates (Masle et al.
2005). Overexpression of ERECTA from Populus nigra in Arabidopsis produced
similar results and improved dry biomass (Xing et al. 2011). These results indicate
that manipulation of ERECTA may be a way of potentially improving crop perfor-
mance (Masle et al. 2005).

Despite the significance of the ERECTA discovery in regulating TE, it has not
yet directly translated into crop varieties with greater yield under water-limited
conditions due to improved TE, although the gene has presumably been selected in
some crop species where breeding programs for drought tolerance used genotypic
screening of CID to select parental material (Condon et al. 2002). Wheat genotypes
with improved TE have already been produced from these programs (Condon et al.
2004). Homologs of the A. thaliana ERECTA locus have been identified as well as
ERECTA genes isolated from the crop species rice, sorghum, maize, and wheat,
which will aid marker-assisted selection and breeding programs (Masle et al. 2004).
More recently, transgenic maize plants overexpressing ERECTA (ZmERECTA A)
showed more vigorous growth in the field compared with nontransformed controls,
but yield data was not provided (Guo et al. 2011). Interestingly, leaves on trans-
genic maize had not only decreased stomatal density but also increased pubescence
(Guo et al. 2011).

ERECTA, along with the other members of its family (ERECTA-LIKE] and
ERECTA-LIKE?), and the leucine-rich repeat receptor-like protein (LRR-RLP),
TOO MANY MOUTHS, are all needed to coordinate stomatal production and
spacing, but the interacting relationships of these genes and their involvement in
signal transduction are not yet fully understood (Bergmann and Sack 2007; Rowe
and Bergmann 2010). ERECTA-family members have subtly different functions,
and TOO MANY MOUTHS modulates ERECTA signaling in a tissue-specific
manner (Rowe and Bergmann 2010), possibly through formation of heterodimers



248 H. Bramley et al.

Table 6.2 Genes involved in stomatal development

Gene Function

EPIDERMAL PATTERNING FACTORS Signaling peptides

(EPF1, EPF2, CHALLAH, STOMAGEN)

ERECTA-family Leucine-rich repeat receptor-like kinase
(LRR-RLK)

TOO MANY MOUTHS Leucine-rich repeat receptor-like protein
(LRR-RLP)

STOMATAL DENSITY AND DISTRIBUTION 1 Subtilisin-like serine protease

YODA Mitogen-activated protein kinase (MAPK)

FOUR LIPS R2Y3 MYB transcription factor

MYBS88 Transcription factor

FAMA Basic helix-loop-helix transcription factor

CYCLIN-DEPENDENT KINASE B1;1 Cyclin-dependent kinase

SPEECHLESS Basic helix-loop-helix transcription factor

SCREAM Basic helix-loop-helix transcription factor

MUTE Basic helix-loop-helix transcription factor

Data summarized from Bergmann and Sack (2007), Gray (2007), and Torii (2012)

(Torii 2004). Rapid progress is being made in identifying the many other genes and
signaling peptides that act upstream and downstream of the ERECTA-family and
TOO MANY MOUTHS (Table 6.2) in the stomatal development pathway. While
the specific details of stomatal development are not a primary focus of this chapter,
the reader is referred to the excellent reviews of Bergmann and Sack (2007),
Nadeau (2009), and Rowe and Bergmann (2010). Expression of any of these
genes, in addition to ERECTA, could potentially influence TE by modulating
stomatal conductance given their interdependent relationships and influence on
stomatal density. Almost all of the stomatal development research has been
undertaken on the model plant Arabidopsis, but to have greater relevance to
agricultural crops, more research needs to be undertaken on other species to
determine whether the mechanisms identified in Arabidopsis are conserved across
species. B. distachyon would be an ideal model for cereals because of the close
synteny between the genomes (Huo et al. 2009) and similar root and shoot devel-
opment (Watt et al. 2009). Greater understanding of how the environment interacts
with stomatal development is also needed as plasticity in TE may be a useful trait in
different crops and different growing regions.

6.4.2 Transcription Factors Influencing WUE

Transcription factors control the expression of other genes, and therefore, those
implicated in influencing stomatal density and aperture (ABA signaling) and root or
shoot growth are likely to play a significant role in TE. Several transcription factors
that affect TE have been identified (Table 6.1), but not all of the downstream events
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that they regulate. GTLI appears to be involved in the development of stomata as it
interacts with the promoter of STOMATAL DENSITY AND DISTRIBUTIONI1
(Yoo et al. 2010) (Table 6.2), a subtilizing protease, which is believed to be one of
the ligands that interacts with TOO MANY MOUTHS (Bergmann and Sack 2007).
Lower transpiration of g#//-mutant Arabidopsis plants was associated with
upregulated STOMATAL DENSITY AND DISTRIBUTIONT1 and fewer stomates
on the abaxial leaf surface. GTLI is one of the first genes to be shown to be involved
in stomatal development in response to environmental conditions as it was shown to
be downregulated with water stress (Yoo et al. 2010).

Several other transcription factors influencing TE independently from the genes
involved in the stomata developmental pathway described in the section above have
been identified (Table 6.1). HARDY, an AP2-ERF-like transcription factor, was first
identified in phenotypic screening of Arabidopsis mutants (Karaba et al. 2007).
Overexpression of HARDY in Arabidopsis induced thicker leaves due to extra
palisade and mesophyll cells, and the root system was denser. Transformed plants
survived longer periods when water was withheld and were more tolerant to salinity
than wild-type plants. To test whether HARDY could contribute to improved TE in
crop plants, Karaba et al. (2007) expressed the Arabidopsis HARDY gene in the rice
cultivar Nipponbare. HARDY rice lines had greater TE, growth, and consequently
biomass, but yield data was not reported. The root system contributed most to the
greater biomass. In comparison with nontransformed plants, HARDY rice lines also
had higher TE and instantaneous TE under well-watered and water-deficient
conditions. Greater TE was facilitated by lower stomatal conductance and greater
assimilation rates; however, the mechanism responsible for this is not known
(Karaba et al. 2007). HRD overexpression induced clusters of genes that are
normally expressed under drought stress, which probably contributed to the greater
drought tolerance of the transgenic rice.

Overexpression of the Arabidopsis HARDY gene in Trifolium alexandrinum was
consistent with the results in rice (Abogadallah et al. 2011). HARDY-Trifolium
alexandrinum lines had greater instantaneous TE due to lower transpiration rates
under water-deficient conditions. In the field, transgenic T. alexandrinum plants
were more drought tolerant because of slower soil water depletion and had
improved biomass in comparison with wild-type plants.

Other transcription factors that have been associated with TE include DREBI
and ABP9 (Table 6.1). Both of these genes are known for their association with
drought tolerance (Lata and Prasad 2011). The Arabidopsis genes of DREBI were
expressed in groundnut driven by a stress-responsive promoter (Bhatnagar-Mathur
etal. 2007; Devi et al. 2011). Five transgenic lines were compared against wild-type
parental material under well-watered and water-deficient conditions in the field. TE
varied across the lines and was correlated with specific leaf area and leaf chloro-
phyll content, but only under water deficit and was not correlated with CID under
either water treatment. High TE lines maintained gas exchange longer, until the soil
water content was lower than low TE genotypes (Devi et al. 2011). DREBI’s
involvement in increased drought tolerance is associated with increased antioxidant
activities (Li et al. 2011). DREBI is also reported to stimulate root growth (Vadez
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et al. 2007). DREB homologous genes have been isolated in a variety of plant
species, and some are also responsive to other abiotic stresses such as heat and cold,
but overexpression does not always result in phenotypic changes possibly because
constitutive promoters are not always functional in other species (Nakashima et al.
2009).

ABP9 is involved in the ABA-dependent signaling pathway. Transgenic
Arabidopsis plants overexpressing ABP9 were more tolerant to drought and high
temperature compared with wild-type plants and maintained higher rates of Ay and
gs (Zhang et al. 2008). Increased ABA content, photosynthetic pigments, and stress-
responsive genes were some of the positive changes associated with increased
instantaneous TE of transgenic plants.

6.4.3 Agquaporins Influencing TE

Aquaporins are membrane intrinsic proteins that predominantly form water-
conducting pores, although some isoforms appear to conduct a wide range of
other neutral molecules (see for review Hachez and Chaumont 2010). Although
aquaporins are found in every organism, their abundance and diversity is greatest in
plants (Tyerman et al. 2002). More than 30 aquaporin genes have been identified in
Arabidopsis, maize, rice, and tomato (Chaumont et al. 2001; Johanson et al. 2001;
Sakurai et al. 2005; Sade et al. 2009); at least 23 aquaporins have been detected in
grapevine (Shelden et al. 2009) and 55 in poplar (Populus trichocarpa) (Gupta and
Sankararamakrishnan 2009). Wheat apparently has an even greater number of
aquaporin genes, as 24 PIPs (plasma membrane intrinsic proteins) and 11 TIPs
(tonoplast intrinsic proteins) have already been identified (Forrest and Bhave 2008)
and more may be discovered because allohexaploid wheat has three diploid
genomes.

Aquaporin gene expression varies in different parts the plant, but they tend to be
concentrated in tissue and cells needing greatest osmotic regulation and regulation
of water flows (Maurel 1997), with the majority of aquaporin isoforms being
expressed in roots (Bramley et al. 2007). Aquaporins that are located in plasma
membranes (PIPs) may be primarily responsible for controlling transcellular water
flow (Javot and Maurel 2002). TIPs and NIPs (nodulin-like intrinsic proteins) may
also be involved in osmoregulation and transport of some osmolytes (Maurel 1997;
Maurel et al. 2009), processes that are also important in drought resistance.
Aquaporins that belong to the other subgroups, SIPs (small basic intrinsic proteins),
and XIPs (X-intrinsic proteins) are rarely expressed (Chaumont et al. 2001;
Danielson and Johanson 2008). In Arabidopsis, SIPs have been observed in endo-
plasmic reticulum membranes of specific cell types (Maeshima and Ishikawa 2008),
and XIPs of the Solanaceae family transport uncharged molecules, but not water
(Bienert et al. 2011).

The hydraulic conductance of membranes and tissue, if water takes the
transcellular pathway, can be controlled by the abundance and gating (opening/
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closing) of aquaporins (Tyerman et al. 1999). The high diversity and complex
expression patterns of aquaporins is one of the reasons why there is limited
understanding of the role of individual isoforms. Nevertheless, pharmacological
agents, that block aquaporin “pores” or change protein conformation, and reverse
genetics have demonstrated the influence of aquaporins on controlling water flow
across membranes and through roots or leaves of a number of species (Cochard
et al. 2007; Bramley et al. 2009; Ehlert et al. 2009; Vandeleur et al. 2009; Sutka
et al. 2010). Aquaporin-mediated regulation of hydraulic conductance endows the
capability for rapid and reversible regulation of water flow through the plant to
match transpiration and in response to the environment, unlike changes in morphol-
ogy and anatomy, which are slow and growth dependent, i.e., efficiency in water
transport can match the needs of the plant and environmental conditions (Tyerman
et al. 1999). However, the majority of aquaporin studies have focused on details at
the molecular level; a greater understanding of their physiology is needed.

A detailed discussion about the mechanisms controlling aquaporin activity is
beyond the scope of this chapter, but it should be pointed out that aquaporin gating
is directly or indirectly regulated by apoplastic water potential, free Ca®* concen-
tration, cytosolic pH, H,O,, and phosphorylation (see for review Bramley and
Tyerman 2010), all of which are pertinent to cellular responses to water stress.
The expression of various aquaporin isoforms has also been shown to change in
response to drought and osmotic stress (Jang et al. 2004; Lian et al. 2004; Parent
et al. 2009; Vandeleur et al. 2009), and ABA has been implicated in either
stimulating gating or changes in aquaporin expression (Wan et al. 2004; Aroca
et al. 2006; Parent et al. 2009). There have been few studies demonstrating the role
of aquaporins in maintaining leaf water status. Moreover, these proteins are prime
candidates for modulating TE, particularly if plant hydraulic conductance is tightly
coupled with g,. Those aquaporins shown to be involved in TE (Table 6.1) or
productivity will be discussed in the remainder of this chapter.

In contrast with the signaling and transcription factors described above, instan-
taneous TE of tomato plants was increased through overexpression of the tobacco
aquaporin NtAQP1 (Sade et al. 2010). This aquaporin is one of the most intensely
studied isoforms, and while highly abundant in roots (see references in Bramley
et al. 2007), expression has been detected in all plant organs, including leaves where
it is concentrated in the spongy mesophyll (Biela et al. 1999; Siefritz et al. 2001).
Antisense tobacco plants with inhibited NtAQP! expression demonstrated the
importance of this aquaporin in maintaining plant water status, especially under
water stress (Siefritz et al. 2002). Moreover, NtAQP] is induced by stress, possibly
through the production of the phytohormones ABA or gibberellic acid (Siefritz
et al. 2001). In addition to transporting water (Siefritz et al. 2002; Sade et al. 2010),
the NtAQP1 pore is also permeable to CO, and influences Ay through moderation
of a leaf’s internal conductance to CO, (or mesophyll conductance) (Uehlein et al.
2003, 2008). Interestingly, NtAQPI-transformed tomato plants had not only higher
Ay but also higher g, that was facilitated by larger stomatal apertures and not
through increased stomatal density (Sade et al. 2010). The difference in
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instantaneous TE between transformed and wild-type tomato plants was even
greater under salt stress.

Manipulation of aquaporin expression can cause changes in plant growth or
hydraulic conductance (Martre et al. 2002; Siefritz et al. 2002), but overexpression
of NtAQPI in tomato did not affect root hydraulic conductivity (normalized to
xylem cross-sectional area). Indeed, overexpression of this aquaporin in tobacco
increased leaf growth, but did not affect root mass or plant height (Uehlein et al.
2003), whereas plant size and root mass were affected by inhibited expression
(Siefritz et al. 2002). Although NtAQPI-transformed and wild-type tomato plants
had similar root hydraulic conductivities under control conditions, salinity reduced
root hydraulic conductivity of NtAQPI-transformed plants considerably less than
wild-type plants. The maintenance of root hydraulic conductivity in NtAQPI-
transformed plants likely supported their higher daily rates of transpiration under
salinity (Sade et al. 2010).

Rice has several aquaporin genes that respond to abiotic stresses. A plasma
membrane aquaporin, OsPIP1,;3, was upregulated in an upland subspecies that is
more tolerant of drought than a lowland subspecies (Lian et al. 2004). When
OsPIP1,;3 was overexpressed in transgenic lowland plants and exposed to osmotic
stress (decreased water potential of the root solution culture), transgenic plants had
higher root hydraulic conductivity, leaf water potential, and transpiration (Lian
et al. 2004). In contrast, overexpression of PIP1b in Arabidopsis had an adverse
effect on drought resistance, which caused premature wilting (Aharon et al. 2003).
The productivity of transgenic plants was improved under well-watered conditions
due to greater transpiration rates and photosynthetic efficiency, which was
facilitated by increased stomatal density. These results indicate that selection of
the relevant isoforms should be conducted under water-deficient conditions if the
aim is to improve TE under drought.

Modulation of aquaporin activity to improve TE would need to lead to improved
yields before this trait would be considered for selection in breeding programs.
NtAQPI is a promising candidate because there was no yield penalty associated
with overexpression of this isoform in tomato (Sade et al. 2010). Furthermore,
individual fruit of NtPAQP I -transformed tomato plants weighed more than wild-type
plants under salt treatment (salt did not reduce individual fruit weight of
transformed plants). Under control conditions the number of fruit per plant was
higher on transformed plants and overall total fruit fresh weight was slightly higher
in transformed plants under salinity compared with wild type (Sade et al. 2010), but
whether this was due to higher water content or greater dry weight is not clear. Sade
et al. (2010) also demonstrated that the beneficial effect of Nt AQPI overexpression
on plant production is not isolated to tomato because transformed NtAQPI-
Arabidopsis plants produced more biomass under control and saline conditions
compared with wild-type plants.

Sade et al. (2009) tested overexpression of a TIP in tomato, SITIP2;2, on yield
performance under salt and drought stress in the field. TOM-SITIP2;2 plants had
more biomass and fruit yields under drought stress compared with nontransgenic
plants. Transgenic TOM-SITIP2;2 plants had higher transpiration rates than
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controls when grown in pots and irrigated with saline or nonsaline solution. Higher
and sustained rates of transpiration under drought led to lower relative water
contents in leaves of transgenic plants. TIP aquaporins are expressed in the tono-
plast, and it has been speculated that their function may be buffering of the
cytoplasm against deleterious changes in volume (Maurel 1997; Tyerman et al.
1999) or they may function as osmotic and turgor pressure sensors (Hill et al. 2004).
The novel results of Sade et al. (2009) demonstrate that SITIP2;2 is involved in leaf
water status, but rather than maintaining leaf water status, the leaves dehydrated to
lower relative water contents suggesting that overexpression of this TIP served a
protective role.

6.4.4 Other Regulatory Genes of TE

Several other direct or indirect regulators of TE have been identified (Table 6.1), the
most studied of which is ESKIMOI, which encodes a protein with unknown
function (Xin et al. 2007). ESKIMO1 was first identified for its negative effect on
freezing tolerance, which was associated with changes in expression of transcrip-
tion factors, signaling components, and stress-responsive genes (Xin et al. 2007).
The overlap between the genes regulated by ESKIMOI with those that respond to
osmotic, salt, and ABA treatments suggested that ESKIMOI may be involved in
drought tolerance, but esk/-mutants wilted earlier than wild-type plants (Xin et al.
2007). In contrast, Bouchabke-Coussa et al. (2008) observed improved drought
tolerance in esk/-mutants through a lower transpiration rate and improved TE. Esk/
mutants were smaller than wild-type plants and produced fewer seeds under well-
watered conditions, but esk/-mutants stayed green longer and wilted later than
wild-type plants when water was withheld. Interestingly, of the 135 genes that were
differentially expressed between wild-type and esk/-mutants under water deficit, a
TIP and a PIP aquaporin were downregulated in the mutant plants. The PIP
aquaporin (PIP1;5) is predominantly expressed in roots and has consistently been
shown to be downregulated in response to abiotic stress (Jang et al. 2004;
Alexandersson et al. 2005). Downregulation of PIP1;5 could have reduced the
water transport capability of esk/-mutant roots and may explain why rosettes of
eskl-mutants had lower relative water contents (Bouchabke-Coussa et al. 2008;
Lugan et al. 2009). Lower root hydraulic conductance in esk/-mutants compared
with wild-type plants was confirmed in a subsequent study, but this was correlated
with xylem deformation (Lefebvre et al. 2011). Genes involved in cell wall
synthesis (CesA7) have also been found to influence TE through xylem deformation
(Liang et al. 2010). The rosettes of Esk/-mutants also had higher ABA contents,
which may be a water-conserving mechanism inducing stomatal closure because of
the decreased water uptake capability (Lefebvre et al. 2011). Changes in metabolite
content and osmotic potential further indicate that ESKIMOI! is involved in
maintaining water balance (Lugan et al. 2009).
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The relationship between ABA synthesis and g has long been known, but recent
discoveries about the genetic control of ABA biosynthesis and its role in TE
provide new avenues for genetic manipulation of crop plants. Overexpression of
NCEDI, an enzyme (Table 6.1) that catalyzes a rate-limiting step in ABA biosyn-
thesis, increased ABA content and reduced g in transgenic tomato in comparison
with wild-type plants (Thompson et al. 2007). Biomass of transgenic and wild-type
plants was not significantly different, but one of the transgenic lines had the lowest
total water use and highest TE. Drought reduced the g of wild-type plants but not
transgenic plants. The reduced g, were associated with greater ABA production in
wild-type plants and not increased sensitivity to ABA. Because of the reduced rate
of water loss, the decrease in leaf water potential of transgenic plants was slower
than wild-type plants, and the transgenic plants retained their leaves longer. In a
separate experiment, hydroponically grown transgenic plants tended to have greater
root hydraulic conductivities, which were calculated from the exudation rate of
detopped roots and the difference in osmotic pressure between the root exudates
and the solution bathing the roots (Thompson et al. 2007). The authors speculated
that ABA stimulated an increased solute flux into the xylem stream to drive the
greater exudation rates, but the osmolarity of the exudates was lower than wild-type
plants (Thompson et al. 2007). However, a decrease in the force driving water
efflux is compensated by the increased hydraulic conductance. Exogenous applica-
tion of ABA to root systems has been shown previously to stimulate increased root
hydraulic conductance, in some species, probably via an aquaporin-mediated
mechanism (Quintero et al. 1999; Aroca et al. 2006), and therefore, the overpro-
duction of ABA in transgenic plants may have stimulated increased aquaporin
activity. It should be noted that interpretations based on root pressure-driven
exudation rates from detopped plants should be made with caution as the water
flow rates and driving forces are not representative of transpiring plants.

Another gene associated with ABA signaling and shown to improve TE is the
ABA-inducible HVAI gene (Sivamani et al. 2000). Expression of the barley HVAI
in transgenic wheat improved TE in all transgenic lines except one. Transgenic
plants had larger root systems under moderate water deficit compared with controls.
Shoot dry weight was also greater, but seed weight was only greater in one
homozygous transgenic line. In the field, some of the HVAI-transgenic wheat
lines outyielded the wild-type plants but only in some seasons (Bahieldin et al.
2005).

Manipulation of stomatal aperture by perturbation of the enzyme that converts
malic acid to pyruvate in guard cells can also influence TE (Laporte et al. 2002).
Malate is one of the anions that balance the positive charge generated by the influx
of potassium ions during turgor-driven stomatal opening. Expressing the maize
NADP-malic enzyme (ME) in transgenic tobacco increased the malate content of
leaves, decreased g, and improved TE compared with wild-type plants. Under
drought conditions, the lower g; of ME-transformed plants drew soil water content
down more slowly so that the wild type wilted earlier than transformed plants.
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6.5 Conclusion and Future Directions

This chapter has demonstrated that there are many hydraulic and biochemical
processes involved in controlling water flow through the plant and in controlling
photosynthesis. As a consequence, there are potentially many genes and their
interaction involved in determining the TE of a plant during development and
under water-limited conditions. Nevertheless, TE is predominantly driven by
hydraulic properties, such as stomatal conductance and anatomy of the water
transport pathway, or factors that regulate those hydraulic properties, such as
stomatal density (Fig. 6.2). Thus, most of the genes associated with modulation
of TE are involved in regulating gas exchange, and although g, will also affect Ay,
Ay is further limited by the efficiency of the photosynthetic apparatus. In C; plants,
the greatest limitation is RuBisCO, which provides few avenues for improvement.
These results indicate that the main way of improving TE of agricultural crops will
be through a reduction in water use rather than increases in photosynthetic effi-
ciency. Many studies have observed that higher genotypic TE is generally due to
lower transpiration rates (see reviews by Blum 2005, 2009).

Moreover, despite the extensive research on TE and aspirations to improve TE of
crops, evidence demonstrating the benefits of improved TE in the field and for
increasing yield is substantially deficient. Most of the studies discussed in this
chapter indicate that higher TE is predominantly associated with slower growth.
Most of the transgenic plants with improved TE were smaller than their related
parental wild types. Higher TE was also related to more gradual depletion of the soil
moisture, which suggests that high TE could be a suitable trait for improving
drought tolerance under water-limited conditions, but when the water supply is
not limiting, it may lead to yield penalties. In addition, slower growth is not a
suitable trait in environments that experience terminal drought, but a more conser-
vative water use would be beneficial in environments where crops are grown
predominantly on stored soil moisture. Future research should, therefore, be
directed towards examining the influence of high TE on yield production in targeted
environments, as the research to date indicates that it is not a trait that would be
beneficial in all growing regions.
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