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I INTRODUCTION

In view of the increasing demand for water for nonagricultural uses (such as for urban and
industrial uses), and to rationally redeploy available water resources for more arcas of crop
production, it is important to optimize the use of water for crop production. Agricultural research
has a major responsibility to develop and use techniques and practices that will result in more
effective use of water in farming systems. This involves improvement of water use ¢fficiency
(WUE), defined here as acrial dry matter production of a crop per unit ol evapotranspiration
(ET). Transpiration efficiency (TL) is a component of WUE, being acrial dry matter production
per unit of water transpired by the crop. The difference between WUE and TE is important, as
suppression of soil cvaporation and transpiration by weeds can improve \WUE without improving
TE, which is a dircct measure of the crop species performance. Plant attributes (such as canopy
structure, rate of canopy development. etc.) and management means (such as manipulating
plant population, optimizing planting dates, fertilizer management. etc.) can modity soil
evaporative losses (£;) relative to transpiration (T), and can therefore atfect WUE 1o a greater
extent than can TE.

Generally, any means (either genetic or management) that promotes early canopy
development and radiation interception will reduce £, and increase T (as evaporational losses
would be negligible once the canopy closes), often with little or no increase in total ET (1,2},
For example, in Syria, erect chickpea lines intercept less solar radiation, thus perimitting greater
evaporative water losses during carly growth, and conscquently, they had a lower WUE value
than that of chickpea lines with a prostrate habit [3]. Similarly, leafless pea had a lower WUE
value than that of either semileatless or conventionally leafed types [4). Leatless pea intercepts
less radiation than semilcatless or conventionally leafed pea, and theretore the crop sulfers
greater £, losses. Fentilizer application can increase WUE [5], as it promotes greater leaf area
development and reduces £, relative to 7. In many legumes, a basal dose ol nitrogen and
phosphorus promotes early growth rate and thus minimizes E, [2]. Other management options,
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such as improving water delivery systems, nutricnt management approaches, and lmpmved
:ultural practices. could cnhance WUE by minimizing E,.

Also, vapor pressure deficits (vpd) during the growing scason play a major role ml
Jetermining the WUE. When other factors are nonlimiting. the cost of producing dry matter |
lin terms of water) would be much higher under high vpd (i.c.. results in low WUE) compared |
o Iowe vpd (i.e.. resulte in high WUE) conditions. For instance. in Mediterrancan environments,”
the seasonal WULE varies from 8.5 g/kg (grams of dry matter produced per kilogram of water
evaporated or transpired) in midwinter to only 2.5 g/kg in midsummer [6]. Thus management
thy earlv planting. optimizing the plant population and fertility requirements, etc.) and genetic
meanc (such as carly vigor. rapid canopy development. cold tolerance. and tolerance to discases’
cuch as Ascochvia) that would permit full canopy development, and rapid dry matter
accumulation during perieds when the vpd is low, would maximize WUE for the growing
ceason. Early planting (i.c.. winter planting) in Mediterrancan climates usually allows rapid
canopy development and dry matter production when the vpd is tow and thus results in higher
WUE of both dry matter production and grain yicld [2.7].

However. once options for minimizing £ relative to T are exhausted, further improvements
in WUE are possible for a given crop only by genctically improving the TE value of that crop.
Under water-limited envitonments. yicld is a function of 7. TE. and harvest index (HI) [8].
Increased production may result from incicased TE if other components (i.c., T and HI) are
independent [9] and not affected. By reducing 77 or by allowing more cfficient use of
transpirational water in photosynthesis. available soil moisture could be better rationed during
the cropping pericd. which should inerease productivity [8].

Plants lose water as ﬂw} fix carbon dioxide (CO,) from the air. The loss is mevuable
because it is necessary for CO, to dissolve in water in order to become available for
photosynthesis [10]. This would lead to evaporation as the wet cell surface inside the leaf is
exposed to the atmosphere. CO, diffuses down a concentration gradient to the leaf interior and
water diffuses outward along a decreasing humidity gradient {10]. The lower the external
humidity. the higher will be the evaporation, when all the other factors arc constant, This
two-way diffusion of CQ; and water forms the basis of improving TE [10]. Cultivars with
improved TE are those with inherent characteristics that will allow increased production of dry
matter per unit of water transpired [11]. This chapter focuses on exploring the opportunities for
genetic impravement of the various morphological, physiological, and biochemical factors that
determine TE in C3 crop plants and assesses the scope for exploiting this trait in plant breeding
programs. -

Il. FACTORS AFFECTING TE

Transpiration efficiency is a function of both environmental and plant attributes related ta
resistances to CO, fixation by leaves. Under some circumstances, the environment can have a
<ignificant influence on TE. Variation in humidity and temperature can influence TE [12). TE
is governed by three factors: (a) the vped between air and leaf, (b) the CO, gradient from the
air to the leaf. and (¢) the diffusion resistances for both CO, and water [13). The first factos
is mainly abiotic. although the surface temperature of the leaf will actually respond to the
atmosphere (e.g.. radiation and vpd). The last two factors arc largely plant-controlled factors.
Also, incident irradiance has an important effect on TE [14]. There is an optimum irradiance
for maximum efficiency of water use which is usually less than the irradiance incident on a
leaf [15] (see Section 11.C for further discussion on this aspect).

A variety of ‘morphological. anatomical, physiological. phenological, and biochemical
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processes enable crop plants to regulate and ration water for production of dry matter and yield
in a given agroccological production system. These are discussed below.

A. Stomatal Behavior

Stomata may exert relatively greater control on water loss than that exerted by CO, uptake.
This is because the rate of biochemical reactions involved in COy assimilation (A) influences
removal of CO, from cell solutions and thereby atfects COy gradients [16]. This is in addition
to resistances faced by CO, in its trunsport, with stomatal resistance perhaps being a simaller
component of the total resistance lor CO, than tor water {16}, Stomatal aperture plays u hey
role in maintaining the balance between taking up CO, and losing water [17). Stumatal
movements are the most rapid means by which plants can adjust o changes in the environment
(17). In particular, stomata respond directly (o ambient humidity [18], thereby strongly
influencing plant TE.

For C3 crop plants, optimization of TE normally requires midday stomatal closure [12)
Such behavior has been observed frequently and is at least partly attributable to the effect of
water deficit [19] or is a direct stomatal response to vpd (20]. If diurnal variation in a natural
environment were regular and predictable, optimization would require only an appropriate
circadian rhythm for stomatal movement [17]. However, this is usually not the case, and
therefore optimization requires that the plant respond directly to the changing environmenm {17).
This demands that stomata respond to changes in external environmental conditions, which in
turn influences rates of 7" and A. Thus stomata should be’capable of controlling gas exchange
by a feedforward process, making it possible for T to decrease when environmental changes
tend to enhance the rate of T (e.g., under high vpd), or for intercellulur partial pressure ot CO,
(P) to increase when environmental changes would tend to enhance A [21].

Reduced stomatal aperture increases TE because the rate of A is reduced propontionately
less than that of 7" [22-24]. This often happens when plants are subjected to moderate levels
of water stress. Factors such as osmotic adjustment (OA) can significantly influence stomatal
aperture and thus determine TE under moisture stress. For example, the critical leaf water
potential for stomatal closure varies with the level o OA (25,26]. Crop plants show genetic
variation for stomatal characteristics such as stomatal density, aperture size, opening patterns.
and sensitivity to changes in internal plant water status and soil water status [27-30). This, in
turn, affects their ability to regulate and optimize water use [31,32]. The existence of genetic
variation in stomatal characteristics suggests that it may be possible to develop cultivars that
utilize water more efficiently, thus contributing to their adaptation to moisture-limiting
;environments [33,34].

'B. . Canopy Structure

The aerodynamic resistance of a crop can play a role in determining the relative importance of
stomatal conductance (g,) to TE. 11 the canopy resistance to heat and water vapor diftusion is
large, an increase in g, would tend to cool and humidify the air in the boundary layer, thus
lowering the leaf-air vpd; TE would then increase [35,36). Thus cultivars with greater g, could
assimilate more at the same level of TE [21.37]. Under ticld conditions. the boundury layer
that forms aver crop canopies could cause gas exchange to be less dependent on g, and is thus
one of the impontant factors aflecting Tk | 3K).

A plant with high TE may be able to decrease the aerodynamic conductance ot its wnup)
boundary layer through greater rigidity of the canopy, while maintaining a high g, value {39).
This provides it with ready access 10 CO;, within the canopy, which is not depleted compared
to the bulk atmosphere, while retaining wates vapor within the canopy. Boundary layer resistance
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is a function of the thickness of the unstirred air boundary layer adjacent to the leaf, which in
turn is determined by the leaf size (40]. Smaller leaves have a thinner unstirred boundary layer
140]. Thus boundary layer resistance at the canopy level depends on canopy architecture, which
is determined by leaf size. lcafl arrangement. growth habit (i.c.. prostrate versus crect), and
height of the canopy. With a low canopy conductance. leaf water cquilibrates with an adjacent
airspace of higher humidity than the bulk atmosphere [39]. However, such a canopy structure
may create sufficiently high levels of bumidity within the canopy to be conducive to fungal
disease development. thus negating the positive effects of higher TE on biomass production or
vield. For instance. in chickpea the closed canopy types, which have greater WUE than that
of open canopy types [31. also provide a conducive microenvironment for the development of
Borrviis and Ascochyia blight diseases [41]. Thus the positive effects of such closed canopies
on improving the TE of 2 crop and its production would depend on the availability of sources
of resistance to such discases. which could be incorporated into cultivars forming closed canopices
if they lack discase resistance.

C. Leaf Movements and Surface Reflectance

Incident radiation is completcly absorbed by the canopy once 100% ground cover is achieved and
the incident energy is partitioned between T and A [10]. The proportional allocation differs
between species and climates and from year to vear [42]). The optimum irradiance for maximum
TE is usually lesc than the irradiance incident upon a lcaf oriented normal to the sun's rays
[15.43.44}. This is primarily. because 7' normally shows a positive relationship (lincar or
curvilinear) with increasing irradiance (duc to rising leal temperaturc and falling stomatal
resistance), while A shows a downward curvilincarity with increased irradiance (6]. Leaf
movements and surface reflectance provide a means of optimizing this radiation load on the leaf
for the maximization of TE. This can be particularly advantageous in water-deficit environments,
to dissipate the encrgy as latent heat. to minimize heat damage., and to optimize TE and radiation
use efficiency (RUIE) [45-<1R]. The main advantage of leaf movements is that they would allow
maximum exposure of leafl area to direct radiation when evaporative demand is low and thus
improve TE. Almost all crop plants show some degree of leaf movement in response to radiation,
<oil. and plant water status. However. the degree of leal movement, and the threshold soil and
plant water status that triggers these movements, varies among and within crop species, which
could contribute partially to their growth performance in water-limited environments [31,49-51].

Ieaf pubescence and surface reflectance can provide additional means of controlling leaf
temperature and water balance. apart from stomatal control and leaf movement [52-54). In near
iengenic lines of sovhean it was shown that lines with pubescent leaves had significantly lower
I than cither normal or glabrous isolines [52.55]. Leafl pubescence in Encelia farinosa reduced
abeorhance of irradiance as much as 567 compared with the nonpubescent plant E. californica
156]. This reduced absorbance can result in lower leal temperatures and lower T (57]. However,
leaf haire can reflect radiation. which may reduce A. Nevertheless. it appears that in climates
with high irradiance and temperatures, beneficial cffects of reduced leaf temperature would
more than counterbalance the effect of decreased light on A {58]. Other morphological features,
such as cwticle thickness and wax deposits on the Ieafl surface, can to some cxtent control
evaporational losses from the leaf surface [59-62]. There is genetic variability in a number of
crop species for leal surface wax levels and cuticle thickness [60-62].

D. Specific Leal Area

Variation in TE in crop plants can result from changes in water vapor flux through stomata or
hy changes in photosynthetic capacity 128,63]. In wheat. variation in TE is caused by stomatal
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‘mechanisms [28,64), while in groundnut it appears 1o be caused by variation in photosynthetic
capacity [63,65). Genotypic variation in phiotosynthetic capacity on a unit leaf atey basis has
beed observed in many crops [66,67), and a signiticant negative cotrelation has been shown
between photosynthetic capacity and specitic leal arca [68]. Thns evidence sugpests indirectly
that the basis of variation in TE through speaitic leal arca tice., leat thichnessy niay result fiom
differences in photosynthetic capacity on a unit leal” area basis (see Secton V.8 tor smore
!discussion of this).

Root Systems

oot distribution, density, and resistance can influence water use in space and tme. Thus WULE
:an be affected by the rute of growth and spread of routs, pacticulaly dutiog carly stages ot
rrop growth. Under receding residual moistune situations, protligate water use duning carly coop
gowth might lead to water-deficit conditions duting 1eprinductive growit stages. o such
sircumstances, induction of a large resistance within the plant o the tow of water thiough
ielection for smuller metaxylem vessel diamieters in the seminal roots should chiange the pattain
of water use for different growth phases [69]. Thus the sume wimount ot watet can be tanspicd
'0 produce more griin ‘yield. Selection for increased root resistance has been shown to te
imenable to genetic manipulution in cereals {70,71]. Ditferences in root radial resistunce to
water flux have been suggested to occur among groundnut genotypes [72).

M. ASSESSMENT OF GENOTYPIC DIFFERENCES IN TE

Measurement of T in the field is quite complex {73]. Even the ficld measurement of B 1
difficult in many situations where drainage from the oot zone, water uptube o satutated
zones, and runon and runof! trom the area are ditticult o mcasure both tempocally and spatiatly
Transpiration is usually estimated from evapotranspiration measurcincnts such as by tur
subtraction of an estimate ol soil evaporation (£,), wWhich is often a scasonal constant, oo (he
measured seasonal E'1 [745); (b) daily water bulance simulation using empinical tunctions 1o
calculate T separately from daily calculations of ET, using measured plunf paraineters such -
leaf area index (LAI) or ground cover [75,76]; or (¢) measuring L, and subtracting it tiom
measurements ol E'T [77]. All of these measurement techniques, however, result in indireat
estimates of T. Direct long-term estimates of TE require accurate incasurcaicnts o the wata
used. Rates of water movement through plants can be measuied wsing heat-pulse seloity
techniques [78], but ditticulties in volume calibrations have lHimited the accurate estiiation o
transpiration flux. However, recent improvements in heat-pulse insttamentation have teduccd
the calibration problems [79,80]. ‘Technical problems tefated to duta collection it the naubia
of plants that can be measured using this technigue. This Jimits its use th gouctic Inpros et
programs where large numbers of plants and genotypes need to bie charactenzed. Poteapeiincits
can give reliable estimations of TLE, as they allow accurate measucment vt 1 and dry natics
production, including routs. However, these experiments are eatrencly latworious aid are e
realistically applicable to screcning germ plasin or o genctic studies assoctated with culity ur
improvement [81]. :

Assessment of genctic variation in TE has often been made based on instantancons
measurements of CO, tination and 7 trom stugle feaves [82] However, bottod these procea...
vary markedly during the day and according 1o leat and plant age Thus these mntantanieoa.
measurements do not integrate pedormance throughout the hie of the plant Ao the
instantancous measuicments ot Tl cannot assess the tinpacCot smapdardog e ol vn pliyaedez
adaptations to deought that may wluence scason-long TE and plant peitonmasce undes



790 Subbarao el

water-limited conditions [83.84]. Further. these mecasurements have large coefficients vy
variation and are thus usually not suitable for screening and selection studies {85]. It is therefore
apparent that breeding for improved TE has been constrained by difficultics in measuring TE |
~n 2 large number of plants under field conditions {86). Sclection criteria and methods are
therefore nceded that are efficient and can be used at least indirectly to select genotypes with:
high TE from large populations in the ficld.

V. CARBON ISOTOPE DISCRIMINATION AND ITS RELATION TO TE
A. Theoretical Background

Carbon occurs naturally as two stable isotopes, 2¢ and YXC. Most carbon is 2C (98.9%), wilh‘I
1.1% being ''C. As the "XC isotope is lighter than ''C, '*CO, diffuses faster than '°CO,.
Ribulose 1.5-biphosphate carboxylase (Rubisco) fixes the lighter isotope faster, thus discrimi-
nating against the heavier isotope '*C [R7}: these two effects causce the 'C/'C ratio to be lower
in plants than in the ambient atmosphere, The link between TE and '*C/'%C discrimination (A)
is via the gas-exchange characteristics of the leaves [88]. Since the isotopes are stable, the
information inherent in.the ratio of abundance of carbon isotope ('*C/'2C) is invariant {88]. The
extent of discrimination against the naturally occurring stable isotope "*C during photosynthetic
€O, fixation in C, plants i< determined largely by the ratio of intercellular to atmospheric partial
pressure (4P, of COL [R1.88). As Rubisco actively discriminates against '*CO, [35], co,
is concentrated relative o '’CQ, in the intercellular spaces as P; decreases. This concentrating
cffect results in Rubisco fixing an increased proportion of '*C relative to '2C, and A decreases.
This is reflected in the crhon isotope ratio of C3 plants. which shows a '*C value of around
-25%, {37]. Thercfore. & normally correlates positively with P/P, in C3 plants and not in C4
plants (Figure 1), where Rubisco plays a relatively minor role in overall CO, fixation. Thus
according to theory. in C3 plants a lower '*C discrimination is associated with a higher TE.
Variation exists among C1 crop species in their photosynthetic rates (A). This leads to variation
in Il and is reflected in ''C discrimination values ranging from -22 to —40%o, dcpending on
the crop species [89]. For C4 crops. which have a higher TE than that of C3 crops, *C
discrimination values range from =9 to ~19%.: however, these lower valucs are due mainly to
the alternative pathways of CO, fixation in C4 crops, such as PEP carboxylase, which does
not discriminate between C,y and Cy;3 [RY].

The carbon isotope ratio (5'*C) can be calculated by comparing the *C 10 '2C composition
of a sample (Ryampie) relative to the Pee-Dec-Belemnite (PDB) standard (Rppp).

R

8" Cample = (F;;T"% - 1) X 1000

o

These ' values can be nsed to calculate isotope discrimination (4), as described by Farquhu
and Richards {28} and Hubick et al. [63):

6'Cir_s'csamle

A=
1 + 8" Ciample 1000

The absolute isotopic composition of a sample is not casy to measure directly; the masi

spectrometer measures the deviation of the isotopic composition of the material from the
standard.

5P=£L__R; Ez_l

R, R,
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Figure 1  Carbon isotope discrimination, A, versus the ratio of intercelular and ambicnt partial pressures
of CO2 (Pi/P4), when both are measured simultancously in a gas-exchange system. Peanut and barley are
C3 species and A. edulis is a C4 species. (From Ref. 37.)
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where 8P is the carbon isotope composition of the plant sumple, &¢ the carbon isotope

composition of air, R, the molar abundance ratio of ''C/"*C of the standard, and R, und R, the

molar abundance ratio of *C/'*C of the plant sample and air, respectively.

The reference material in determinations of carbon isotope ratios has traditionally been in
CO, generated from a fossil PDB. The carbon isotope composition (8) is standardized apainst
PDB; atmospheric CO, has a value of -8%. relative to PDB (90).

The carbon isotopic technique can also be used to quantify internal CO, levels of leaves
on a long-term basis. Internal CO, levels (C) represent a balance between A and T. The existence
of variation in C; confirms the ecxistence of genotypic differences in TE. Carbon isutope
discrimination and TE are related through independent relationships with P,/P, [9]. This depends
to different extents on the way in which plants coordinate leaf conductance to water vapor with
the capacity for photosynthetic CO; uptake. Variation in coordination of leaf g, and A can give
rise to variation in P/P, [9]. This. in wrn, results in variation in TE and carbon isotupe
discrimination. It has been stated that if plant breeding is to affect detectable changes in TE ol
dry matter production, (1-2°/P,) needs o be modificd substantially [91]. In theory, greater TE
will be associated with low A if the leaf-to-air vpd remains constant [Y]. :

Farqubar et al. [88] have suggested that A can be expressed based on gas exchange, as
follows: '

Py — P P S P;
X (] —— —_— + -— —
A=a . +b P a A(l.) ")P, (5)
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where a is the fractionation occurring due to diffusion in air, which is about —4.4%. [92], b the
net fractionation causcd by carboxylation. which is about -27%e (28}, and P,and P, the amblelu
and intercellular partial pressures of CO,. respectively.

The significance of b in equation (5) is that when g, is small in rclation to CO, fixation,
P; is small and A tends toward a (—4.4%¢). when conductance is comparatively large, Py
approaches P,. and A approaches b (=27 to -30%c: i.c., becomes more negative) [88]. Thus
1'C discrimination measurements should be useful in studying the genctic control of g, in relation*
to A. Measurements of A in C3 crops may contribute to selection for TE. Theory [88) and-
supporting empirical cvidence have shown that differences in intrinsic TE were associated with
A in a range of crops [9.28.63.65.84.93.94]. v

The instantancous ratio of CO, assimilation rate of a leaf (A) to its T is given approximately
by

A_P, - F

T~ Lo ©)

where v is the difference in partial pressure of water vapor between the intercellular spaces and
the surrounding air. The factor 1.6 is the ratio of the diffusivity of watcr vapor and COj, in air
135].

Farquhar c( al. [35) suggested that cquation (6) may be rewritten as

A _PU —-PP)
T~ 1.6v (1_)

Equation (7) emphasizes that a small valuc of P/P, would result in an increase in TE for a
constant vpd. Selecting for lower /P, thus should equate with selecting for greater TE [35].
Therefore. carbon isotope composition (''C/'2C) of C3 plant tissues provides a long-term
integrated measure of photosynthetic capacity (95].

To account for losses of carbon and water due to metabolic and physical processes, Farquhar

ctal. [35] modified equation (7) to describe the molar ratio, W, of carbon gain by a plant-to-water
loss:

P,(1 = P,/P,) (1 = dc) .

W= 1.6v(1 + dw) ®

where dc is the proportion of carbon lost due to respiration, and @w is the proportion of water
Inst other than through stomata (i.e., cuticular transpiration, ctc.).

The presence of vpd (v) in cquation (8) suggests that TE is affected by environment as

well as by physiological responses of the plant [37]. Thus v can vary because of alterations in

canopy interception and absorption of radiation via changing leal angle and surface reflection
properties (see Section 11.C for more details) and increases or decreases in their couplmg to
ambient temperature by decreasing or increasing leaf size respectively.

Equation (8) also explains that TE is likely than 4 to be morc affected by processes
independent of those resulting in variation in P/P, [9]. For example, genetic differences in
respiratory losses of carbon, and nonstomatal water losses such as cuticular transpiration, may
affect TE independent of P/P, [9]. Thus cquations ¢8) and (5) can be combined to show that
A is largely dependent on P; and vpd. Plants with higher TE values will thercfore show less
negative 'C values or lower A values, giving a negative correlation between TE and A [35).
This thecretical relationship between A and TE in plants with a C3 photosynthetic pathway has
been confirmed for several crops in pot [9.28.63,65.81,96-98] and field experiments [72,94,99]
(Figure 2).
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Figure 2 Rclationship between transpiration cfficiency (grams of dry matter per kilogram of water
transpired) and carbon isotope discrimination (3) under well-watered amd moisture-deficient conditions for
a range of pcanut cultivars grown under fickd conditions. (From Ref, 72.)
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B. Water Deficit and TE

The degree of stomatal closure induced by water stress depends on the level of stress and tno‘
ability of the crop to meet evapotranspirational demands [ 100]. Dircct measurement of TE using,
whole plant carbon and water balances have shown that moderate drought can cause an increase;
in TE of up to 100%., while extreme drought could substantially decrcase TE (101). A common
response to water stress is a simultancous decrease in A and 7 and an increase in lcaf temperature
1102}, If T decrcases faster than A, then P; will decrease [23.103]. This response results ig’
water savings to the plant and a subsequent increase in TE. As Rubisco discriminates against
"'CO;. the proportion of YCO, to 2CO, also increases within the leaf. Thus "COI;‘
discrimination decreascs as stress becomes more pronounced [104). In long-term obscrvations
in bath growth chamber and field conditions, plants under water deficit had lower P, as indicated
by "'C discrimination analysis [28.105-108]. Scveral studies with a number of crop species
have shown that moderate water stress leads to an increase in TE as indicated by the level of
Y discrimination () [86.96,109.110). Water stress resulted in about 2% lower A than lhl!
in well-irrigated plants of chickpea [105]. Similarly. for cowpea (Vigna unguiculata), it w
shown that leaves sampled from ficld-grown plants in a dry environment had about a 1.5%¢
lower A than that of plants from irrigated conditions [111). o

Under severe water deficit. TE is reported to decereasc [ 101]. This is because leaves become
less efficicnt with rc‘sﬁcc( to water and CQ , exchange: water can still be lost through the cuticle,
hut CO, entry through stomata is scverely restricted, causing reduced TE [17). In groundnut,
the relation between A and TE can break down under scvere drought conditions, which could
be related to increased respiratory losses of carbon (72]. A similar responsc has been reported
for sunflower [98). Respiratory losses of carbon can be as much as 40% under severe drought
conditions [101].

C. Influence of Crop Canopy on A and TE

The negative relationship between A and TE might hold with individual plants in pots [63], or
for small plots in the field {65.72] or field-grown crops [94]. but might become inconsistent
when results are extende:] to a large arca, depending on the crop and microclimate [35]. First,
the microclimate in field canopies is usually different than that of isolated plants in pots. This
could lead to potential differences in stomatal control of T as influenced by environmental,
factors. and thus to a breakdown in the relationship between TE and A. This emphasizes the
problem in the field. where the acrodynamic resistance of the crop has to be taken into account
if the canopy and leaf boundary layer resistances to encrgy flux are very large [37,72). Because
of this it is possible that under high atmospheric evaporative demands, plants can have a high
2,. and thus a high A, but also high TE, duc to complete closure of the canopy [112]. However,
this is less likely to occur when crops have small LLAls, as would be the case under conditions
where stress oceurs early in the cropping scason. because under these conditions the crop is,
more closely coupled to the atmosphere {38,112]. However, if the source of variation in A is
the capacity for photosyuthesis. the effects of boundary layers arc unimportant [112], as seems
to be the case for groundnut [9.72]. Therefore, at the crop level, identification of the causes
underlying differences in & may become important.

Sccond. the nonstomatal loss of water (i.c., cuticular transpiration, soil evaporation) (gw)
could vary with leaf area development and the level of wax deposition on the cuticle, and thus
is nt an independent fixed proportion of transpiration. This could influence A, as gw is an
important component of WUE [equation (8)]. Also. since vpd is an important component of
eguation (8), any fluctuation in vpd during the growing season and the growth rate of a given
variety during the growing season could influence TE. For example, those genotypes that grow
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faster when vpd is small because of their adaptation to low temperatures could show a greater
TE for the same 4.

V. SCOPE FOR GENETIC IMPROVEMENT OF TE IN C3 CROP PLANTS
A. Relation Between Transpiration and Photosynthesis

Since the stomatal diffusion pathway is the same for both water vapor and CO» exchange, water
is inevitably lost when stomata open and CO, is absorbed. Stomatal conductance is believed
to adjust according to the assimilatory capacity of the mesophyll tissue [113]. That is, other
factors being similar (i.c., nonlimiting), stomata open 1o the extent required to provide CO; at
rates sufficient to meet the CO, fixation requirements of the metabolic pathway [ 114}, Close
coupling between A and 77 is expected since CO, and 1,0 move simultuncously through the
stomata (115]. The diffusive conductance of the stomatal opening imposes a major control on
the rates of both processes, although C, concentration and the external water vapor concentration
determine the magnitude of the respective gradients [115). However, changes in g, may not
necessarily affect 7 and A similarly [23].

There is a strong correlation between A and g, over 4 wide variety of plant species and
under a diversity of environmental conditions {114,116]. This implies some level of regulation
between CO, demand by chloroplasts and COy supply. via stomatal control. Generully, leaf
conductance and photosynthesis are correlated at low conductance levels but are uncoupled at
high conductance levels [117]. If there is no deviation from the slope of photosynthesis versus
conductance relationships, and if the intercept is zero (as is assumed initially), the £, values of

“allcrop plants should be constant, depending only on the photosynthetic pathway [83). Although
many studies have shown u significant tendency for photosynthesis and conductance to be
correlated [114], many of these data sets exhibit some deviation from a linear relationship or
nonzero intercept [118,119].

Genotypic variation in TE can result from variation in g, but with the genotypes having
the same level of photosynthetic capacity [56]. The slopes of the regression line of gy, (stomatal
conductance maximum) versus A,,,, vary substantially among C3 plants |56,120]. For high
evaporative environments, it has been shown that genotypic differences in P,, based on long-term
gas-exchange studies, as well as on '*C discrimination analysis offer the possibility of genetically
modifying TE [56]. However, for low evaporative environments, it appears that A is highly
dependent on leaf g, suggesting little possibility of improvement of TE [56].

B. Mechanisms by Which Genotypes Differ in TE

Any factor that influences genetic variation in either g, or A in a disproportionate manner would
influence A and thus TE [37]. If variation in A was the only cause of variation in P,, increasing
photosynthetic capacity should lower P /P, and therefore lower A. In this situation, TE would
increase and the relationship between 4 and plant biomass should be negative [121]. In
groundnut, differences in A are reported to be largely responsible for TE variation, as dry matter
production is hegatively correlated with & in pots [9.72] and at the canopy level [65.94].
Significant variation in A per unit leaf arca have been reported in groundnut genatypes and
there is also heterosis for this trait [67,122-124]. Similily, in cowpea. genotypic means for
TE were positively correlated with A but only weakly correlated with g, indicating that
genotypic differences in TE were due primarily to differences in A [110].

A strong positive correlation has been observed between A and specific leaf arca (SLA)
among groundnut genotypes [99]. This is consistent with the foregoing hypothesis that high TE
genotypes have higher A. Indecd. the genotypes with thicker leaves (low SLA) had significantly
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higher leaf nitrogen contents. again indicative of higher photosynthetic capacity. The significant

application of these ohscrvations is that breeders could use the inexpensively measured SLA,

in lieu of &. to screen for high TE among groundnut genotypes within specific cnvuronmenu
172].

However, if g, is the main source of variation in P/P, . greater g, should increase P,IP..
#nd therefore increase A. In adequately irrigated coffee, higher TE values of some of the
genotypes tested was associated with reduced stomatal aperture rather than increased A at a
given g, [97]. This suggests that high TE may restrict yicld when water supply is not limiting,
Thus in this case, as in wheat, sclection for higher A could lead to increased biomass productior
but with decreased TE [125). For example. in crested wheatgrass, greater TE in low A clonet
resulted from a proportionately greater decline in g than in A [104). Similar results were reportec
for chickpea [105]. However, variation in P/P, among wheat genotypes is approximately equa
to variation in leaf g, and in A [64.126-128]. In wheat, it was rcported that g, covaried with
A. with the change in g, being relatively greater [ 128]. This means that there could be a positivt
correlation between A and P/P,. The cffect of this on growth may be compounded if genotype:
with large P /P, partition more carbon into shoots [129).

Cultivar differences in & may also result indircctly from genetic variation in roo
characteristics affecting the level of water stress experienced by the canopy (96,130)
Differences in root grow th affect the degree of dehydration postponement, and this could prolonl
gas-exchange activity and the maintenance of relatively high P; and thus A {130).

C. Genetic Variation and Genetics of TE and A

Cienetic variation in TE and 4 has been reported in wheat (64,121,125,131], barley [93], tomato
[R4]. sunflower [98]. chickpea [105]. groundnut [63.65.72]. cowpea |86}, and coffee [97). In
wheat, variation in A among genotypes is typically in the range 2 X 10~? [131]. This is equivalent :
to a variation in TE of 59% [131]. In groundnul, genotypic variation in TE is cstimated as
about 65% [63]. Based on extreme cases of genotypes which differ in TE, it was reported that ‘
cowpea genotypes such as vita 7 and 8049 had ncarly 67% higher TE valucs than those of other
genotypes tested [109]. Also. carliness is generally associated with low TE in cowpea; however,
<ignificant genotypic Jifferences were noted within any given maturity group, suggesting that
these two traits arc not necessarily linked [109]. Similarly, tall landracc genotypes of wheat,
which are also late maturing. had higher TE valucs than did the modern dwarf and semidwarf
genotypes [121). However, among Australian wheats, low values of A and thus high TE have
been found to be strongly associated with the WW 15 genctic background, which was introduced
into Australia from CINMYT as a major sourcc of the dwarfing gene in Australian wheats.
The utility of a trait for sclection in plant breeding programs is strongly enhanced by the
consistency of genotypic ranking across environments [110]. Based on studies with wheat,
cowpea. crested wheat grass. groundnut. and beans. it was found that genotypic ranking for A
across environments is consistent {36,37,99.107.109,110,125,131,132). For crops such as
groundnut. it was shown that genotypic ranking for A was maintained during ontogeny (72]
(Figure 3). However, in crops such as wheat, genotypic ranking could change between the early
vegetative stage and the heading and grain filling stages [131]. This could be due to a number
. of factors. including hormonal imbalance, causing loss of stomatal control on water loss after
heading. Also. the plant material used for A analysis could determine the level of heritability
[131]. It was shown in a number of crops that the A value of leaf material is a better indicator
of differences in TE than that of grains [9.36.63.107,109,121). One of the main reasons could

he genotypic differences in the ability to translocate preanthesis-stored carbohydrate reserves
for grain filling [133].
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Figure 3 Change in cathon isotope discrimination in leaves and ermor variation versus time for
well-watered groundnut cultivars of Tifton-8, Q 18803, and Chico grown in a greenhouse. (From Ref.
72.)

The effectiveness of indirect selection for TE using A will depend partly on the magnitude
of the heritabilities for TE and A and the genotypic correlation between these characters
[134]). Broad-sense heritability, which is the proportion of total phenotypic variance that 1s
attributable to genotypic differences, is a measurc of the repeatability of the expression of
those genotypic differences [131]. In many crops, heritabilitics for A are above 80% (9,37,
107,109,121,131}.

D. Advantages of Using A for TE Evaluations

Breeding for improved TE has heen limited by the lack of screening tools for identifying
desirable genotypes under field conditions {110]. The "*C discrimination technique makes it
possible to survey a large number of plants with a simple, albeit expensive analysis of the leaf
tissue {10]. As A provides an integrated estimate of TE, it has been suggested that measurement
of A may better differentiate among genotypes than most instantaneous physiological assays
{121]. Genotypic ranking based on A is much more consistent than that based on gas-exchange
measurements [ 110}, and thus should be easicr to sclect for in breeding programs. Also, as A
remains reasonably constant throughout crop ontogeny, selection could be made during crop
development [72].

Further, A is faster and easicr to measure than total growth relative to total water use [28).
Itis readily determined on ficld- -grown plants because it does not require the plant to be sheliered
from rain. or that any other special experimental trcatment be maintained. Measurements can
be made on small plant samples collected at maturity with minimal problems of storage and
handling. The material can be either leaf, stem, or grain. Leaves and stems are-easier to grind,
and use of vegetative material has the pmcmi'll advantage that sclection can be mude early in
the crop growth cycle and thus could assist in improving selection efficiency and reducing the
time and maintenance costs [28,131}.
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E. Limitations of Using A to Select for TE
Al

erb«)’n partitioning and & would not be expected to be stable across all environments and wuh“'
changes in plant hormonal balance. For example. cytokinins and ABA can affect both leaf gas,
exchange and carbon allocation [104]. Also. there are some problems of assessment of TB1
through carbon isotope cstimations: (a) it is a “ratio™ and not correlated directly with yield or;
productivity: (b) the small sample size may introduce subsampling crrors and careful gnndmg‘?
is required: and (¢) the technique requires considerable capital investment in equipment and
technical expertise [104]. bt

Also. there are a number of potential sources of nongenetic variability in the measurement
of A. Some can be readily avercome by technical or sampling precautions, as they are associated
with the composition of plant dry matter {135] and the size and storage of the dry matter sample
uscd in the measurement [37]. Other sources of variation in & among plant organs result from
temporal variation in the growth environment. Increased salinity [ 136,137], decreased soil water
availability [28.65.106]. svil compaction [129]. and a decrease in vpd [138) could all result i in
lower values of A.

Genotypic variation for A measured under ficld conditions could be complicated by mherem
differences in root growth [130]. This would affect the degree of dehydration postponement that
could allow prolonged maintenance of relatively large g,. thus decreasing TE but increasing
growth and yield. Positive correlations between root length density and A have been reported in
crops such as beans [130.139] (Figure 4). and thus selection for low A (high TE) may lead to
<election of genotypes with pour root attributes. such as shallow rooting and low root densities.
Rean genotypes that had a deeper root system had high & values compared to the shallow-rooted
genntypes [130]. Thus leaf physiology (as measured by 4) is not independent of root activity, and
it scems that there is a close correlation between gas exchange under water-deficit environments
and root attributes [ 130]. One way to overcome this problem of differcnces in root attributes is to
evaluate germ plasm lines under irrigated conditions. where differences in root growth do not
atfect the leaf gas-exchange characteristics. and thus &. In many crop specics, variation in P/P,
and A has been reported among genotypes under irrigated conditions, indicating the existence of
genctic variation in the “baseline C;” that is expresscd under nonstress conditions [ 130].

In crops such as groundnut. there is a moderatcly positive correlation (r = 0.55) between
A and Hi. and thus selecting for low & (high TE) could lead to sclection of genotypes with
low partitioning [9.65.94]. This indicates that sclection for high TE and HI, and thus yield
ptential. could be difficult because of this negative association. However, the possibility of
combining high HI and high TE requires further rescarch [9,94]. This highlights the need for
physiologists and breeders to be aware of the potential for negative associations between traits
such as TE. partitioning of biomass. and root water uptake attributcs of roots.

As several factors can ahter plant dry weight independently of A, there may not always be
adirect association between & and productivity [35]. However in many crops, the general trend
in relationship between A and dry matter productivity is negative; that is, higher productivity
under optimum conditions (c.g.. irrigated) is associated with Jower A [132]. Thus in crops
where there is a positive association between A and dry matter production, it may be that high
11 and potential for dry matter productivity are incompatible. For crops such as wheat, barley,
and beans. where differences in TE are due mainly to differences in g,, there appears to be a
positive correlation between A and dry matter production [125). This indicates that sclection
fur low A could Jead to selection of genotypes with low dry matter accumulation capability and
thus potential productivity. It was suggested that selection for low A will improve adaptation
1o drought [28). whereas selection for high A should improve yicld potential [125]. However,
it <hould still be possible to identify genotypes that do not comply with this general relationship.
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Figure 4 ‘Relations between leaf carbon isotope discrimination and root length density for rain-fed bean
genotypes at two locations: Palmira (upper graph) and Quilichao (lower graph). (From Ret. 130.)

For example, in barley, although there is generally a negative relationship between TE and dry
matter accumulation among the genotypes tested, certain genotypes deviate from this relation-
ship (Figure 5) [140].

Forcrops such as groundnut, and in cool-scason grasses, where photosynthetic rates are
the main source of variation in TE, sclection for low A should lead to genotypes with high dry
matter production capabilitics {9,30,65.132]. Thus it is interesting o note that the usefulness
of A in selection for high TE could vary depending on the crop species and the turget
environment; in one case it could lead 1o improving productivity, and in other cases it could
be detrimental to productivity.,

F. Role of TE in Improving Drought Rgsistance of Crops

Crop plants have evolved a variety of sigitegies to cope with water-deficit conditions [141]).
The seasonal progression of temperature, the distributrion and intensity of rainfall, and the
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greenhouse. (From Ref. 140.)

availability of soil moisture will largely determine the plant attributes that nced to be altered
beneficially to improve the cfficiency of water use [142]. Transpiration efficiency is one of the
components invelved in adaptation to drought by potentially extending the period of soil moisture
availability. and is thus expected to contributc to improving adaptation to drought-prone
environments. This is particularly so if the crop is raised on finite amounts of stored moisture.
A drought-resistant groundnut genotype (drought resistance defined here as relative total dry
matter production under drought conditions), Tifton-8, was found to be very efficient in its
water use compared to a sensitive A. villosa [143]. Chico, a short-season groundnut variety,
had a lower TE value than those of long-scason groundnut varictics [96], which are also found
to be more drought resistant than the short-season varictics. In wheat, barley, cowpea, and
groundnut, TE is positively correlated with days o heading, which indicates that selection for
carly maturity might result in decrcased TE values [63,94,109,121,125,144). However, in
groundnut. there is still considerable vgriation in TE/A within similar maturity groups, indicating
that the variation in TE could be located in any given maturity group [63,94]. Thus simultaneous

selection for TE and phenological characteristics should be practiced to improve TE within an

optimum maturity group. Tall landrace wheat genotypes had greater total dry matter and TE,

but were later in maturity than the modern dwarf and semidwarf genotypes [121].

In many cropping systems where irrigation water is not readily available, yield stability
can be affected by intermittent droughts (9]. Ideally, maximum growth with the water available
is a goal. One possibility for improving productivity in low-rainfall and drought-pronc areas is
to select and breed plants that require less water for growth without losing their yield potential
ti.e.. to improve their TE value). However, there is a distinction between TE and drought
resistance as a whole, and it needs to be recognized that the development and use of
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drought-resistant plants can lcad to the cffective use of limited soil water that would otherwise
be unavailable. In effect, WUE would be increased for the entire land area even if the
drought-resistant crops grown actually transpire more water per unit of dry matter than do
nonresistant crops.

In rain-fed environments, TE alone may not play a key role in determining the level of
drought resistance of a given cultivar. The nepative correlations between reduced &, biomass,
yield, and LAl indicate that greatest growth under rain-fed conditions would occur in cultivars
best able to postpone desiccation and maintain relatively large stomatal conductance (i.e., mostly
to deal with the efficiency with which the water is extractied rather than utihized). thus showing
less reduction in C, than that occurs innigated teatments [130]. However, high levels ol TE
and efficient root systems (deep root system, uniform root length distribution through the suil
profile, efficient water uptake from low soil water potentials, ete.) are independent attributes
of a plant; thercfore, they nced not be incompatible. Thus one could improve the TE of a given
variety through breeding even if it is found to have a more efficient root system but a low TE.
In groyrdnut, some of the genotypes that have deep rooung auributes and are more efficient
in water uptake also had higher levels of TE than those of genotypes poor in both atiributes
[145].

Assuming that the traits contributing to drought resistance are independent attributes, it
would be necessary to develop ideotypes to suit the requirements of specific target production
environments {146,147]. Then genetic improvement would depend largely on the local variety
that needs to be improved, which can be guided by using the ideotype as a basis for the
evaluation of traits that need to be incorporated [146). Thus genetic improvement for better
adaptation to moisture-deficit environments could be focused on a few sclected traits rather
than considering adaptation as a single component of improvement. This would assist in
quantifying progress and devising appropriate strategies for further improvement, apart from
being able to use genetic stocks developed duwing the process in related breeding programs in
other production environments. .

VI, FUTURE OUTLOOK

Large sums of money have been spent to develop irrigated cropping systems throughout the
world, but relatively little attention has been paid to research on improving WUE, let alone
genetically improving the TE values of crop species [ 148]. Although differences among and
within crop species in their TE values (thus in their total water requirements to produce a given
amount of yield) were demonstrated 80 years ago [149], very little progress has Been made
since in initiating breeding programs specifically targeted at improving TE values in any crop
species. This is due mainly to the lack of appropriate means of characterizing and quantifying
genotypic variation in TE and the inability to handle the large number of samples required in
a breeding program. The recent finding that TE is negatively related to ’C discrimination ()
has led to a renewed interest in TE as a potentially exploitable trait, and thus A has been
proposed as a selection criterion for improving TE in plant breeding programs {28). It has now
been shown that genetic variation in TE exists for many crop species under both well-watered
and moisture-deficit environments. The high levels of heritability for A have further strengthened
the.argument that 4 is amenable to genetic improvement. This opens the wauy for developing
crop varieties that require less water to produce the same amount of yield according to their
present potential. This also provides scope for much more rational deployment of irrigation
water. |

However, "*C discrimination analysis of plant samples requires mass-spectrometer facilities,
and it is beyond the ability of many breeding programs to acquire and maintain such expensijve
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and sensitive equipment. This is particularly so in developing countries, which are located
mostly in semiarid regions. where improving crop TE could play a crucial role in improving
and stabilizing crop production. Thus this would presently be the limiting factor for the use of
this technology in breeding programs focused specifically toward genetic improvement of TE?
Nevortheless, it could still be handled by having centralized facilitics in selected institutes where
analyses could be done. Also, once the cquipment is installed and maintained, the actual analysis
costs may be within the capability of many breeding programs. Corrclated traits such as specil" c
leaf area. which has been shown to be related with . could thus be used as a surrogate to *0
discrimination analysis. Mcasuring specific leaf area could be relatively inexpensive and requires
no special equipment. However. it necds to he proved that selection programs based on specific
Icaf area could lead to genetic enhancement of TE and its heritability needs to be established
clearly before proposing this as surrogate to A in a selection program. There are indications i
groundnut that it could be used effectively as an alternative to A in sclecting for TE [99), but
this needs to be prmed convincingly. It will therefore be interesting to observe the extent tg
which this new tool (i.c.. 4) is put into use in developing varictics that arc better adapted to
moisture-deficit environments without a loss in yicld potential. &
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