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Drought is a major agricultural problem worldwide. Therefore,
selection for increased water use efficiency (WUE) in food and
biofuel crop species will be an important trait in plant breeding
programs. The leaf carbon isotopic composition (3'3Ceaf) has
been suggested to serve as a rapid and effective high
throughput phenotyping method for WUE in both C3 and C,4
species. This is because WUE, leaf carbon discrimination
(A"3Cear), and 8'3Ce4¢ are correlated through their relationships
with intercellular to ambient CO, partial pressures (Ci/C,).
However, in C,4 plants, changing environmental conditions may
influence photosynthetic efficiency (bundle-sheath leakiness)
and post-photosynthetic fractionation that will potentially alter
the relationship between 8'°Cieor and C/C,. Here we discuss
how these factors influence the relationship between 3"%Cleat
and WUE, and the potential of using 5'*Cieor as a meaningful
proxy for WUE.
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Drought — a major, widespread agricultural
problem

Drought in both rain-fed and irrigated agricultural land is
a worldwide constraint to crop production. Therefore,
plant-breeding programs are working to develop new
high yielding crop varieties that can cope with these
conditions [1°,2]. In recent years breeding programs have
undergone rapid advancements in molecular and geno-
mics techniques [3,4]; however, high-throughput pheno-
typing of complex traits related to water use efficiency
(WUE) is lagging behind [5,6]. For example, traditional
phenotyping for WUE requires laborious and costly mea-
surements that are not feasible on a large numbers of
individual plants. Therefore, few crops have been bred
for WUE, particularly in Cy4 species [7°]. However, as
outlined below, the carbon isotope signature of leaves
(8" Cieap) may be a potential WUE proxy for high-
throughput phenotyping of C4 plants.

@ CrossMark

Defining water use efficiency (WUE)
Agricultural WUE is related to the harvestable yield
relative to the amount of water used by the crop. Sim-
plistically, this can be demonstrated by the fact that crop
yield can be defined by whole plant transpiration effi-
ciency (TE,jan.), the total water used by the crop, and the
harvest index (HI) as [8]:

Yield = TEpjay X Water Use x HIL. (1)

where TE 45 is defined as the total harvestable yield for
a given amount of transpired water and is an important
component of agricultural WUE and yield (see Box 1).
TEjanc is a complex trait that is partly driven by leaf level
TE (TE)cy), the net rate of CO, assimilation (A,..)
relative to the rate of transpiration (£). Where A, and
E are linked by stomatal conductance (g;) through

Apet = &sco, (Ca_ci) (2)
E = goy,0lti—ea) 3)
and
A C(1=Ci/C)
TE eaf — 07— % .7~ 4
leal = ¢ 1.6(¢;—e,) “)

(see Box 2 for term definitions). These simple equations
describe how A, g and the water vapor pressure defi-
cient (VPD) between the leaf and the surrounding air
influence TE.,;. However, the intrinsic TE (TE;,qinsic)

T Anet ( Cl)
lhin rinsic — —_ — 1—— (5)
T gy C,

is a better indicator of genotypic differences in WUE
because it is not driven by variation in VPD, which is
determined by leaf temperature and the relative humidity
of the surrounding air [9°°]. Values of A, and g, drive
TEinuinsic 1n opposite directions but both influence
C/C,. For example, greater A, can decrease Gj/C,
through increased CO, fixation, while greater g, will
increase C;/C, by increasing CO, supply entering the leaf.
From an agricultural perspective it is desirable to take
advantage of all water available in a field. Therefore,
increasing TE,j.n. by reducing gy is not advantageous if
the net result is maintaining yield while water remains
unused in the field. Instead it is better to increase TE pjanc
by improving A, relative to g to obtain higher yields
while using all of the available water [9°°].

Relationship between A'3C, §'3C/..¢ and

TEintrinsic

The link between 8"*Cieop and Ci/C, is driven by leaf CO,

discrimination (ACy..¢), which can be estimated as
(8,—3p)

Amcea =7 N (6)
T 1+ 8,)
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Box 1 Measures of WUE across scales.

TE total biomass
plant = water transpired

The term transpiration efficiency (TE) is used instead of
WUE when the only source of water loss is from
transpiration. Plant-level TE (TEp|am) is a direct measure of
above ground biomass accumulation and transpirational
water loss from the entire plant (sometimes referred to as
WUEp|am). It is independent of all non-physiological factors
that affect WUE g icuura Of Which it is a component. It is
dependent on environmental conditions that affect growth
and transpiration, and does not always correlate well with
leaf/genotype-level variation in TE becauseTEplant is
dependent on not only TE,. but plant structure.

WUE,

agricultural

Integrates the total production or harvested yield per volume of
water used in the field. Takes into account variation across

¥ individual plants and evaporation from the soil and is influenced
by several factors such as plant water use, planting scheme (e.g.
spacing and density), soil texture, and irrigation design.

' _h_ ,& *—Ca
/’\ T = 2= (16) * T 0

Leaf-level transpiration efficiency (TE) is calculated by gas
exchange measurements of the ratio of CO, fixed through
photosynthesis (A, and H,O lost through transpiration (E).
TE ¢ is driven by plant variation in stomatal conductance (gg)
and A, but also the vapor pressure deficit (VPD) between the
intercellular air space and the air surrounding the leaf (g, - &,).
Therefore, TE,. is in part driven by changes in environmental
conditions such as relative humidity in the air and temperature.

_ biomass or economic yield
evapotranspiration (ET)

A C

TEintrinsic = gn:1 = <1 7E;>
Intrinsic TE is a genotype-level measure that is
specifically determined by rates of CO, and H,0O
exchange through the stomata, and is sometimes
referred to as WUEimrinsic [9]. Both Anel and s
affect C/C,, but are not directly influenced by
VPD.
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where 8, and §; represent the carbon isotope ratios
(3C/'*C) relative to a standard of leaf material and the
CO, available to the leaf, respectively. Compared to Cs
plants, the relationship between A¥Cyeor and GJC, is
diminished in Cy4 plants and is less variable in response
to growth conditions or between genotypes [11°°,12°°].

Box 2 Definitions of terms.

9sco, = Stomatal conductance to CO,

9sH,0 = stomatal conductance to H0*

C; = leaf intercellular CO, partial pressure

C, = ambient CO, partial pressure

e; = water vapor pressure inside the leaf

e, = water vapor pressure surrounding the leaf

a = fractionation during diffusion of CO, in air through stomata (4.4%o)

b3 = fractionation by Rubisco (—30%o)

b4 = combined fractionation of PEP carboxylation and preceding
isotopic equilibrium during dissolution and hydration of CO5 (—5.2%0
at 30 °C)

¢ = leakiness; fraction of CO, released in the bundle sheath cells by
the C,4 cycle and not fixed by Rubisco

s = fractionation during the leakage of CO, out of the bundle sheath
cells (1.8%o)

*The ratio of diffusivity of H,O vapor to CO; in air is 1.6.

For example, 3"3C et of most Cy species fall between —12
and —15%o, while 8"°Cieur of most Cs plants varies be-
tween —23 and —32%o [12°°,13]. However, even in Cy
plants there are well defined fractionation steps associat-
ed with CO, diffusion through the stomata, the biochem-
istry of CO, fixation by Rubisco, HCO;™ fixation by
phosphoenolpyruvate carboxylase (PEPC), mesophyll
conductance to CO; (g,), carbonic anhydrase activity,
bundle-sheath leakiness (¢), and (i/C, that influence
APC.p [11°°,12°°,14°°]. Therefore, measurements of
8"°Ciearin C4 leaves have been used as a proxy to estimate
changes in C4 photosynthetic efficiency and TE;,yinsic 1N
response to various growth conditions. However, to be
an effective proxy requires detailed understanding of the
factors influencing 33Clear. Below we discuss several of
the primary mechanisms driving 8°Clearin Cy plants and
the potential use of 813C,as for estimating TE;,uinsic-

Leaf CO, discrimination (A'3Cicaf)

Several fractionation factors associated with CO, diffu-
sion and fixation by photosynthetic enzymes influence
ABCiear. For example, in Cy plants APCyyp is strongly
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Box 3 On-line (direct) A™C,.,s measurements.

On-line or direct measurements of leaf carbon isotopic discrimination
(A"®Ciear) cOmbine measurements of 5'°C of CO, entering and
leaving a leaf gas exchange chamber. Under these conditions
A'3C,e4f represents the instantaneous fractionation associated with
CO, diffusion, photosynthesis, photorespiration, and respiration.
Alternatively, the dry matter leaf carbon isotopic composition
(3"%Cieat) can be used as an indirect measure of A'3Cie,¢ that
integrates variation in CO, availability (C/C,), photosynthetic and
post-photosynthetic fractionations over the life of the leaf. Tunable
diode laser absorption spectroscopy (TDL) measures concentrations
of ®C0, and '?CO, and allows for continuous measurements of
A"3Cy4¢ in response to changes in measurement conditions [11°°].
However, the TDL measurements provide a snapshot of leaf level
CO, isotope exchange and do not necessarily capture all of the
integrated fractionation factors that drive variation in 8'3Cear.

determined by (;/C, and the efficiency of the CO, con-
centrating mechanism (¢; leakiness) [11°°,14°°]. At 30 oC
A"Ceat forms an inverse relationship with C;/C, when ¢ is
below 0.37, but has an opposite relationship if ¢ is higher
[11°°,12°°,14°°]. However, as will be discussed in the next
section, C4 photosynthesis is well coordinated through
the metabolic flux between the C,; and Cj cycles and
when ¢ is estimated with direct measurements of photo-
synthesis and leaf CO, isotope exchange it is relatively
constant between species and under various growth con-
ditions (see Box 3; [11°°,12°°,14°°,15-18]). The relation-
ship of APC,sin Cy plants with C;/C, can be explained
with a simplified model as:

APCieqt = a + (by + ¢p(b3—s)—a)Ci/C, (7)

where a, by, b3, ¢, 5, C;, and C, are defined in Box 2. By
parameterizing these factors under various conditions,
A"C.r can be primarily attributed to variation in
Ci/C,. Although this equation is a simplified version of
the original model described by Farquhar (1983), it
incorporates the major fractionation factors influencing
§°C [19].

Bundle-sheath leakiness

Bundle-sheath leakiness (¢) describes the efficiency of
the CO;-concentrating mechanism by the leak rate of
CO; from the bundle sheath relative to the rate of CO,
supplied by the Cy4 cycle [11°°,14°°]. Changes in ¢ can
have a strong influence on A"*Ce,¢ because it controls the
extent of Rubisco discrimination, which has a large frac-
tionation factor. Therefore, ¢ increases AC.,rat a given
Ci/C,, controlling the relationship between ACy,r and
Ci/C, [11°°,14°°]. Species or environmental-driven differ-
ences in ¢, therefore, will cause differences in APCear
independent of changes in (}/C,. Much of the literature
that details the response of ¢ to growth conditions was
initially tested with spot measurements of (j/C, and
813C163fusing Egs. (6) and (7). However, on-line measure-
ments of APCie.e coupled with leaf gas exchange have
raised questions about the relationship between ACieay,
BISCIC“ and ¢ (see Box 3; [11°°,14°°]).

For example, AC.,¢ calculated from 8'°Ce,e was higher
in drought- and salt-stressed, and nitrogen-limited plants
compared to plants grown under optimal conditions
[20-26]. Additionally, A"*Cye,¢ calculated from dry matter
8'°Ceur increased when plants were grown under low
light [25,27]. These studies suggest from comparisons
of spot measurements of (C;/C, and ACe,r estimated
from 8'°C.,¢ that ¢ is affected by growth under low light,
limited nitrogen availability, and water and salt stress
[20-27]. However, because 8Cjeur integrates over the
life of the leaf, instantaneous measurements of A"°C..¢
and 8"°C.,r do not always correlate, raising questions to
how well 8'°C,.¢ relates to changes in ¢. Several studies
comparing direct measurements of ABCear and APCeyp
calculated from 8'°Cj..s have shown significant differ-
ences that are not always related to ¢ [28-31]. In general,
813C).s measurements suggest ¢ values are more variable
and higher than those calculated from direct APClar
measurements ([28-30,32,33], see Figure 1). As a result,
dry leaf matter-derived A"*Cy,¢ produce ¢ values typical-
ly between 0.3 and 0.5, while ¢ values from direct A Cye,e
fall between 0.21 and 0.3 [28,30,34]. The disparity be-
tween these estimates of ¢ is likely due to differences in
time integration of the measurements. For example,
8"°Ceur will be influenced by changes in C;/C, that occur

Figure 1
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Relationship between A™3Cear, 8'°Ciear and C/Cy in Setaria italica and
S. viridis grown under well-watered or drought conditions (Ellsworth

et al., unpublished data). The y-axes show A'3C,., calculated from
8"3Ciear (Eq. (6)) and the corresponding 8'3Ciear, and the x-axis shows
the measured C/C,. The 8'3C of the CO, in the growth chambers was
—10%o. The line represents the theoretical relationship between
A"®Cieat, 8'3Ciear and Ci/C, (based on Eq. (7); where ¢ was assumed to
be 0.21). The A'3C . estimated from 8'3C,.,¢ are generally above the
theoretical line, consistent with post-photosynthetic fractionation that
is not taken into account in Eq. (7) [28-30,32,33].
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over the lifetime of the leaf and post-photosynthetic
fractionations, which will be discussed below.

Direct measurements of APCye,r generally find that ¢ is
relatively constant under various environmental condi-
tions [11°°,12°°,14°°,15-18,29-32]. An exception is that ¢
has been shown to increase under very low light intensi-
ties [27,30,34-39], but much of the increase in ¢ was
attributed  to  oversimplification of A™Cy,; model
[14°°,15,17]. In fact, using the full formulation of the
ACiear model developed by Farquhar (1984) typically
indicates little to no change in ¢ under low light
[17,34,36,40]. Additionally, ¢ was generally found to
acclimate to rapid changes in light quality [41]. There-
fore, direct measurements of AC.,¢ indicate that Cy4
plants have a remarkable ability to coordinate the meta-
bolic flux through the C4 and Cj cycles, and that ¢ is
relatively constant between species and across different
growth conditions. The C4 and Cj cycles have extensive
metabolic and redox regulation between the mesophyll
and bundle sheath cells, so that the two cycles are really
two parts of one pathway [42].

Potential post-photosynthetic fractionations
Fractionation that occurs downstream from photosynthe-
sis is less well characterized but will also influence 8'°Ce,¢
[11°°,43]. Post-photosynthetic fractionations are associat-
ed with generating carbon pools for leaf construction,
export and import into and out of leaves, and respiration
[11°°,43]. However, there is insufficient research in this
area and a better understanding of the fractionations
associated with these processes is needed to disentangle
the relationship between 83Clear and direct measure-
ments of APCy..r. To further complicate matters, it is
not clear how growth conditions influence post-photosyn-
thetic fractionations.

The preferential use of isotopically distinct carbon pools
for respiration or movement between leaves will also
affect 8"°Cyer [11°°]. For example, in both C; and C,4
plants carbohydrate pools such as sucrose and starch tend
to be enriched in °C relative to bulk leaf tissue, while
lipids, organic acids, and proteins are depleted in "*C
[11°°,44]. Additionally, sucrose produced from triose-
phosphates in the cytosol during the day is depleted in
13 relative to the leaf, but sucrose produced at night from
starch remobilization is enriched in "*C relative to the leaf
[44]. In C3 Ricinus communis, the isotopic composition of
exported sucrose (or imported into sink leaves) depends
on the ratio of day/night sucrose synthesis [45]. Unfortu-
nately, the effect that these fractionations have on 33Clear
is not well known and further research is needed to
understand the fractionations associated with carbon
movement between Cy leaves, especially under drought.

Respiration may also influence 8"°Cye,s by shifting be-
tween isotopically different pools of carbon in response to

stresses or other physiological changes. For example, in
C; plants consuming triose-phosphates evolved CO, is
depleted in ®C, but the magnitude of this depletion
depends on the decarboxylating enzymes involved and
the 8'°C of carbon atoms in the triose-phosphates [43,46].
For example, when the Krebs cycle is coupled with B-
oxidation of fatty acids, evolved CO; is more depleted
than when pyruvate dehydrogenation predominates [43].
"T'his likely explains the larger than expected variation in
8"°C of nocturnal leaf respiration measured in the C grass
Sporobolus wrightii [47]. Furthermore, under stressful
growth conditions other carbon sources such as lipids
could be used for respiration [43,46]. However, the frac-
tionation associated with the shift in respiratory carbon
source would have to be quite large to be responsible for
the ~1%o change in 8"°Ceur that have been measured
between well-watered and drought treatments (Ellsworth
et al. unpublished and in review). In Cj; plants there were
no dramatic shifts in respiratory carbon under drought
stress [46,48]; however, this has not been characterized in
C4 plants. Although respiration is not likely responsible of
the entire change in 813Cear measured across water avail-
ability, it may have some effect and more research is also
needed, particularly in Cy plants.

Drought and §'3C,c4

Measurements of 8"*Cea¢as a proxy for TEjpginsic in plant
breeding programs has long been suggested for both Cj
and C4 crop species [10], but recently has seen more
interest because of the need for a high throughput proxy
for TE;puinsic [1,2,49,50]. To date, 8'°Ce.r has only been
successfully used to screen for TE;,insic in wheat breed-
ing programs in Australia [51]. However, the response of
3"°Ceur to drought has been tested in several Cy4 species
such as maize [52-56], sugar cane [20], sorghum [57],
green foxtail millet and foxtail millet (Ellsworth e£ 4/., in
review), pearl millet [54,56], and numerous other grass
species covering all three C,; biochemical subtypes
[24,38,58,59]. Consistently, across these experiments
and C4 subtypes, the 8'°C values are lower in water-limited
plants compared to the corresponding well-watered plants,
independent of the tissue sampled (leaf, kernel, shoot, silk,
or cob). The magnitude of this shift in 8'°Ce.s between
treatments is generally dependent on the severity of the
drought and interactions with other treatments such as
nitrogen, phosphorus, or light limitation and elevated
CO,. However, plants under drought consistently have
lower 8'°Ceap values than the well-watered plants suggest-
ing a robust response of 813C|caf to drought in Cy4 plants.
Furthermore, studies comparing 8"%Ceut to gsand, in some
cases, TE; qinsic showed C4 plants under drought de-
creased g, increased TE;,uinsic; and had lower 3Cear
([20,24,52,55,57], Ellsworth ¢ a/., in review).

These studies demonstrate that decreases in Cj/C, under
drought conditions consistently influence 8"Cie,s, and
with further testing may be an effective proxy for TE;,insic

Current Opinion in Plant Biology 2016, 31:155-161
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in Cy4 plants (see example in Figure 1). However, the
sensitivity to which 8"°Cje,r can distinguish variation in
WUE still needs to be tested. For example, 3Clear may be
sufficient as a first pass to separate genotypes with high
and low TE;,«insic but not suitable for fine scale screening
to separate genotypes with only slight differences in
TEinuginsic [52,53]. Unfortunately, there are few drought
experiments where ¢ has been determined using direct
measurements of ACy..r [58]. Therefore, the effect of
drought on ¢ and its influence on 8'*C,¢ requires further
study. However, considering ¢ appears to be relatively
constant, the primary driver of 8"°Cje,r under drought is
likely changes in Cj/C,. Of course, the influence of post-
photosynthetic fractionations associated with respiration
and mobilization of carbon pools within the leaf will
potentially limit the sensitivity of using 8'°Ceyy.

Conclusion and future directions

With the current focus on breeding more water use
efficient crops and the predicted increase in drought
and growing season temperatures, C4 crops will continue
to play an important role in agriculture. In the modern age
of marker-assisted plant breeding, techniques to screen
for physiological traits such TE;, insic are needed to assess
phenotypic variation across large numbers of genotypes.
Therefore, the development of 33Clear as a tool for
estimating TE; insic 1n large-scale plant breeding pro-
grams will be beneficial. However, more research is
needed to solidify the relationship of TE;,insics 3Clears
and C;/C, for more C, species under various growth
conditions. This will include the elucidation of post-
photosynthetic fractionations and their effects on 3 Clear
to further refine these relationships. Additionally, more
experiments are needed to assess 8'°Cienp variation in
agriculturally important breeding populations to help
identify quantitative trait loci and potential gene candi-
dates influencing 8Clear and TEipurinsic-

Acknowledgements

Our research is supported by the Office of Biological and Environmental
Research in the DOE Office of Science (DE-SC0008769).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Araus JL, Cairns JE: Field high-throughput phenotyping:

° the new crop breeding frontier. Trends Plant Sci 2014,
19:52-61.

The authors discuss the present need for effect field-based high through-

put phenotyping platforms (HTPP). They review the recent advances in

HTTPs such as high-performance computing, data recording, scoring

and processing, remote sensing, and automated environmental data

collection, and they discuss the features of effective HTTPs.

2. Araus JL, Li J, Parry MA, Wang J: Phenotyping and other
breeding approaches for a New Green Revolution. J Integrative
Plant Biol 2014, 56:422-424.

3. Ganal MW, Wieseke R, Luerssen H, Durstewitz G, Graner E,
Plieske J, Polley A: High-throughput SNP profiling of genetic
resources in crop plants using genotyping arrays. Genomics of
Plant Genetic Resources. Springer; 2014:: 113-130.

4. Poland J: Breeding-assisted genomics. Curr Opin Plant Biol
2015, 24:119-124.

5. Zhao Y, Mette MF, Reif JC: Genomic selection in hybrid
breeding. Plant Breeding 2015, 134:1-10.

6. Begum H, Spindel JE, Lalusin A, Borromeo T, Gregorio G,
Hernandez J, Virk P, Collard B, McCouch SR: Genome-wide
association mapping for yield and other agronomic traits in
an elite breeding population of tropical rice (Oryza sativa).
PL0oS One 2015, 10:e0119873.

. Vadez V, Kholova J, Medina S, Kakkera A, Anderberg H:
. Transpiration efficiency: new insights into an old story.
J Exp Bot 2013, 65:6141-6153.
Reviews the efforts to select for transpiration efficiency (TE) in plant
breeding and assess information gained by a lysimetric method of studying
TE. The authors discuss the relationship between TE and total water use,
the genetic components that restrict water loss under high VPD, and the
importance of TE and the timing of water availability to crop development.

8. Condon A, Richards R, Rebetzke G, Farquhar G: Breeding for
high water-use efficiency. J Exp Bot 2004, 55:2447-2460.

9. Ghannoum O: How can we breed for more water use-efficient
ee sugarcane? J Exp Bot 2016, 67:557-559.

Commentary discusses the need to breed for water use efficiency that
increases photosynthetic rate instead of decreasing gs, so that agricul-
tural WUE and yield increase. This commentary was in response to a
study showing that C; is a heritable trait related to WUE.

10. Farquhar G, Richards R: Isotopic composition of plant carbon
correlates with water-use efficiency of wheat genotypes.
Functional Plant Biol 1984, 11:539-552.

11. von Caemmerer S, Ghannoum O, Pengelly JJ, Cousins AB:

ee Carbon isotope discrimination as a tool to explore C4
photosynthesis. J Exp Bot 2014, 65:3459-3470.

The authors detail the current status of plant carbon isotope discrimina-

tion in C4 photosynthesis research such as relationship with mesophyll

conductance, leakiness, photosynthetic and respiratory fractionation

factors, and the relationship between A'C and dry leaf matter 5'*C.

They also describe the areas where more research is needed to extend

the application of carbon isotope discrimination as a tool to study

photosynthesis.

12. Cernusak LA, Ubierna N, Winter K, Holtum JA, Marshall JD,

ee Farquhar GD: Environmental and physiological determinants of
carbon isotope discrimination in terrestrial plants. New Phytol
2013, 200:950-965.

The authors discuss the theory and applications of stable carbon isotope

ratios across the three photosynthetic pathways (Cs, C4, CAM) as well as

the environmental and biological factors that affect plant carbon isotope

ratios. In C, photosynthesis they discuss in detail leakiness and how C,

subtypes affect 8'3Ciear.

13. Kohn MJ: Carbon isotope compositions of terrestrial C3 plants
as indicators of (paleo)ecology and (paleo)climate. Proc Nat/
Acad Sci USA 2010, 107:19691-19695.

14. Kromdijk J, Ubierna N, Cousins AB, Griffiths H: Bundle-sheath
ee leakiness in C4 photosynthesis: a careful balancing act
between CO, concentration and assimilation. J Exp Bot 2014,
65:3443-3457.
This review compares the various methods used to estimate bundle-
sheath leakiness and discusses advantages and potential shortfalls.
In the stable isotope method, oversimplification of the full model to
calculate leakiness is shown to be large source of variability in leakiness
measurements.

15. Ubierna N, Sun W, Kramer DM, Cousins AB: The efficiency of C,
photosynthesis under low light conditions in Zea mays,
Miscanthus x giganteus and Flaveria bidentis. Plant Cell
Environ 2013, 36:365-381.

16. Sun W, Ubierna N, Ma JY, Cousins AB: The influence of light
quality on C, photosynthesis under steady-state conditions in
Zea mays and Miscanthus x giganteus: changes in rates of
photosynthesis but not the efficiency of the CO, concentrating
mechanism. Plant Cell Environ 2012, 35:982-993.

www.sciencedirect.com

Current Opinion in Plant Biology 2016, 31:155-161


http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0005
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0005
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0005
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0010
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0010
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0010
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0015
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0015
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0015
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0015
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0015
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0020
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0020
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0025
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0025
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0030
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0030
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0030
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0030
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0030
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0035
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0035
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0035
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0040
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0040
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0045
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0045
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0050
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0050
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0050
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0055
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0055
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0055
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0060
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0060
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0060
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0060
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0065
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0065
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0065
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0070
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0070
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0070
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0070
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0070
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0075
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0075
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0075
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0075
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0080

160 Physiology and metabolism

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ubierna N, Sun W, Cousins AB: The efficiency of C4
photosynthesis under low light conditions: assumptions and
calculations with CO, isotope discrimination. J Exp Bot 2011,
62:3119-3134.

Sage RF: Stopping the leaks: new insights into C4
photosynthesis at low light. Plant Cell Environ 2014,
37:1037-1041.

Farquhar GD: On the nature of carbon isotope discrimination in
C,4 species. Functional Plant Biol 1983, 10:205-226.

Saliendra NZ, Meinzer FC, Perry M, Thom M: Associations
between partitioning of carboxylase activity and bundle
sheath leakiness to CO,, carbon isotope discrimination,
photosynthesis, and growth in sugarcane. J Exp Bot 1996,
47:907-914.

Sasakawa H, Sugiharto B, O’leary MH, Sugiyama T: 8'3C values in
maize leaf correlate with phosphoenolpyruvate carboxylase
levels. Plant Physiol 1989, 90:582-585.

Meinzer FC, Saliendra NZ: Spatial patterns of carbon isotope
discrimination and allocation of photosynthetic activity in
sugarcane leaves. Functional Plant Biol 1997, 24:769-775.

Meinzer FC, Zhu J: Nitrogen stress reduces the efficiency of the
C, CO, concentrating system, and therefore quantum yield, in
Saccharum (sugarcane) species. J Exp Bot 1998, 49:1227-1234.

Fravolini A, Williams DG, Thompson TL: Carbon isotope
discrimination and bundle sheath leakiness in three C4
subtypes grown under variable nitrogen, water and
atmospheric CO, supply. J Exp Bot 2002, 53:2261-2269.

Buchmann N, Brooks JR, Rapp K, Ehleringer JR: Carbon isotope
composition of C, grasses is influenced by light and water
supply. Plant Cell Environ 1996, 19:392-402.

Meinzer FC, Plaut Z, Saliendra NZ: Carbon isotope
discrimination, gas exchange, and growth of sugarcane
cultivars under salinity. Plant Physiol 1994, 104:521-526.

Tazoe Y, Hanba YT, Furumoto T, Noguchi K, Terashima I:
Relationships between quantum yield for CO, assimilation,
activity of key enzymes and CO, leakiness in Amaranthus
cruentus, a C, dicot, grown in high or low light. Plant Cell
Physiol 2008, 49:19-29.

von Caemmerer S, Furbank RT: The C,4 pathway: an efficient CO,
pump. Photosynthesis Res 20083, 77:191-207.

Ludwig M, von Caemmerer S, Dean Price G, Badger MR,
Furbank RT: Expression of tobacco carbonic anhydrase in the
C4 dicot Flaveria bidentis leads to increased leakiness of the
bundle sheath and a defective CO,-concentrating mechanism.
Plant Physiol 1998, 117:1071-1081.

Henderson SA, Caemmerer S, Farquhar GD: Short-term
measurements of carbon isotope discrimination in several C,
species. Functional Plant Biol 1992, 19:263-285.

von Caemmerer S, Ludwig M, Millgate A, Farquhar GD, Price D,
Badger M, Furbank RT: Carbon isotope discrimination during
C,4 photosynthesis: insights from transgenic plants. Functional
Plant Biol 1997, 24:487-494.

Von Caemmerer S, Millgate A, Farquhar GD, Furbank RT:
Reduction of ribulose-1,5-bisphosphate carboxylase/
oxygenase by antisense RNA in the C, plant Flaveria bidentis
leads to reduced assimilation rates and increased carbon
isotope discrimination. Plant Physiol 1997, 113:469-477.

Cousins AB, Badger MR, von Caemmerer S: C4 photosynthetic
isotope exchange in NAD-ME- and NADP-ME-type grasses.
J Exp Bot 2008, 59:1695-1703.

Kromdijk J, Griffiths H, Schepers HE: Can the progressive
increase of C4 bundle sheath leakiness at low PFD be
explained by incomplete suppression of photorespiration?
Plant Cell Environ 2010, 33:1935-1948.

Kubasek J, Setlik J, Dwyer S, Santric¢ek J: Light and growth
temperature alter carbon isotope discrimination and
estimated bundle sheath leakiness in C, grasses and dicots.
Photosynthesis Res 2007, 91:47-58.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bellasio C, Griffiths H: Acclimation to low light by C4 maize:
implications for bundle sheath leakiness. Plant Cell Environ
2014, 37:1046-1058.

Pengelly JJ, Sirault XR, Tazoe Y, Evans JR, Furbank RT, von
Caemmerer S: Growth of the C4 dicot Flaveria bidentis:
photosynthetic acclimation to low light through shifts in leaf
anatomy and biochemistry. J Exp Bot 2010, 61:4109-4122.

Buchmann N, Brooks J, Rapp K, Ehleringer J: Carbon isotope
composition of C4 grasses is influenced by light and water
supply. Plant Cell Environ 2006, 19:392-402.

Evans J, Sharkey T, Berry J, Farquhar G: Carbon isotope
discrimination measured concurrently with gas exchange to
investigate CO, diffusion in leaves of higher plants. Functional
Plant Biol 1986, 13:281-292.

Bellasio C, Griffiths H: Acclimation of C4 metabolism to low light
in mature maize leaves could limit energetic losses during
progressive shading in a crop canopy. J Exp Bot 2014,
65:3725-3736.

Sun W, Ubierna N, Ma JY, Walker BJ, Kramer DM, Cousins AB:
The coordination of C4 photosynthesis and the CO2-
concentrating mechanism in maize and Miscanthus x
giganteus in response to transient changes in light quality.
Plant Physiol 2014, 164:1283-1292.

Furbank RT, Caemmerer S, Price GD: CO,-concentrating
mechanisms in crop plants to increase yield. Applying
photosynthesis research to improvement of food crops. In
ACIAR Proceedings, 140. 2013:130-137.

Tcherkez G, Mahé A, Hodges M: '2C/'3C fractionations in plant
primary metabolism. Trends Plant Sci 2011, 16:499-506.

Hobbie EA, Werner RA: Tansley review: intramolecular,
compound-specific, and bulk carbon isotope patterns in C3
and C, plants: a review and synthesis. New Phytol 2004,
161:371-385.

Gessler A, Tcherkez G, Peuke AD, Ghashghaie J, Farquhar GD:
Experimental evidence for diel variations of the carbon
isotope composition in leaf, stem and phloem sap organic
matter in Ricinus communis. Plant Cell Environ 2008,
31:941-953.

Tcherkez G, Nogues S, Bleton J, Cornic G, Badeck F,
Ghashghaie J: Metabolic origin of carbon isotope composition
of leaf dark-respired CO, in French bean. Plant Physiol 2003,
131:237-244.

Sun W, Resco V, Williams DG: Environmental and physiological
controls on the carbon isotope composition of CO, respired
by leaves and roots of a C; woody legume (Prosopis velutina)
and a C, perennial grass (Sporobolus wrightii). Plant Cell
Environ 2012, 35:567-577.

Duranceau M, Ghashghaie J, Badeck F, Deleens E, Cornic G: $'3C
of CO, respired in the dark in relation to §'3C of leaf
carbohydrates in Phaseolus vulgaris L. under progressive
drought. Plant Cell Environ 1999, 22:515-523.

Araus JL, Elazab A, Vergara O, Cabrera-Bosquet L, Serret MD,
Zaman-Allah M, Cairns JE: New technologies for phenotyping.
Phenomics. Springer; 2015:: 1-14.

Hawkesford MJ, Araus J, Park R, Calderini D, Miralles D, Shen T,
Zhang J, Parry MA: Prospects of doubling global wheat yields.
Food Energy Security 2013, 2:34-48.

Vadez V, Kholova J, Medina S, Kakkera A, Anderberg H:
Transpiration efficiency: new insights into an old story.
J Exp Bot 2014, 65:6141-6153.

Cabrera-Bosquet L, Sanchez C, Araus JL: How vyield relates to
ash content, A'3C and A'®0 in maize grown under different
water regimes. Ann Bot 2009, 104:1207-1216.

Monneveux P, Sheshshayee MS, Akhter J, Ribaut J: Using carbon
isotope discrimination to select maize (Zea mays L.) inbred
lines and hybrids for drought tolerance. Plant Sci 2007,
173:390-396.

Briick H, Payne W, Sattelmacher B: Effects of phosphorus and
water supply on yield, transpirational water-use efficiency,

Current Opinion in Plant Biology 2016, 31:155-161

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0085
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0085
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0085
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0085
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0085
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0090
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0090
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0090
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0105
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0105
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0105
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0110
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0115
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0115
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0115
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0115
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0120
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0120
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0120
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0125
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0125
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0125
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0125
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0125
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0130
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0130
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0130
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0130
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0130
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0135
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0135
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0135
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0135
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0140
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0140
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0140
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0145
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0150
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0150
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0150
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0155
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0160
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0160
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0160
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0165
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0165
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0165
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0165
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0165
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0170
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0175
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0175
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0175
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0180
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0180
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0180
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0180
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0100
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0100
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0100
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0100
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0100
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0185
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0185
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0185
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0190
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0190
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0190
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0190
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0195
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0195
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0195
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0200
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0200
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0200
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0200
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0200
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0205
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0205
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0205
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0205
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0210
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0210
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0210
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0210
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0210
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0215
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0215
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0215
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0215
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0215
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0220
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0220
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0220
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0220
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0225
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0225
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0225
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0225
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0225
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0230
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0230
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0230
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0230
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0230
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0235
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0235
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0235
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0235
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0235
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0240
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0245
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0250
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0250
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0250
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0250
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0255
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0255
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0255
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0260
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0260
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0260
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0265
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0265
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0265
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0265
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0265
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0270
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0270
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0270
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0270
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0275
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0275

55.

56.

Carbon isotopes and water use efficiency in C4 plants Ellsworth and Cousins 161

and carbon isotope discrimination of pearl millet. Crop Sci
2000, 40:120-125.

Dercon G, Clymans E, Diels J, Merckx R, Deckers J: Differential
13C isotopic discrimination in maize at varying water stress
and at low to high nitrogen availability. Plant Soil 2006,
282:313-326.

Heng L, Cai G, Ramana M, Sachdev M, Rusan M, Sijali I, El
Mejahed K, Mohamad W, Sene M, Prieto D: The effect of soil
fertility, crop management on carbon-isotope discrimination
and their relationships with yield and water-use efficiency of
crops in semi-arid and arid environments. Nutrient and water
management practices for increasing crop production in rainfed
arid/semi-arid areas. IAEA-TECDOC-1468. 2005:15-41.

57.

58.

59.

Williams D, Gempko V, Fravolini A, Leavitt S, Wall G, Kimball B,
Pinter P, LaMorte R, Ottman M: Carbon isotope discrimination
by Sorghum bicolor under CO, enrichment and drought. New
Phytol 2001, 150:285-293.

Bowman WD, Hubick KT, von Caemmerer S, Farquhar GD:
Short-term changes in leaf carbon isotope discrimination
in salt- and water-stressed C, grasses. Plant Physiol 1989,
90:162-166.

Ghannoum O, von Caemmerer S, Conroy JP: The effect of
drought on plant water use efficiency of nine NAD-ME and
nine NADP-ME Australian C4 grasses. Functional Plant Biol
2002, 29:1337-1348.

www.sciencedirect.com

Current Opinion in Plant Biology 2016, 31:155-161


http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0275
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0275
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0280
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0280
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0280
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0280
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0280
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0285
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0290
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0290
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0290
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0290
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0290
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0295
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0295
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0295
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0295
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0295
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0300
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0300
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0300
http://refhub.elsevier.com/S1369-5266(16)30063-2/sbref0300

	Carbon isotopes and water use efficiency in C4 plants
	Drought — a major, widespread agricultural problem
	Defining water use efficiency (WUE)
	Relationship between Δ13C, δ13Cleaf and TEintrinsic
	Leaf CO2 discrimination (Δ13Cleaf)
	Bundle-sheath leakiness
	Potential post-photosynthetic fractionations
	Drought and δ13Cleaf
	Conclusion and future directions
	References and recommended reading
	Acknowledgements


