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Investigators now have a wide range of analytical tools to use in measuring metabolites,
proteins and transcripts in plant tissues. These tools have the potential to assist genetic
studies that seek to phenotype genetic lines for heritable traits that contribute to drought
tolerance. To be useful for crop breeding, hundreds or thousands of genetic lines must be
assessed. This review considers the utility of assaying certain constituents with roles in
drought tolerance for phenotyping genotypes. Abscisic acid (ABA), organic and inorganic
osmolytes, compatible solutes, and late embryogenesis abundant proteins, are consid-
ered. Confounding effects that require appropriate tissue and timing specificity, and the
need for high-throughput and analytical cost efficiency are discussed. With future advances
in analytical methods and the value of analyzing constituents that provide information on the
underlying mechanisms of drought tolerance, these approaches are expected to contribute

to development crops with improved drought tolerance.

Keywords: water stress, compatible solutes, metabolites, osmotic adjustment, abscisic acid, plant breeding

INTRODUCTION

Phenotyping involves measurement of observable attributes that
reflect the biological functioning of gene variants (alleles) as
affected by the environment. In general, phenotyping for crop
improvement via breeding requires that hundreds or thousands of
genetic lines be assessed. To date, most phenotyping of secondary
traits (i.e., those traits in addition to yield, which is often the
primary trait) has involved field assessments of easily scored mor-
phological attributes such as plant height, leaf number, flowering
date, and leaf senescence. However, investigators have recognized
that drought tolerance involves metabolic and regulatory func-
tions, for which measurements of targeted processes are likely to
provide valuable information on the underlying biology, and sug-
gest approaches by which it could be modified. Moreover, excellent
methods have been developed for assay of such traits, and they
have been used in controlled-environment studies to determine
the mechanistic basis of drought response. Notwithstanding their
positive aspects, many of these methods are too time-consuming,
expensive, or technically demanding to be used in large-scale phe-
notyping. The challenge, then, is to identify those attributes that
provide the most meaningful phenotypic information to design
sampling methods suitable for use in the field, and design ana-
lytical methods that can be efficiently scaled up to the number of
samples required in phenotyping projects.

An important prerequisite for the successful phenotyping of
secondary traits is to identify key functional attributes that con-
tribute to drought tolerance. Ideally, such identification is based
on evidence that there is genetic variation for the trait in the crop
of interest, on the trait being correlated with crop performance
in drought environments, and on its having sufficient heritabil-
ity to be used to make progress in a breeding program. Another
criterion is that a trait has a clear-cut and rational explanation

for its physiological or molecular function in drought tolerance.
Some key traits that satisfy this latter criterion include: (i) favor-
able stomatal behavior; (ii) rooting depth; (iii) osmotic adjustment
(OA) and other processes that sustain cell integrity and function;
(iv) carbohydrate storage and remobilization; and (v) sustained
development (as opposed to abortion) of harvested organs. This
article will discuss methods that can contribute to phenotyping
of these five traits by analyzing the presence and level of sub-
stances that can serve as diagnostic tests to evaluate them. While
methods for field-based assessment of these traits are described in
other articles in this special issue, the focus of the current article
is on laboratory-based analyses of tissue constituents in samples
obtained from field-grown plants.

CASE STUDY: ABSCISIC ACID

Although it is valuable to focus phenotyping efforts on metabolic
traits that have a clear-cut rational connection with stress toler-
ance mechanisms, this goal is often difficult to achieve in practice.
A particular constituent may be involved in several metabolic and
signaling systems, and its involvement may differ in various tis-
sues and developmental stages. To illustrate the difficulty, the
prospects for phenotyping abscisic acid levels as an indicator of
stress response will be considered below.

WHY PHENOTYPE ABSCISIC ACID?

Abscisic acid (ABA) plays a central role in plant response to water
deficit, and the extent to which a genotype synthesizes and accu-
mulates ABA is a possible indicator of that genotype’s adaptation
to drought. It has been demonstrated that ABA has regulatory
roles in all five of the traits listed above. While this argues for its
importance, it also presents difficulty with respect to the use of
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ABA analysis as a phenotyping tool, because the multiple effects
can confound interpretation.

A situation where higher leaf ABA could be advantageous is
in environments where water-use efficiency (WUE) or postpone-
ment of dehydration is desirable. A recent example related to this
idea involved production of transgenic canola (Brassica napus)
with an enhanced response to ABA signaling (Wang et al., 2005).
Investigators anti-sensed farnesyl transferase, a negative regula-
tor of ABA signaling. They used a drought-responsive promoter
(RD29A), thereby confining the expression to drought episodes.
Studies showed a slightly earlier stomatal closure response during
the onset of water deficit and, in field trials, yields appeared to
be slightly higher in drought environments. In addition to ABA
sensitivity, genotypes that generally have higher activity for ABA
synthesis in leaves might maintain lower stomatal conductance,
closing their stomata at an earlier stage of soil water depletion,
or closing them sooner after daybreak, thereby keeping the tissues
at a high water potential and avoiding damage from dehydration.
Maintaining a low stomatal conductance can also increase WUE,
because it keeps the CO, concentration in the leaf internal air-
space (Ci) below the CO;-saturating (asymptote) portion of the
photosynthesis versus Ci function. Elevated ABA in the afternoon
can restrict stomatal opening when temperature and leaf-air vapor
pressure deficit (VPD) are highest, and when a genotype couples
this behavior with low ABA and partial stomatal opening in the
morning, WUE is enhanced. While analysis of ABA is a way to
predict stomatal status, other methods, might be better suited to
this purpose. Notably, stable isotope assay of '3C discrimination,
or field sampling of stomatal diffusive conductance is more direct
and, in the case of 13C, are more integrative of Ci throughout the
season (Condon et al., 2004, 2007).

However, the basis for a genotype’s tendency to accumulate leaf
ABA may not be as straightforward as a genetic tendency for high
ABA synthetic activity. A genotype with a shallow root system or
low hydraulic conductance, which restricts the supply of water to
the leaves, can also cause high ABA accumulation. Evidence that
measured ABA levels can be related to root architecture is pro-
vided by presence of a quantitative trait locus (QTL) in maize,
Root-ABA1, which was initially identified as a QTL that affected
leaf ABA (Lebreton et al., 1995; Giuliani et al., 2005; Landi et al.,
2007). The QTL was identified in two different maize popula-
tions, and in several different environments and locations. Yet, in
both cases, root architecture was related to leaf ABA accumulation.
This QTL, in Bin 2.04 of chromosome 2, was initially identified
by QTL mapping of leaf ABA in populations scored under water
limited environments. The QTL allele for high ABA also confers
decreased stomatal conductance, as expected, given the role of ABA

in stomatal closure (Lebreton et al., 1995; Giuliani et al., 2005).
In addition, greenhouse studies of backcross-derived lines have
shown that the high ABA QTL allele is associated with increased
root dry weight, root diameter, and root:shoot ratio, and with
decreased root lodging (Giuliani et al., 2005). While it is not yet
known whether the observed phenomenon is related to the effect
of ABA in stimulating seedling root growth (Sharp et al., 1994;
Ober and Sharp, 2007), an alternative interpretation is that the
QTL allele alters root architecture to a shallower root system that
rapidly depletes surface moisture. This would be consistent with
the observation in these studies that the QTL allele for high ABA is
associated with lower grain yield (Landi et al., 2007) and with other
genetic studies that have shown a correlation between high leaf
ABA and lower grain yield in water deficit environments (Mugo
et al.,, 1998; Setter et al., 2011). Thus, to gain valuable phenotypic
information, data on leaf ABA levels need to be interpreted in
relation to other information, such as the depth of soil water avail-
ability and stomatal behavior. An ideal genotype may be one with
relatively low levels of leaf ABA, indicating good root depth and
water transport properties, but with desirable stomatal behavior,
indicating high stomatal sensitivity to ABA.

INTERPRETING ABA PHENOTYPIC DATA IS TISSUE-DEPENDENT

ABA levels in organs other than leaves also require interpretation
to be valuable for phenotyping. For example, as a stress-signaling
hormone, ABA increases the expression of numerous gene prod-
ucts that have putative roles in stabilizing proteins and membrane
systems so that they are better able to tolerate desiccation stress.
However, ABA is also associated with the arrested development of
sink organs, including soybean seeds (Liu et al.,2004), rice spikelets
(Jietal.,2011), maize kernels (Ober et al., 1991; Setter et al., 2001),
and wheat grains (Westgate et al., 1996; Ji et al., 2011). Consistent
with this, among lines of maize, a negative correlation has been
found between ear ABA levels and prepollination ear growth rate
(Table 1; Setter et al., 2011). This relationship suggests a role of
ABA in the tendency of some genotypes to limit partitioning to ear
and silk growth during water deficit, which increases the anthesis-
silking interval (ASI), and is associated with decreased grain yield
in drought environments (Ribaut et al., 2009). Analogous relation-
ships between water deficit and arresting of reproductive organ
growth are found in rice, sorghum, and other crops (Matthews
et al., 1990; Liu et al., 2004, 2006; Leport et al., 2006).

For genes that are regulated by ABA, the role of these gene prod-
ucts in crop performance is yet to be well established. For example,
there is abundant evidence that, among the genes regulated by
ABA signaling, those encoding members of the late embryoge-
nesis abundant (LEA) family are among the most rapidly and

Table 1 | Genotypic correlations between ABA levels and growth rates in ears and silks in a recombinant inbred line (RIL) population (Cimmyt

P1 X P2) in two trials (2001 and 2002) under severe water deficit at flowering at the Tlaltizapan, Mexico field station.

Silk ABA 0 DAA in 2001

Silk ABA 7 DAA in 2001

Silk ABA 0 DAA in 2002 Ear ABA 0 DAA in 2002

—0.90
—0.51

Ear growth rate 0 to 7 day after anthesis
Silk growth rate 0 to 7 day after anthesis

—0.62
—0.56

—0.82
—0.42

—0.57
-0.87

Tissues were harvested at the indicated days after anthesis (DAA). (Source: Setter and Ribault, unpublished data).
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substantially upregulated by ABA (Quatrano et al., 1997). LEA
proteins were first identified as abundant proteins that accumu-
late during the late stages of seed formation when desiccation is
about to begin. They were among the first ABA-regulated pro-
teins for which promoter ABA response elements (ABRE) and
associated elements in upstream DNA sequence were determined.
Nevertheless, the mechanism(s) and value of LEA proteins and
specialized compatible solutes in drought tolerance of tissues have
not been established except for tissues undergoing extreme des-
iccation (Wise, 2003; Wise and Tunnacliffe, 2004; Goyal et al.,
2005; Tunnacliffe and Wise, 2007; Bies-Etheve et al., 2008). How-
ever, even when a crop is subjected to a severe drought stress that
diminishes yield by 70% or more, its organs usually do not reach
water potentials and levels of desiccation in the range experienced
by drying seeds where these stabilizing agents are effective. This
argues against the idea that more ABA accumulation would be
favorable as a stimulus for upregulating LEA and other agents for
macromolecular stabilization. Moreover, as discussed above, stud-
ies have indicated that there is a negative correlation between ABA
accumulation in floral tissues and kernel set. Therefore, in contrast
to the leaves, in the case of developing flowers and young sinks,
genotypes with high levels of ABA are less likely to perform well
in drought environments.

TIMING OF TISSUE SAMPLING FOR ABA

A further consideration in the use of constituent quantification
for phenotyping is the dependence on timing of tissue sampling.
Again referring to the ABA case study, leaf ABA levels depend on
environmental and tissue development conditions. For phenotyp-
ing, a further consideration is that the levels of ABA measured in
a tissue reflect the steady state of dynamically changing rates of
ABA synthesis and catabolism (Ren et al., 2007). Quantification of
free ABA provides an instantaneous measure of the system. Such
an estimate is inherently dependent on the environment, with
a likelihood of strong influence from genotype-by-environment
interaction (GEI). Careful control of time of day and stage of
soil water dry-down may help to control these influences. Alter-
natively, to obtain phenotypic values that have a relatively strong
genetic component (and high heritability), it can be beneficial
to average out the instantaneous environmental effects. A more
time-averaged or integrative measure of ABA status might be
obtained with a composite estimate of the sum of ABA plus
its catabolites. The primary routes of ABA catabolism are 8'-
hydroxylation to form phaseic acid and downstream products,
and glucosyl esterification of the carboxyl group to form ABA-
glucose ester (ABA-GE; Nambara and Marion-Poll, 2005; Priest
et al., 2006; Yang and Zeevaart, 2006). The products of hydroxy-
lation (phaseic acid and dihydrophaseic acid) also form glucose
esters and other conjugates. To the extent that these catabolites are
biologically inactive and accumulate into vacuoles or other com-
partments, their collective level could represent a valuable estimate
of long-term flux through the ABA synthesis pathway. Following
this logic, Setter et al. (2011) phenotyped ABA, ABA-GE, and pha-
seic acid in a diverse panel of maize genotypes that was used for
association genetic analysis. While the phaseic acid data revealed
a new marker-trait association unrelated to ABA, in this situa-
tion the addition of these ABA catabolites to the analysis did not

strengthen any of the trait-marker associations that were obtained
from ABA data alone. Development of cost-effective methods for
a broader suite of catabolites has the potential to further improve
this strategy.

METHODS FOR ABSCISIC ACID QUANTIFICATION

The prospects for an expanded range of substances that can be
phenotyped have been steadily improving. In the case of ABA,
methods for determining the levels of and the hormone and
its metabolites can be classified into two general categories: (i)
physical-chemical methods; and (ii) immunochemical methods.
Advantages of physical-chemical methods include the fact that
they are based on fundamental properties of the compounds and,
in the case of the more advanced methods that employ mass spec-
trometry (MS), their chemical specificity. Advantages of immuno-
chemical methods include their low cost and ease of scale-up for
high-throughput projects. The levels of ABA are usually much too
low (typically a few nmolg™! dry weight) relative to other sub-
stances in an extract for methods based solely on high performance
liquid chromatography (HPLC) with ultraviolet (or photodiode
array) detection to have sufficient selectivity. Such methods are
in common use for carotenoids and other substances which are
chemically related to ABA but are much more abundant (Harjes
et al., 2008). However, they do not in themselves provide suffi-
cient separation and selectivity for ABA and other plant hormone
work. Good selectivity can be achieved with gas chromatography-
mass spectrometry and, when used with selected ion monitoring
(GC-MS/SIM) and robotics, throughput can be satisfactory for
large-scale projects. However, some metabolites, notably ABA-
GE, are not stable at GC temperatures, and the method is not
well suited to profiling a wide range of hormone metabolites in
a single pass. A method for plant hormone profiling has been
developed that is capable of analyzing in a single run ABA and
its metabolites, as well as hormones in the cytokinin, gibberellin,
and auxin families (Chiwocha et al., 2003; Ross et al., 2004). This
method utilizes reverse-phase HPLC separation, coupled to elec-
trospray ionization and MS with multiple reaction monitoring
(MRM). Although chromatography only partially separates com-
pounds from one another, a high level of specificity is achieved by
MRM, wherein each ionized compound in a plant sample gives a
distinct precursor-to-product ion transition that is diagnostic of
that particular compound. An important attribute of the system is
the development and use of deuterated internal standards to cor-
rect for workup variability. The system is capable of quantifying
ABA levels in the 107 !2 g range, which permits a tissue sample of
about 50 mg dry weight to be analyzed for the whole profile of hor-
mones and their conjugates. Cost is a limitation for phenotyping
projects that involve large numbers of samples. The system utilizes
elaborate instrumentation and requires about 40 min per sample,
leading to a rather high cost per sample (Zaharia and Abrams,
2011).

A second category of methods for ABA analysis involves
immunochemical procedures with labeling from either a radioiso-
tope (radioimmunoassay, RIA) or an enzyme (enzyme-linked
immunosorbent assay, ELISA). These methods take advantage of
the high level of binding specificity of antibodies to discriminate
between substances in a complex mixture. In RIA, a radioactively
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labeled form of the analyte (e.g., ABA) is mixed with the sample to
provide quantification, while in ELISA an enzyme reporter system
is used to generate a measurable signal indicating presence of the
analyte. Both immunochemical systems have been widely used
for ABA quantification (Mertens et al., 1983; Walker-Simmons,
1987; Quarrie et al., 1988; Vernieri et al., 1989; Perata et al., 1990;
Philosoph-Hadas et al., 1993; Banowetz et al., 1994; Xie et al., 1996;
Kalantari et al., 2001; Hradecka et al., 2007).

An advantage of immunochemical analyses over physical-
chemical systems is the low detection limit. The mid-point of the
assay range for ABA ELISA is about 0.2 x 10712 mol (Setter and
Parra, 2010). This means that tissue samples as small as 1 mg dry
weight are sufficient, permitting field sampling of small, but repre-
sentative, portions of leaves or floral parts whose removal does not
significantly affect plant growth in the field plot for yield and other
phenotyping data. In practice, samples are usually composites of
several plants per plot and of sufficient size for them to be used for
analysis of multiple constituents in addition to ABA. In addition to
analyzing ABA, it is also possible to use ABA immunoassay to ana-
lyze ABA catabolites in plant samples. ABA-GE can be assayed by
chromatographically separating ABA from ABA-GE, then using
alkaline hydrolysis to cleave the ester linkage between ABA and
glucose, and then imunoassaying ABA as usual. Phaseic acid (PA)
and its glucose ester can be analyzed with immunoassay as well,
using a monoclonal antibody directed against the conjugated form
of PA (Gergs et al., 1993; Setter et al., 2011). To date, there are no
reports of the development of antibodies directed against the other
major ABA catabolite, dihydrophaseic acid (DPA). If an anti-DPA
antibody were to be produced, investigators would have a set of
antibodies that could be used to immunoassay a full profile of ABA
and its most abundant catabolites.

OSMOTIC SOLUTE ACCUMULATION AND OSMOTIC
ADJUSTMENT

Osmotic adjustment refers to the accumulation of osmotically
active solutes in response to the imposition of stress. It is a potential
contributor to drought tolerance, and a sizable body of literature
about it has developed. The potential benefit OA provides to a
plantis that it helps cells retain water in the face of decreasing water
potential that would otherwise result in cell shrinkage, distortion,
and plasmolysis (Figure 1).

Although currently available tools to assess OA have enabled
progress to be made in developing our understanding of the physi-
ological role of OA and in identifying genotypic differences, studies
that have involved large-scale phenotyping of populations have
had mixed results. As discussed below, this may be due, in part, to
a lack of easy-to-use sampling and analytical methods. Neverthe-
less, several studies have reported identification of QTLs for OA
and related traits in crops (Table 2).

A major difficulty of current methods of measuring OA is that
it is necessary to harvest fresh tissue and immediately perform
several operations on it while keeping it alive, keeping cell mem-
branes intact, and not disturbing metabolism. For field studies,
this generally requires care to prevent overheating of specimens
during handling, and the availability on-site of apparatus such
as a balance to weigh fresh tissue and an osmometer to measure
solute potential. Also, since samples for all plots should be taken
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FIGURE 1 | The advantages of accumulating osmotically active solutes
is illustrated with the response of total water potential (¥,,) to a
lowering of relative water content (RWC) in wheat leaves, comparing a
plant that was well-watered with another that was stress-conditioned
by several cycles of water deficit and rewatering over a number of
weeks, causing it to accumulate additional osmotically active solutes
(Adapted from Melkonian et al., 1982). Two phases are identified. In
tissue equilibrated with free water (¥, ~0MPa), a large positive turgor
pressure balances the osmotic component of water potential. As water is
lost, turgor decreases steeply, reflecting the rather stiff cell walls in mature
organs, in accordance with the elasticity relation. At RWCs below the point
of zero turgor (the inflection point), the relationship is dictated by the less
steep Boyle-van't Hoff relation between osmotic solute activity and water
potential, ¥,, ~ —RTC, where R is the ideal gas constant, T is the absolute
temperature, and C is the concentration in moles of osmotically active
solutes per kg of water. Tissues that accumulate more solutes via the
process of osmotic adjustment, such as the stress-conditioned leaf shown
here, shift the Boyle-van't Hoff curve to lower water potentials. As a
consequence, the tissue can maintain positive turgor over a wider ¥, range
and incur less shrinkage at still lower levels of W,, below the turgor loss
point. Such shrinkage and low W,, can damage the integrity of cell
membranes and other cell constituents, and lead to cell death as in
stress-induced leaf necrosis.

at a defined number of days after water deficit, the need to sample
and analyze fresh tissue means the investigator must perform the
analyses on-the-spot and cannot put the samples in storage for
analysis at a later, more convenient time.

Several studies have assessed the adequacy of various meth-
ods for quantifying OA. In a comprehensive comparison of four
methods for evaluating OA, Babu et al. (1999) considered two of
them feasible for phenotyping work. In the first of these methods,
the tissue relative water content (RWC) and osmotic potential are
measured, then the osmotic potential is extrapolated to an RWC
of 100% using an assumed RWC-solute potential relationship. In
the second, the plants (or portions thereof) are fully rehydrated
overnight. Then the osmotic potential is measured on samples. It is
assumed that the rehydration does not alter solute concentrations
significantly, even though it takes several hours and sometimes
involves floating specimens on water, allowing the possibility of
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Table 2 | Studies in which QTLs were identified for osmotic adjustment (OA) and related traits.

Crop QTLs identified Citation

OA Solute potential Others
Barley X X A'3C, soluble carbohydrate Diab et al. (2004)
Barley X X RWC Teulat et al. (1998)
Barley X X Carbohydrate, RWC Teulat et al. (2001)
Cotton X A'3C, yield, canopy temperature, chlorophyll Saranga et al. (2004)
Cotton X Saranga et al. (2001)
Rice X X Lethal osmotic potential Lilley et al. (1996)
Rice X Robin et al. (2003)
Rice X Root traits Zhang et al. (2001)
Sunflower X X Turgor, RWC Kiani et al. (2007)

RWC, relative water content.

solute efflux. Measurement of osmotic potential involves several
steps that must be carried out immediately and with care to avoid
evaporative losses. Sap is obtained either by pressing it out of fresh
tissue or releasing it from freeze-thawed tissue, then transferring it
to a dew point or freezing point osmometer. Measurement of RWC
is also a substantial undertaking under field conditions. Usually,
tissue specimens are placed into preweighed vials and the vials are
weighed soon after collection to obtain the initial fresh weight.
Samples are then incubated in water for several hours to rehydrate
fully, are blotted to remove unabsorbed surface water, weighed
again, dried in an oven, and weighed a final time. With so many
manipulations and measurements, the final calculated value for
RWC inevitably incurs some loss of precision.

Another potential weakness of OA phenotyping is that it is
a composite property that has many contributing components.
A wide range of osmotically active solutes can contribute to
osmotic potential and to OA. This can confound identification
of OA QTLs and the genes responsible for OA. An alternative
approach that is becoming ever more realistic with the advent of
high-throughput analytical methods for large numbers of metabo-
lites (“metabolomics”) is to analyze the main constituents that
contribute to OA. There have only been a few studies where
the substances contributing to the osmotic component of water
potential have been determined (Table 3). The main categories
of osmotic solute are sugars, mineral ions such as potassium, and
nitrate, organic acids, and amino acids. In most cases, potassium
along with its anion partners is the main class of osmotically active
solute. In certain cases, such as the leaves of sorghum and maize,
sucrose and other sugars are important contributors to OA, while
the contributions of proline and other amino acids are relatively
small on a bulk tissue basis. Hence, it is feasible to quantify each
of the major contributors to OA in phenotyping projects.

MEASUREMENT OF OSMOTICALLY ACTIVE SOLUTES

Determination of the component compounds which contribute
to OA can be straightforward and done on a large scale. For exam-
ple, in studies of maize, a population of over 200 recombinant
inbred lines (RILs) was sampled at three stages of stress in 2 years
with replication such that over 10,000 samples were analyzed (T.
Setter and J.-M. Ribaut, unpublished data). Sampling involved

cutting disks from mature leaves of several plants representative
of each plot and immersing them in tubes containing ice-chilled
80% methanol. In this solvent, metabolic changes are halted by the
cold and by the enzyme denaturing action of methanol. Samples
for determination of osmolyte can be stored safely in the solvent
for weeks, permitting the research team to schedule further work
on them at a convenient time. In mature leaves with living cells
(W above the lethal point), the cell walls are elastic but sufficiently
rigid to prevent significant shrinkage at the prevailing RWCs, so
that passive concentration of solutes on a leaf area basis is not a
significant contributor to the measured content of solutes.

SUGARS

Several methods are available for analyzing organic osmolytes.
If there is likelihood that a particular compound or related
group of compounds are of primary interest, it is possible to
use targeted assays. The analysis of sugars can be done using
coupled enzyme reagents that use glucose oxidase/peroxidase, or
hexokinase/glucose-6-phosphate-dehydrogenase, and invertase, to
develop a chromogen whose color is determined in a 96-well col-
orimeter (Cairns, 1987; Setter et al., 2001; Alves and Setter, 2004).
These steps are easy to scale up to the desired number of samples
by using 12- or 96-channel pipetting and automated data transfer
from colorimeter to computer. Three QTLs for leaf sugar accumu-
lation were identified using this approach (Table 4). In support
of the hypothesis that sugar accumulation contributed to leaf sta-
bility during water deficit, it was observed that the accumulation
of leaf sugar had significant genetic correlation with the mainte-
nance of leaf chlorophyll at 3 weeks into drought, as expected for
a protective osmolyte effect (Table 4, lower panel).

METABOLOMIC APPROACHES

An alternative approach to targeted assays is use methods that
are capable of assaying a wide range of compounds in a single
step. Such metabolomic approaches are capable of quantifying
hundreds of metabolites in a single chromatographic operation,
though they require a substantial budget and justification for using
a broad exploration of constituent composition. Recent reviews
describe a wide variety of powerful analytical systems that have
been developed for this purpose (Stitt and Fernie, 2003; Sumner
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Table 3 | Contributions to total solute potential by sugars, potassium (K) salts, and proline in mature leaves of plants subjected to water deficit.

Family Species Common name Osmotic Contribution to solute Citation
adjustment (MPa) potential (MPa)
Sugars K-salts Proline
Asteracea Helianthus annuus Sunflower 0.17 —0.04 —0.84 nd Jones et al. (1980)
Asteracea Heteropogon contortus Spear grass 0.39 —0.09 —0.30 —0.02 Ford and Wilson (1981)
Brassicacea Brassica napus, B. junea Canola, juncea 0.39 —-0.24 —-0.64 —0.03 Ma et al. (2004), Ma
and Turner (2006)
Euphorbeacea  Manihot esculenta cassava 0.27 -0.14 —-0.85 0.00 Alves and Setter (2004)
Leguminacea Cicer arietinum Chickpea 0.76 0.02 nd nd Basu et al. (2007)
Leguminacea Macroptilium atropurpuueum  Siratro 0.34 —0.09 —-0.41 0.00 Ford and Wilson (1981)
Leguminacea Trifolium alexandrinum Berseem clover 0.41 -0.23 -0.88 —-0.12 lannucci et al. (2002)
Leguminacea Trifolium incarnatum Crimson clover 0.24 -0.20 -0.71 —0.09 lannucci et al. (2002)
Leguminacea Trifolium resupinatum Persion clover 0.20 -0.20 -0.70 —0.08 lannucci et al. (2002)
Leguminacea Trifolium squarrosum Squarrosum clover  0.52 —-0.30 11 -0.M lannucci et al. (2002)
Malvacea Gossypium hirsutum Cotton 0.30 -0.02 —-0.41 nd Cutler and Rains (1978)
Poacea Cenchuus cillaris Buffell grass 0.71 —0.05 -0.68 -0.02 Ford and Wilson (1981)
Poacea Panicum maximum Green panic 0.55 -0.06 -0.38 -0.04 Ford and Wilson (1981)
Poacea Pennisetum glaucum Pearl millet 0.40 -0.1 -0.88 —0.06 Kusaka et al. (2005)
Poacea Sorghum bicolor Sorghum 0.49 -0.25 —0.66 nd Jones et al. (1980)
Poacea Triticum durum Durum wheat 0.02 -0.16 -0.86 —0.06 Bajji et al. (2001)
Poacea Triticum durum Durum wheat 0.39 -0.22 —0.24 —0.05 Rascio et al. (1994)
Poacea Triticum durum Durum wheat 0.08 —0.16 —-0.74 -0.18 Kameli and Losel (1995)
Rhamnacea Ziziphus mauritiana Indian Jujube none -0.13 -0.23 —0.02 Arndt et al. (2000)
Rosacea Prunus persica Peach 0.15 —0.05 -0.43 0.00 Arndt et al. (2000)
Vitaceae Vitus vinifera Grape 0.41 -0.84 —0.61 nd Patakas et al. (2002)

Values are referenced to RWC=100%. Potassium is assumed to have an equivalent concentration of monovalent anion partner. (nd, not determined).

et al., 2003; Schauer and Fernie, 2006; Dixon et al., 2007; Shulaev
et al., 2008; Saito and Matsuda, 2010; Hall, 2011). For the analy-
sis of organic osmotic solutes, GC-MS with either quadrupole
or time-of-flight (TOF) mode is capable of quantifying several
hundred compounds of diverse classes including sugars, sugar
alcohols, organic acids, amino acids, and fatty acids. However,
samples require derivatization to make them volatile for GC analy-
sis. HPLC-MS is a favored alternative not requiring derivatization
and more suitable for unstable compounds (Tohge etal.,2011). For
phenotyping a narrower range of compounds, nuclear magnetic
resonance (NMR) has the advantage of not requiring separation
and providing high-throughput.

Apart from sugars and sugar alcohols, the main contributors to
the organic osmolyte pool are organic acids (Hummel et al., 2010),
amino acids, and, in some species, quaternary ammonium com-
pounds (QACs). High-throughput analysis of organic acids can
also be performed using coupled enzyme procedures, as described
above for sugars. For example, malate and citrate dehydrogenase
and associated colorimetric reagents can be used. However, these
assays operate in parallel mode. Thus, as more analytes are added
to a project, assay of a full profile of them on a large set of samples
involves splitting samples into aliquots and running numerous
separate assays, which becomes cumbersome and costly. With
appropriate choice of analytics, metabolomics methods are able
to include these additional analytes.

There are a few published examples of metabolomics used in
plants. Among those studies involving stress responses, Gagneul
et al. (2007) studied the effect of salt treatment in the halophyte
Limonium latifolium using a combination of GC-MS for organic
substances, HPLC-fluorescence detection for amino acids, proton
NMR for QACs, flame photometry for sodium and potassium, and
salicylate-colorimetry for nitrate. They concluded that, contrary
to expectations, organic solute accumulation is predominantly
constitutive and only slightly modulated by salinity. The major
contributors to osmolarity were inorganic solutes and, although
present, the compatible solutes proline, QACs, and inositols were
rather minor. Sanchez et al. (2008), studying Lotus japonicus,
also used GC-MS to assess salinity effects on organic solutes,
whereas they used ICP to analyze inorganic ions. They found
that L. japonicus had broad shifts in metabolism in response
to salinity, with decreases in potassium and organic acids, and
increases in many amino acids, sugars, and polyols. Schauer et al.
(2006) reported a QTL study of tomato fruit morphology and
metabolites. By using GC-MS to quantify 74 metabolites, they
identified 889 QTLs for metabolite levels, offering the possibility
that this approach could be used to modify fruit composition and
quality.

A further advantage of the metabolomics approach is that clus-
ters of correlated metabolites may be identified that are either
part of a common metabolic pathway or whose accumulation
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Table 4 | Upper panel: QTLs identified for leaf sugar accumulation in a
maize RIL population (Cimmyt P1 X P2) subjected to severe water
deficit during flowering. Lower panel: genetic correlations between
leaf sucrose and leaf chlorophyll.

Trait Year of trial Chromosome bin of QTL
Leaf suc 3W 2001 8.04
Leaf suc 4W 2001 8.04
Leaf glc 2W 2001 8.04
Leaf suc 2W 2001 8.04
Leaf glc 3W 2002 8.04
Leaf glc 4W 2002 8.04
Leaf suc 3W 2002 8.04
Leaf total sugar 3W 2002 8.04
Leaf total sugar 2W 2001 9.04
Leaf total sugar 4W 2001 9.04
Leaf suc 4W 2001 9.04
Leaf suc 2W 2002 9.04
Leaf total sugar 2W 2002 9.04
Leaf total sugar 3W 2002 9.04
Leaf suc 3W 2002 9.04
Leaf suc 4W 2001 10.03
Leaf total sugar 4W 2001 10.03
Leaf glc 2W 2002 10.03
Leaf suc 2W 2002 10.03
Leaf suc 4W 2002 10.03
Leaf total sugar 2W 2002 10.03
Leaf total sugar 4W 2002 10.03
Genetic correlations Leaf suc 3W

Leaf chlorophyll 2W 0.80

Leaf chlorophyll 3W 0.53

Leaf chlorophyll 4W 0.98

Trials were in 2001 and 2002 at Tlaltizapan field station, Mexico. Leaf disks were
sampled at 2, 3, and 4 weeks after withholding irrigation (2W, 3W, 4W) and ana-
lyzed with coupled enzyme procedures for sucrose (suc), glucose (glc), and total
sugar, expressed per unit leaf area. (Source: Setter and Ribaut, unpublished data).

is coordinately regulated. For instance, in comparisons of barley
cultivars differing in salt tolerance, Widodo et al. (2009) found
that the tolerant cultivar responded to salinity by accumulating
a broad range sugars, polyols, and organic acids and maintain-
ing relatively low levels of amino acids. Using MS systems to
quantify over 500 metabolites in Arabidopsis leaves subjected to
water deficit, Urano et al. (2009) found that amino acid lev-
els responded coordinately and involved ABA signaling, whereas
raffinose oligosaccharide accumulation responded differently. Co-
regulated clusters may provide a more reliable and robust pheno-
typic trait than any individual compound, thus providing more
utility for phenotyping.

POTASSIUM

The single most abundant osmotic solute in water stressed plant
tissue is usually potassium. Flame photometry, atomic absorption
spectrometry and inductively coupled plasma-atomic emission
spectrometry (known as ICP) are usually the methods of choice
(Munns et al., 2010).

For profiling the levels of potassium and other mineral ions,
ICP spectroscopy is the most commonly used method. Although
usually performed in relatively small numbers of samples, it can
be automated to increase the rate of throughput, as has been
done on large “ionomics” projects (Lahner et al., 2003; Salt et al.,
2008).

A further consideration in the analysis of metabolites is that
metabolite concentrations tend to be variable with respect to time
of sampling, age of an organ, and environmental conditions. To
characterize a genotype, investigators might be able to use full-
scale metabolomics to identify a smaller set of key diagnostic
compounds such that it is cost-effective to determine levels of
a small number of key compounds in several organs and at several
time-points rather than to determine the whole metabolic pro-
file for just one sample. For phenotyping projects that involve
hundreds or thousands of samples, it may be valuable to use
more targeted, less expensive methods for all samples, and reserve
full-scale metabolomics for a subset.

ANTIOXIDANTS

In leaves, water deficit can result in excess electron flow to the
production of reactive oxygen species (ROS) which in turn dam-
ages leaf membranes and proteins (Demmig-Adams and Adams,
2002). While high-throughput luminol chemiluminescence meth-
ods are available to assay the composite ROS levels in tissues
subjected to stress, the functions of ROS are multifaceted and
include signaling (Mittler et al., 2011), thereby complicating their
interpretation. It is plausible that metabolomics may provide valu-
able phenotypic information on the spectrum of antioxidants
and photoprotectants in a genotype. For example, studies indicate
that the xanthophyll carotenoids perform a critical photoprotec-
tant role (Demmig-Adams and Adams, 2002), and methods for
metabolite profiling of carotenoids are now available (Fraser et al.,
2007).

COMPATIBLE SOLUTES

Compatible solutes are small molecular weight osmolytes which
are highly soluble in the cell solution and do not interfere with
cellular metabolism, even at high concentrations. They differ in
this regard from inorganic solutes, which can disrupt protein and
membrane structure at high concentrations. Examples of com-
patible solutes include proline, QACs (glycine betaine), and sugar
alcohols (mannitol, pinitol). Given their putative properties, they
have been of interest with respect to genetic improvement of
crops for a long time. The possibility of manipulating the levels
of compatible solutes through transgenic metabolic engineering
has been considered to be within grasp because the genes encod-
ing their synthesis and catabolism have been cloned. While such
overexpression transgenics have had limited success in improving
drought tolerance (Abebe et al., 2003; Su et al., 2006; Chen and
Murata, 2008; Szabados and Savoure, 2010; Sanchez et al., 2012), it
might still be of interest to phenotype populations to identify alle-
les that contribute to compatible solute synthesis. In addition to
the metabolite and protein assays described above, another strat-
egy might be to analyze the activities of key enzymes in compatible
solute synthesis or catabolism. Recently, methods have been devel-
oped to vastly increase the throughput of such assays, so that it is
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now feasible to use this approach in phenotyping. For example,
Gibon et al. (2004) reported the development of a robot-based
system for assay of the activity of 23 enzymes that are involved in
central carbon and nitrogen metabolism.

LATE EMBRYOGENESIS ABUNDANT PROTEINS

Studies of plant organs that undergo extreme desiccation, such
as dry seeds and resurrection plants, have led to the discovery of
a broad class of proteins called “LEA proteins.” LEAs are highly
expressed during desiccation and are thought to play a role in
desiccation tolerance, although the mechanisms for this are not
yet known. LEAs are unstructured, unfolded proteins that are
highly hydrophilic and remain water soluble even when heated
to 80°C. This is due to their high content of glycine, glutamic
acid, glutamine and lysine the near absence of cysteine, and their
unique peptide profiles (Wise and Tunnacliffe, 2004; Tunnacliffe
and Wise, 2007). But there is evidence that during stress, LEAs
can develop a secondary structure and interact with proteins and
membranes, and this may explain their function in drying tissue.
Under such conditions, they might serve a chaperone function to
form three-dimensional structures that could provide stability to
cellular protein and membrane systems, to prevent enzymes and
other structures from aggregating and denaturing (Goyal et al,,
2005). In the highly dehydrated state, they might also serve as a
molecular shield to prevent excessively close proximity of pro-
teins, or they might serve a water-binding role that helps create a
more favorable environment for protein stability during desicca-
tion. Studies of transgenic plants in which LEA polypeptides have
been overexpressed have been reported to contribute to tolerance
of water loss (Sivamani et al., 2000; Cheng et al., 2002; Xiao et al.,
2007). Much of this work involves severe water loss, such as in
desiccation. Hence it is possible that their roles only come into
play when a tissue experiences severe dehydration, such as during
advanced stages of a drought episode, where soil water is depleted
to a severely low water potential and leaves desiccate to an even
lower water potential. In these cases, LEA proteins may act together
with compatible solutes to prevent tissue death, and permit subse-
quent rehydration to a viable state, if and when deeper rooting or
precipitation occurs. Hence, with respect to crop growth during
the vegetative stage, the situations in which they might be most
important are where more tolerant genotypes use LEA polypep-
tides to help avoid lethal desiccation and ensuing cell death, such
as in conditions where susceptible genotypes suffer from leaf firing
and tassel blasting.

Late embryogenesis abundant levels have been measured using
immunochemical approaches. By taking advantage of the fact that
members of each LEA family of polypeptides have a few conserved
domains, antibodies developed against a conserved domain are
useful in detecting several members of the family (Close and Chan-
dler, 1990). Assays using such antibodies have been developed
for protein gel blots and ELISA (Jayaprakash et al., 1998; Volaire,
2003; Yang et al., 2007; Pinheiro et al., 2008). Recently, proteomic
methods wherein polypeptides are separated by two-dimensional
polyacrylamide gel electrophoresis followed by identification by
liquid chromatography-mass spectrometry (LC-MS) have been
used to analyze the levels of LEA polypeptides in plant tissues
(March et al., 2007). As with other “omics” methods, proteomics

provides the capability to survey the levels of the whole family of
LEA polypeptides, which are numerous; for example, there are 50
members in Arabidopsis LEA family (Bies-Etheve et al., 2008).

REPRODUCTIVE AND STORAGE ORGAN DEVELOPMENT
Many important traits that contribute to superior crop perfor-
mance in stress environments involve better developmental regu-
latory systems whereby deep root growth is stimulated and lateral
rooting decreased, or development of sink organs that will con-
tribute to yield is sustained rather than aborted. These traits can
be especially challenging to phenotype using analytic methods
due to their complex regulatory networks and the large number of
component factors. While quantification of easily scored morpho-
logical traits such as root length and plant height are straightfor-
ward, there may be value in quantifying processes that underpin
these growth processes and the impact of stress on them. Methods
to phenotype processes that contribute to seed-set, fruit-set and
tuber-set are of interest for many crops, as are similar develop-
mental attributes that are often diminished in stress, and genetic
selection for these traits has been successful in improving crop
yield in drought stress Ribaut et al. (2009). While morphological
measures of these traits can be effective (e.g., ASI in maize, spikelet
fertility in rice, and components of yield in most crops), it is possi-
bly of interest to have diagnostic tests that would involve sampling
tissue at the moment it is engaged in developmental decision-
making, so that genotypes could be evaluated more directly for
important stress tolerance behavior. For example, in maize and
rice, a common response to water deficit at flowering is decreased
cell wall invertase (INCW) activity (Ji et al., 2005; Boyer and
McLaughlin, 2007). Given that expression of INCW represents one
of many genes that are part of the growth-arrest syndrome, mea-
surement of INCW levels can be considered a diagnostic test for
this growth-arrest phenotype. Many other diagnostic test candi-
dates can be considered, including other growth-specific proteins
such as cyclins (for cell division), expansins (for cell expansion
growth), and starch synthase (for starch accumulation).

In addition to direct participants in growth, the level of expres-
sion of key signaling or transcription factor proteins could also
be considered valuable in this phenotyping strategy. Candidates
for diagnostic tests might be identified from transcript profiling
studies that are being carried out on reproductive tissue exposed
to drought. For example, studies by Yu and Setter (2003) in maize
and Agarwal et al. (2007) in rice have profiled transcription in
pedicels, endosperms, and panicles during their early stage of
development, and have found sets of transcripts that are consis-
tently up- or downregulated in response to stress and studies by
Fujita et al. (2010) have identified transcripts expressed at specific
stages of reproductive organ development. In a review of over 100
transcriptomic studies of plant response to drought and salinity,
Deyholos (2010) concluded that with future improvements, tran-
scriptomics could be valuable as a screening tool for candidate gene
discovery. This approach is consistent with the strategy of identi-
fying a small number of key transcripts (e.g., Rabbani et al., 2003;
Boyer and McLaughlin, 2007) which could be used to construct
a diagnostic test of stress tolerance attributes for use in pheno-
typing large populations. Tools for handling hundreds of RNA
samples are available. For example, real-time polymerase chain
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reaction (RT-PCR) can be run on 384 plates fairly economically
and reliably.

Other methods are under development to extend transcrip-
tomic assays from being highly focused on just a few samples (pro-
filing tens of thousands of genes) toward a capability of efficiently
handling thousands of samples. An advantage of such an approach
is that it might reveal genetic variability for processes underlying
the decision-making involved in reproductive set versus abortion.
This approach could be particularly effective for developmental
traits such as flower and seed-set, which involve complex signal-
ing and gene expression networks rather than clear-cut metabolic
pathways. Methods for morphological measurement of growth or
components of yield at final harvest as currently used might miss
some of this information. As the cost of transcript profiling by
RNA sequencing (RNAseq) and other genomics methods continue
to decrease, the prospects of using these methods for phenotyping

will be enhanced. This may enable clustering of RNAseq (or pro-
teomic) data points to identify higher order patterns in profiles of
gene expression that correlate with superior stress tolerance. Such
systems approaches might capture trait information on a complex
process such as sustained floral development that could not be
explained by quantifying a small set of transcripts.

CONCLUSION

Investigators now have a wide range of analytical tools to use in
measuring metabolites, proteins and transcripts in plant tissues.
The tools range from inexpensive to costly, from single-purpose
to broad based profiling in “omic” mode. The most appropriate
choice for phenotyping will depend on a project’s goals, the rela-
tive merit of each analytical approach, the cost, and any trade-offs
between phenotyping a large number of entries at low cost per
analysis versus a smaller number in great detail.
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