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Understanding how plants respond to water deficit is important in order to develop crops tolerant to drought. In this study,
we compare two large metabolomics datasets where we employed a nontargeted metabolomics approach to elucidate metabolic
pathways perturbed by progressive dehydration in tobacco and soybean plants. The two datasets were created using the same
strategy to create water deficit conditions and an identical metabolomics pipeline. Comparisons between the two datasets therefore
reveal common responses between the two species, responses specific to one of the species, responses that occur in both root and leaf
tissues, and responses that are specific to one tissue. Stomatal closure is the immediate response of the plant and this did not coincide
with accumulation of abscisic acid. A total of 116 and 140 metabolites were observed in tobacco leaves and roots, respectively, while
241 and 207 were observed in soybean leaves and roots, respectively. Accumulation ofmetabolites is significantly correlated with the
extent of dehydration in both species. Among the metabolites that show increases that are restricted to just one plant, 4-hydroxy-
2-oxoglutaric acid (KHG) in tobacco roots and coumestrol in soybean roots show the highest tissue-specific accumulation. The
comparisons of these two large nontargeted metabolomics datasets provide novel information and suggest that KHG will be a
useful marker for drought stress for some members of Solanaceae and coumestrol for some legume species.

1. Introduction

Producing food is a water-intensive process and agricul-
ture is responsible for consuming about 70% of available
fresh water [1]. Hence, it is understandable that limited
water availability will be detrimental to food production.
Drought is a serious threat to food production and is a
global problem which affects 64% of global land area [2, 3].
In the US in 2012, 57% of the total cropland was under
severe drought, resulting in the decrease of crop production
estimates [4]. Drought frequency and intensity are expected
to increase due to looming threat of climate change [5]
which is why considerable research has been allotted in
order to understand how plants respond to this important
stress. One approach to elucidate plants response to water
stress is through metabolomics. Metabolomics is a powerful
tool to gain insights into how plant metabolic processes are
regulated under stressful growing conditions [6]. Metabolites

are abundant in plants and in the plant kingdom, and the
total metabolites are estimated to range between 200,000 and
1 million. Model plant like Arabidopsis thaliana is estimated
to produce ∼5000 metabolites during its life cycle [6–8].
The metabolome of the plant is the link between genotype
and phenotype [9] and is considered the ultimate phenotype
of cells deduced by the perturbation of gene expression in
response to the environment [8]. It can influence both the
gene expression and the protein function of the plant which
make metabolomics a central component in elucidating
cellular systems and decoding gene functions [8, 10, 11].
Metabolome profiling is an attractive tool for phenotyping
plants perturbed by environmental changes because it can
detect several molecules from biosynthetically unrelated
pathways [12]. Traditionally,metabolic analyses were targeted
and were focused on single or specific class of metabolites
which could lead to somewhat biased and preordained
findings [13, 14]. With global metabolome profiling, it can
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provide less biased view of the metabolic phenotypes and
can lead to the discovery of novel metabolic phenotypes
that are missed by traditional targeted analyses [9, 13].
Perturbation in plant metabolism occurs when the plant is
subjected to stress and, by dissecting the metabolic pathways
involved, would provide an overview on what and how
metabolic pathways are being regulated during stress. Several
studies reported various mechanisms that plants utilize to
cope with water deficits and one of those mechanisms is
through osmotic adjustments [13]. Plants actively accumulate
compatible solutes during water loss to stabilize proteins and
cellular structures and/ormaintain positive turgor in the cells
[14]. The reduction in osmotic potential can be attributed to
accumulation of compounds such as amino acids and polyols
and thus enable the plants to maintain turgor and growth
under these unfavorable growth conditions [13]. One of the
amino acids that accumulate in plants under several types of
stresses is proline [15]. Potential functions of proline in stress
resistance include osmotic adjustment, protection of cellular
structure during dehydration, redox buffering, storage and
transfer of reductant, a signaling molecule, and scavenger of
reactive oxygen species (ROS) [15].

In this study, we utilizemetabolome profiling to provide a
global perspective of metabolites perturbation in two species
of plants subjected to progressive dehydration referred to
hereon as water deficit. This will provide us with com-
parative information of potential novel candidates in two
economically important crop species. Further work on those
candidates will provide a better understanding of the role and
regulation of metabolites during water deficit.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions, and Water Deficit
Treatments. Tobacco plants were grown and subjected to
water stress as outlined byRabara et al. [16]. Surface-sterilized
seeds of tobacco cv. “Burley 21” (donated from the University
of Virginia) were germinated on half-strengthMurashige and
Skoog (MS) (Caisson, USA) agar plates. A week after ger-
mination, seedlings were transferred to a minihydroponics
setup in sterile MK-5 (Caisson, USA) polycarbonate vessels
(6 × 6 × 9.5 cm) filled with half-strength MS liquid medium.
Plantswere supported by plastic platformwith holes to ensure
that only the roots are submerged in the media. The plants
were grown in the growth room set at 25∘C for 2 weeks. They
were then subjected to dehydration in a growth room for 20,
40, 60, 120, and 240 minutes by removing them from the
liquid media using the support platform. Each time point
consisted of three replicates with 20 plants per replicate to
ensure that enough tissues were harvested. Roots and leaves
were harvested and immediately frozen in liquid nitrogen.

Soybean plants were grown and subjected to water stress
as outlined by Tripathi et al. [17]. Soybean cv. “Williams 82”
seeds were sown in a pot with vermiculite and covered with
plastic wrap until germination. Seedlings were transferred
in a plastic container filled with growth media. The plants
were grown hydroponically using half-strength Hoagland’s
solution, maintained at pH 5.8 in a growth chamber set at

25∘C. After growing them for 30 days, plants were subjected
to water stress by removing them from the media into empty
boxes without touching them. Leaves and roots samples were
harvested after 30, 60, 120, 180, and 300min dehydration
and immediately frozen in liquid nitrogen and stored at
−80∘C until further processing. Nine plants were utilized for
each time point including unstressed plants (three replicates
per time point and three plants per replicate). To check
whether plants were still viable at the last time point, sample
plants were rehydrated in their respective media for recovery.
The plants were considered to have recovered when they
recovered from wilting.

2.2. Measurement of Plant Physiological Responses. Samples
fromboth leaves and roots were selected for themeasurement
of osmotic potential.The tissue samples were placed in 1.5mL
centrifuge tubes with a polypropylene frit at the bottom of
the tube. The tubes were flash frozen in liquid nitrogen. The
samples were then thawed and later centrifuged for 5min at
4,500 rpm to remove the cell sap. After centrifugation, a 10 𝜇L
cell sap sample was withdrawn and placed into a Vapro 5520
osmometer (Wescor, USA) to measure osmotic potential.
Measurement of leaf stomatal conductance was performed
for each time point (𝑛 = 6) using SC-1 leaf porometer
(Decagon, USA).

2.3. Metabolomics and Statistical Analyses. Harvested sam-
ples from both plant species were ground to powder and
100mg of the powdered samples was sent to Metabolon,
Inc. (USA), for metabolite identification and analysis using
their analysis pipeline. Combinations of three independent
platforms were utilized for the global unbiased metabolic
profiling as described by Oliver et al. [18]. Compounds
were identified by comparison to library entries of purified
standards or recurrent unknown entities, a total of over
one thousand compounds. Following log transformation
and imputation with minimum observed values for each
compound, Welch’s two-sample t-test was used to identify
metabolites that differed significantly between experimental
groups. Metabolites that achieved statistical significance (𝑝 ≤
0.05), as well as those approaching significance (0.05 < 𝑝 <
0.1), were highlighted in the dataset. An estimate of the
false discovery rate (𝑞-value) was also calculated to take into
account the multiple comparisons that normally occur in
metabolomic-based studies. The 𝑞-value describes the false
discovery rate; a low 𝑞-value (𝑞 < 0.10) is an indication of
high confidence in a result.

Comparison between treatment and control was done
using Welch’s two-sample t-test in order to identify signifi-
cantly different metabolites between the control and water-
stressed plants. Correlation analyses between all metabolite
pairs were done using Pearson’s product-moment correlation
(Pearson’s 𝑟).

3. Results and Discussion

3.1. Physiological Response to Water Stress. Tobacco and
soybean plants were grown in hydroponic conditions and
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Figure 1: Osmotic potential (MPa) and stomatal conductance (mmol/m/s) of tobacco (a) and soybean (b) at different dehydration time points
(min). Horizontal axes are the dehydration time points (min) for each plant species. Data are mean and standard error of three biological
replicates.

subjected to progressive dehydration in order to gain insights
into the responses to water stress at the metabolic level.
We utilized hydroponics system as our method of choice to
infer plants response to water stress because we would like
to impose only a single stress in the plant compared to the
combinatorial stress (heat andwater stresses) observed under
field-grown plants. The hydroponic system had been widely
used to assess the transcriptional profile of plants under water
stress [19–21].

In our study, plants exhibited wilting after 20 and 30min
of dehydration in tobacco and soybean, respectively. To check
whether the plants were still viable after prolonged water
deficit, plants dehydrated for 240min (tobacco) and 300min
(soybean) were replaced in the media and observed for
recovery. After 24 h, all sample plants fromboth plant systems
were able to recover from wilting.

Tobacco and soybean showed similar physiological
responses when subjected to water stress conditions (Fig-
ure 1). Both species showed a rapid response to the water
stress through closure of stomata as indicated by the
measured stomatal conductance. The stomatal conductance
dropped significantly after 20min (tobacco) and 30min
(soybean) of dehydration. Stomatal closure is triggered as
an initial response as a means of defense to minimize water

loss as transpiration accounts for >90% of water loss in
plants [22]. Rapid closure of stomata during water stress
is a universal response in plants. Stomatal conductance is
an established stress response in plants which has been
used as one criterion for selection of drought tolerance and
avoidance in Impatiens capensis [23] and a reliable tool in
screening osmotic stress tolerance in durum wheat [24]. It
is also one of the factors that are associated with drought
tolerance in grapevines [25]. Reduction of stomatal density
has been shown to enhance drought tolerance in Arabidopsis
by lowering stomatal conductance and transpiration rate [26].
Drought imposition in soybean resulted in a 22% reduction
in stomatal density compared to well-watered soybean plants
[17].

Similarly, the osmotic potential (OP) in both tissues in
both crops showed an almost identical profile. Leaves tend
to have low OP values compared to roots in the two species
during the early stage of stress (Figure 1). This trend changed
during the latter part of the stress wherein roots have lower
OP compared to leaves. In tobacco, a rapid decrease (62%)
in OP to −1.1MPa was observed in the leaves but with a
little decrease in roots after 20min dehydration. Further
dehydration for 240min resulted in a 296% decrease in
osmotic potential to −2.7MPa relative to the control. On the
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Figure 2: Composition ofmetabolites detected in leaves and roots of tobacco and soybean plants subjected to time-course based dehydration.

other hand, OP of soybean leaves did not show a change
until the plants were stressed for 120min. Soybean OP in
both tissues after 300min of water stress were significantly
different with roots reaching −3.5MPa. In contrast, tobacco
leaves and roots have almost similar OP values during the
late stage of stress. A difference in osmotic potential between
the two tissues in both crops is consistent with the findings
of Silveira et al. [27] that a differential response occurred
in leaves and roots during osmotic stress. This differential
response between the two tissues could be due to their
differences in accumulation of osmolytes during water stress
but could also be a function of the method of water stress
applied.

3.2. Effect of Water Stress on the Profile of Metabolites.
Metabolome profiling was performed in order to gain insight
into the metabolic changes in tobacco and soybean plants
under varying levels of dehydration. Figure 2 provides an
overview of the number of metabolites from various groups
detected in both plant species in different tissues. A total
of 116 and 140 metabolites were detected in tobacco leaves
and roots, respectively. More metabolites were detected in
soybean consisting of 241 and 207 metabolites in leaves and
roots, respectively. Metabolites in the amino acid and car-
bohydrate groups comprised the majority of the metabolites
detected in both tissues for both plants. Lipids were also
predominant in both tissues in soybean but only in roots in
tobacco. The dominance of carbohydrates and amino acids
detected in both tissues of soybean and tobacco signifies
their important role in plant metabolism. Carbohydrates are
an important component in plant metabolism by providing
energy in various metabolic pathways and as crude materials

for synthesis of other organic compounds [28]. Amino acids
on the other hand can be a source of nitrogen for plant
nutrition and can delay protein degradation during water
deficit conditions [28, 29].

It is interesting to note that, in tobacco, abscisic acid
(ABA) was only detected in roots where it accumulated
significantly (8-fold; 𝑝 < 0.001) after 240min of water stress.
This is in contrast with soybean where ABA was detected in
both tissues but was only significantly accumulated in leaves
after 300min (6-fold; 𝑝 value = 0.04) and 500min (8-fold; 𝑝
value = 0.002) of water stress. This appears to be a significant
difference in response between the two plant species. ABA in
soybean leaves accumulated up to∼100mg/g FWwhen plants
were stressed for 300min [17]. This phytohormone is well
documented as the key regulator of stomatal closure in plants
during water stress [30]. Its biosynthesis during water stress
could be in roots or leaves as reported in tomato and tobacco
[31, 32]. Although noABAwas detected in our tobacco leaves,
stomatal closure occurred even at the earliest stage of water
stress. Holbrook et al. [31] demonstrated that ABA-deficient
tomato mutants still closed their stomata during water stress.
The closure of the stomata could have been triggered by
hydraulic signals since stomatal closure in plants can be
triggered by chemical (ABA) or hydraulic signals [30].

The general metabolome profile of the plants during
the course of the progressive water stress can be seen in
Figure 3. It is interesting to point out that accumulation
of metabolites between two tissue samples for both species
follows a different profile. Accumulation of metabolites in
roots for both species was progressive (Figures 3(a) and 3(c))
and was directed towards the later stage of dehydration.
Root metabolites accumulated slowly during the early stage
of water stress and dramatically increased during the last
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Figure 3: Heatmap of metabolites in tobacco and soybean leaves and roots at various dehydration time points. Tobacco roots (a) and leaves
(b). Soybean roots (c) and leaves (d). In tobacco (a-b), the following colors indicate the dehydration time points: red (control), blue (20min),
pink (40min), yellow (60min), green (120min), and light blue (240min). In soybeans (c-d), the following colors indicate the dehydration
time points: red (control), pink (30min), yellow (60min), green (120min), blue (180min), and light blue (300min).

two time points where the plants were experiencing extreme
water stress. Hierarchical cluster analyses of root samples
showed that the last two time points in tobacco (120 and
240min) and the last three time points in soybean (120,
180, and 300min) were distinctly separated from the rest of
the time points. These trends in the dataset can be further
explained by the PCA score plot (Figure 4). The scores plot
of the PCA analysis showed clear groupings of the different
water stress treatments. Variation in the dataset in roots
in both species can be explained by principal component
1 (PC1) which accounts for 88–98% of the variation. These
results showed that water stress treatments contributed sig-
nificantly to the root metabolite changes. It is interesting

to note that, in tobacco roots, almost all the metabolites
showed progressive accumulation towards the last two time
points except for nine metabolites that showed progressive
accumulation up to the 60min of dehydration and then
started to decline after further dehydration. Cluster analysis
clearly separated this group from the other groups based on
the accumulation during the course of dehydration. These
nine metabolites were composed of amino acids (asparagine,
aspartate, glycine, and serine), carbohydrates (galactinol,
myoinositol), lipid (1-palmitoylglycerophosphocholine), sec-
ondary metabolite (anatabine), and xenobiotic (lauryl sul-
fate). Looking at their accumulation in the leaf, all these
metabolites are present except the xenobiotic lauryl sulfate.
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Figure 4: Score plots of PCA of tobacco and soybean metabolites in leaf and roots under various dehydration time points.

Galactinol and myoinositol, two precursors of raffinose,
showed contrasting patterns in tobacco roots. Galactinol was
not affected by water stress whereas myoinositol significantly
accumulated after 40–60min of stress and started to decline
after subsequent dehydration to 240min. Amiard et al. [33]
reported a similar pattern in ryegrass under water stress.
Galactinol and myoinositol accumulation were not affected
by drought stress in ryegrass but instead influenced the accu-
mulation of fructans in leaves. The four amino acids showed
a downward trend in accumulation in all time points. In
soybean roots, 21 metabolites have a different accumulation
pattern as highlighted by cluster analysis. Most of these
metabolites belong to nucleotide groups (50%). Asparagine
was also clustered in this group.

Comparisons of the large metabolome datasets from
tobacco and soybean show that, in contrast with the root
metabolome profile, the metabolite pattern in leaves is
biphasic. This pattern showed a distinct increase during the
early stages of dehydration (20–40min in tobacco; 60min
in soybean) and increased again at the late stage of dehy-
dration. This same pattern was reflected in the profile of
differentially significant metabolites as shown in Supple-
mental Fig. 1 in Supplementary Material available online
at https://doi.org/10.1155/2017/3065251. The total number of
metabolites showing a downward trend in both tissues in
tobacco was minimal with numbers ranging between 0 and
9. Soybean, however, shows a contrasting trend where all
the differentially significant metabolites observed showed
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increases. Only one compound was noted to decrease in
either tissue, that is, sebacate (𝑝-value = 0.0071; 𝑞-value =
0.3349) and genistin (𝑝-value = 0.0323; 𝑞-value = 0.9859)
in roots and leaves, respectively. Both compounds decreased
significantly during the initial stage (30min) of dehydration.
Genistin, a 7-0 glycoside form of the aglycone genistein [34],
is involved in the isoflavonoid pathway and significantly
accumulates in the roots during the course of water stress.
The same effect had been reported in soybean seeds where
drought increased genistin content in seeds by 47% [35].

3.3. Metabolite-Metabolite Correlation Analysis. Correlation
analyses were carried out to identify the relationship among
the metabolites detected in the two plant species. The
heatmaps of the correlation analysis provide an overview of
the correlation in each tissue for both species (Figure 5).
In tobacco roots, most of the metabolites measured showed

positive correlation and only nine compounds (6%) showed
negative correlations and clustered in the same group. This
group is the same set of metabolites detected by cluster
analysis in Figure 3 to have a different accumulation pattern
with the rest of the metabolites. The negative correlation of
these compounds with the rest of the metabolites explained
why these nine metabolites showed a distinct accumulation
pattern as shown in Figure 3. The same observation was
noted in soybean roots wherein 18 metabolites clustered
together because they have a negative correlation with most
of the metabolites detected. Thirty-nine percent of these
metabolites belong to the nucleotide group. One metabolite
in that cluster of 18 metabolites is asparagine. Asparagine
was consistently negatively correlated with the majority of
the root metabolites in both species. Its accumulation in
tobacco roots positively correlates with only fourmetabolites,
glycine, aspartate, myoinositol, and galactinol, with glycine
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Figure 6: A Venn diagram representing the distribution of metabolites in tobacco and soybean leaves and root samples. Numbers in
parenthesis are the total number of metabolites detected in each sample.

showing the highest correlation (𝑟 = 0.64). In soybean,
it has a positive correlation with glutamine, choline, glu-
cose 6-phosphate, dehydroascorbate, and allantoic acid, with
glutamine showing the highest correlation (𝑟 = 0.76).
Asparagine and glutamine are the primary nitrogen transport
in plants and are involved in various biological processes
[36]. Although their accumulation showed a strong positive
correlation, glutamine in soybean roots was not influenced
by water stress while asparagine significantly accumulated
during the initial stage of water stress (3-fold, 𝑝 = 0.03) and
started to decline after 60min of dehydration. Asparagine
had been reported to increase in rice during drought but its
accumulation negatively correlates with water use efficiency
and yield [37]. This may be a combinatorial effect from
other metabolites and not solely due to the accumulation of
asparagine. On the other hand, in leaves, ∼23 metabolites
(20% of the total metabolites detected) showed negative
correlation profiles in whichmost of thesemetabolites belong
to the carbohydrate and amino acid groups. A similar case
was observed in soybean leaves where 39 metabolites (16%
of the metabolites detected) were negatively correlated with
the rest of the metabolites. Metabolites from the amino acid
and carbohydrates groups were the most predominant in this
group.

3.4. Plant and Tissue-Specific Metabolites. One of the objec-
tives of our study is to identify potential biomarkers that can
be used for screening stress response in plants. To achieve this
objective, we analyzed themetabolites for their tissue-specific
pattern in both species. Figure 6 provides an overview of the
number of metabolites specific and common between tissues
and species. A total of 60 metabolites were conserved and
shared by both plants in both tissues. Most of these metabo-
lites belong to amino acid (33%) and carbohydrates (40%)

groups. Some of these metabolites conserved in both species
include myoinositol, gamma-aminobutyrate (GABA), pro-
line, mannitol, sucrose, and pyruvate (Table 1). Soybean
tissues showedmore tissue-specificmetabolites than tobacco.
Fifty-three metabolites were found specific to soybean leaves
which comprise mostly metabolites belonging to the amino
acid and secondary metabolism groups (Supplemental Fig.
2). Some caution should be exercised, however, because not
being detected in the tissue might not always indicate that
the metabolite is not present and could just be the case
that the metabolite level is below the detection limit. For
example, arabinose was only detected in tobacco leaves in our
study but has been reported to be abundant in vacuoles in
soybean leaves [38]. It has also been reported to increase in
coffee leaves when plants were under heat stress [39]. This
is certainly not the case for the arabinose detected in our
tobacco leaves since its accumulation was not affected by
water stress. Sorbitol, which was only detected in soybean
leaves, had been reported to facilitate osmotic adjustment in
fruit trees [40].

In addition to qualitative differences in metabolic re-
sponses, there are also differences in the kinetics of response.
For example, another osmoprotectant that was only detected
in roots in both species is trehalose. It only accumulated
significantly (19-fold; 𝑝 = 0.0127) at a late time point after
tobacco plants were under stress for 240min. In soybean
roots, its accumulation was earlier and significantly increased
starting at 120min of dehydration. Trehalose is a well-studied
metabolite associated with abiotic stress and the subject of
various metabolic engineering efforts to enhance drought
tolerance in plants. Overexpression of genes involved in
trehalosemetabolism increased drought tolerance in rice [41]
and tomato [42].

One objective of nontargeted metabolome profiling is to
identify biomarkers that can be used in screening germplasm
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materials for tolerance to stress. In our study, we were
able to identify species-specific metabolites that significantly
accumulated in the roots and have the potential to be used
as biomarkers for screening drought responses. In tobacco,
4-hydroxy-2-oxoglutaric acid (KHG) accumulated as high as
70-fold after 240min of dehydration. This metabolite may
therefore be a marker to differentiate sensitive from tolerant
varieties subjected to water stress. There are no reports
of a role in plants for KHG during water stress and this
suggests that further detailed studies on the role of KHG are
warranted. In soybean, coumestrol accumulated up to 161-
fold higher than control levels after 180min of dehydration.
Its accumulation is 46-fold after just 60min of dehydration.
This level of accumulation, especially after only a short
duration of water stress, could be a good early indicator
of drought in soybean roots. Other potential biomarkers
could be known stress metabolites like gamma-aminobutyric
acid (GABA). GABA is a well-reported nonproteinogenic
amino acid that responds to biotic and abiotic stress. Most
of the metabolites involved in the GABA shunt pathway in
both species were induced by water stress (Supplemental
Fig. 3). The role of GABA during abiotic stress is not
well understood and researchers have tried to elucidate the
physiological mechanism involved by exogenous application
of GABA to mitigate the effect of drought. Krishnan et al.
[43] reported that exogenous application of GABA mitigates
drought damage in perennial ryegrass by maintaining higher
relative water content and stable membranes.

4. Conclusion

Twometabolomics datasets presented in this study were gen-
erated by growing both plant species in similar hydroponic
systems and water deficit conditions and analyzed using
identical metabolomics pipeline. Comparisons between the
two datasets therefore reveal common responses between
the two species, responses specific to one of the species,
responses that occur in both root and leaf tissues, and
responses that are specific to one organ. Some of the metabo-
lites that increase during drought in both species include
myoinositol, gamma-aminobutyrate (GABA), proline, man-
nitol, sucrose, and pyruvate (Table 1). Among the metabolites
that show increases that are restricted to just one plant,
4-hydroxy-2-oxoglutaric acid in tobacco roots (increased
70-fold after 240min of dehydration) and coumestrol in
soybean roots (161-fold higher after 180min) show high
level tissue-specific accumulation that suggests that these
two compounds could serve as biomarkers for drought
stress in these two economically important species. We
have previously reported the metabolomics result from each
of these two species. However, the comparisons of these
two large nontargeted metabolomics datasets provide novel
information and detailed comparative overview at species
and tissue level. Also, these comparative findings suggest that
KHG will be a useful marker for drought stress for some
members of Solanaceae and coumestrol for some legume
species. Tobacco is a well-studied model plant for Solanaceae
family and also an important economic crop like soybean.

Global profiling and comparison at the metabolite level will
be a useful resource for the plant community and research
groups working with metabolites to have drought tolerant
crops.

Disclosure

Current affiliation of Roel C. Rabara is New Mexico Con-
sortium, Los Alamos, NM 87544, USA. Current affiliation of
Paul J. Rushton is 22nd Century Group Inc., Clarence, NY
14031, USA.

Competing Interests

The authors declare that they have no competing interests.

Authors’ Contributions

Roel C. Rabara and Prateek Tripathi contributed equally to
this study.

Acknowledgments

The authors would like thank Ms. Jennifer Jara-Rabara for
editing and reviewing the manuscript. This project was
supported in part by the National Research Initiative Grants
2008-35100-04519 and 2008-35100-05969 from the USDA
National Institute of Food and Agriculture.

References

[1] E. Cominelli, L. Conti, C. Tonelli, and M. Galbiati, “Challenges
and perspectives to improve crop drought and salinity toler-
ance,” New Biotechnology, vol. 30, no. 4, pp. 355–361, 2013.

[2] G. R. Cramer, K.Urano, S.Delrot,M. Pezzotti, andK. Shinozaki,
“Effects of abiotic stress on plants: a systems biology perspec-
tive,” BMC Plant Biology, vol. 11, no. 1, article 163, 2011.

[3] R. C. Rabara, P. Tripathi, and P. J. Rushton, “The potential
of transcription factor-based genetic engineering in improving
crop tolerance to drought,” OMICS A Journal of Integrative
Biology, vol. 18, no. 10, pp. 601–614, 2014.

[4] USDA-ERS, U.S. Drought 2012: Farm and Food Impacts, 2012.
[5] Y. Kang, S. Khan, and X. Ma, “Climate change impacts on crop

yield, crop water productivity and food security—a review,”
Progress in Natural Science, vol. 19, no. 12, pp. 1665–1674, 2009.

[6] T. Obata and A. R. Fernie, “The use of metabolomics to dissect
plant responses to abiotic stresses,” Cellular and Molecular Life
Sciences, vol. 69, no. 19, pp. 3225–3243, 2012.

[7] H. V. Davies, L. V. T. Shepherd, D. Stewart, T. Frank, R. M.
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