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Metabolomics: Osmoprotection as a
Physiological Strategy for Drought
Stress Resistance and Improved
Yield
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Plants usually tolerate drought by producing organic solutes, which can either act as
compatible osmolytes for maintaining turgor, or radical scavengers for protecting cellular
functions. However, these two properties of organic solutes are often indistinguishable
during stress progression. This study looked at individualizing properties of osmotic
adjustment vs. osmoprotection in plants, using cowpea as the model species. Two
cultivars were grown in well-watered soil, drought conditions, or drought followed by
rewatering through fruit formation. Osmoadaptation was investigated in leaves and
roots using photosynthetic traits, water homoeostasis, inorganic ions, and primary and
secondary metabolites. Multifactorial analyses indicated allocation of high quantities of
amino acids, sugars, and proanthocyanidins into roots, presumably linked to their role
in growth and initial stress perception. Physiological and metabolic changes developed
in parallel and drought/recovery responses showed a progressive acclimation of the
cowpea plant to stress. Of the 88 metabolites studied, proline, galactinol, and a quercetin
derivative responded the most to drought as highlighted by multivariate analyses, and
their correlations with yield indicated beneficial effects. These metabolites accumulated
differently in roots, but similarly in leaves, suggesting a more conservative strategy to cope
with drought in the aerial parts. Changes in these compounds roughly reflected energy
investment in protective mechanisms, although the ability of plants to adjust osmotically
through inorganic ions uptake could not be discounted.

Keywords: drought, metabolome, cowpea, osmotic adjustment, gas exchange, chlorophyll fluorescence,
metabolite profiling, adaptation

INTRODUCTION

Plants usually acclimate or adapt to marginal environments by engaging multiple protective
mechanisms. Water is typically the most limiting resource to plant growth and productivity,
making drought one of the most deleterious abiotic stresses with respect to fitness and survival
(Pinheiro and Chaves, 2011; Simova-Stoilova et al., 2015; Gagné-Bourque et al., 2016). A range of
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Goufo et al. Metabolomic of Cowpea Grown under Water Deficit

FIGURE 7 | Probabilistic PCA of 41 primary, 35 secondary, and 12 unidentified metabolites detected in cowpea under water deficit and recovery:
levels in Fradel (triangles) and Pinhel (circles) roots and leaves that were measured under the following conditions: well watered (black and gray for 6
and 12 days of stress, respectively), drought stressed (red and brown for 6 and 12 days of stress, respectively), and rewatered (blue for plants
stressed for 6 days and then rewatered for 6 days). Values representing up to six biological replicates were square root-transformed with pareto scaling. For each
group of compounds, the upper plots represent PCA scores of the first two principal components, and lower plots represent the loadings for each compound. The
highest positive and negative loadings (Supporting Information Supplementary Table S6) associated to metabolic responses to stress/rewatering are tagged in red
and green, respectively. Loadings associated with other factors (e.g., sampling time) are highlighted in blue. Metabolites were grouped according to functional
categories, indicated in capital letters. For full compound names, please refer to Supporting Information Supplementary Table S3.

DISCUSSION adjustment and turgor maintenace, or osmoprotectants that

stabilize cellular constituents. This study looked at identifying
Plants tolerate drought by producing organic solutes, which actas  qualities of osmotic adjustment and osmoprotection in plants,
compatible osmolytes that accumulate in the cytosol for osmotic  using cowpea as the model species. Cowpea is considered
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FR feruloyl-methylaldaric acid 1 64.8613.96 a 24.7617.75b  26.87¢5.41b FR  unknown 1 0.11:0.01a 0.05£0.01b 0.03:0.01b
PR feruloyl-methylaldaric acid 1 10.452267b 6.27:0.73b  28.83#391a PR unknown 1 0.04:0.01a 0.04£0.01 a 0.02£0.00 b
FL  myricetin 3-O-glucoside 1.192061b 3731087 a 3.73:0.29 a
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FR
PR myricetin 3-O-glucoside 2.20£0.19 a 0.92£0.29 ¢ 1.44:030 b
FL  mannitol X100 3.70t1.44 a 3.19£1.20 a 2.38:0.37 b FR  glucose x100 9.76+0.59 a 7.81:1.76 b 7.7520.95b
FL pratocatechuic acid 3.45:0.20 b 6.20+1.34 a 212:0.25¢ FR fumarate x100 0.23:0.08b  0.30+0.12b  0.40:0.18a
FL  hydroxybenzoic acid 1012004 ¢ 3.8120.19a 1.45:0.15b FR coumaroylaldaric acid 1 0.38:0.02 b 0.62+0.05 a 0.2120.03 ¢
FL caffeic acid 4.04:£038 b 490:1.18b 11.29¢206a FR quercetin 3,7-O-diglucoside 258:025a 237:039%a 1.61:0.08 b
FL  coumaric acid 156.18:6.17b 214.39:18.16a 134.1427.77c FR  quercetin 7-O-galactoside 253023 a 1.80£0.18 b 1.80£0.24 b
FL  coumaroylaldaric acid 3 0.80£0.29 a 1172009 a 0.23:0.09 b FR  dihydroquercetin 35.73+393a 11.58:3.73c 24.0624.14b
FL  unidentified 3 0.62+0.06 a 059:008ab  0.41:0.10b FR  quercetin 3-O-glucoside 6.80:0.70a  1.72:027c  2.60:0.49b
PL  serine x100 569:1.05a 4.28+2.06b 4.2620.77 b FR  catechin 3.13:042a 0592048 ¢ 1.57£0.23 b
PL isdeucine x100 0.4620.08 ¢ 3932094 a 0.6120.11b FR  unknown 4 0.56£0.07 a 0.30:0.0 b 0.22¢0.01b
PL  omithine x100 0.13£0.07 ¢ 11420712 0.88£0.95b FR unknown 5 0.04£0.01 a 0.03£0.00 b 0.02£0.00 b
PL phenylalanine x100 0.23:0.03 ¢ 4824337 a 0.32:0.08 b FR  unknown 6 222:029a 1.331004b  0.8820.06¢
PL feruloylaldaric acid 1 0.75£0.14 b 1.4020.10 a 3.02:084 a FR
PL  kaempferd 3-O-glucoside 0.25¢0.03 a 0.26:0.08 a 0.05:0.01b FR

FIGURE 8 | Recovery performance of cowpea metabolites upon rewatering 12 days after drought stress. Shown are metabolites whose levels differed
between well-watered control and rewatered plants. The letters indicate cultivars: PL for Pinhel leaves, PR for Pinhel roots, FL for Fradel leaves, and FR for Fradel
roots. White, compounds that did not fully recover; Green, compounds that overcorrected compared to the control; Red, compounds that continuously changed.
Normalized relative values for primary metabolites are multiplied by 100 for easier comparison. Different letters inside the rows denote statistical differences between
means (Tukey’s test; P < 0.05).

a drought-resistant crop, but drought still constrains its
productivity. Delayed leaf senescence, stem greenness, and
deep rooting have been identified as important traits for
enhancing cowpea grain yield under water stress (Muchero
et al., 2008). However, phenotype-based selection has been
relatively slow, mainly owing to the unpredictability of drought
onset and considerable environmental effects on phenotypic
expression (Hamidou et al., 2007; Hall, 2012). Recent efforts
have concentrated on the use of DNA-based markers derived
from quantitative trait loci (Agbicodo et al., 2009; Shui
et al, 2013). It is expected that drought tolerance may
also be conferred by engineering cowpea stress responses

via metabolite-based markers (Khan et al., 2015). Cowpea
has a remarkable ability to withstand drought conditions by
limiting water loss. Although drought avoidance strategies,
such as stomatal closure and paraheliotropism, have well been
described in cowpea, the possibility of moisture conservation
through osmolyte accumulation has not been adequately
examined.

In this study, cowpea grown in greenhouse was subjected
to drought for 6 or 12 days and rewatered for 6 days
after 6 days of stress (Figurel). In the experimental
region, cowpea growing season is characterized by abrupt
rainfall. In 2016, for example, one rainfall event of 13.2
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FIGURE 9 | Effects of drought stress on cowpea leaf metabolites. Data are presented as averaged logarithmic fold-change ratios of metabolite levels in
drought-stressed and control plants. Unidentified and undetected metabolites (with the exception of Unknown 7) are omitted for visual clarity. PRO =
proanthocyanidins. Measurements were taken on day 6 (D6) or 12 (D12) of water stress (n = 4-6). Responses are represented by bars that indicate increased levels in
drought-stressed plants (positive values) or decreased levels (negative values). Asterisks indicate values that were determined to be statistically different using t-tests

2 4-2 0 2 4 -2 0 2 4

mm occurred in mid-June, 1 month after cowpea sowing
(Supplementary Figure 1). That rainfall was sufficient to
mimic greenhouse rewatering conditions for up to 2 weeks,
based on soil data (not shown). Therefore, the adopted design
simulated ecologically realistic stress and provided a valuable
opportunity to study cowpea adaptation to new watering
regimes.

Photosynthetic Data Suggest a Better
Resistance of Pinhel than Fradel to
Drought

Harvest dates were scheduled based on the loss and recovery

of A, which occurred during the vegetative and reproductive
stages, respectively. Cowpea responded to water deficit by

Frontiers in Plant Science | www.frontiersin.org

13

April 2017 | Volume 8 | Article 586


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Goufo et al.

Metabolomic of Cowpea Grown under Water Deficit

o~
o = ;
85 a Sucrose Fructose Mannitol
2 e 4
R - -
¢ o = -~
b B o ~s Erythritol/Threitol
Fradel Glucose -
Pinhel ||
Raffinose Galactinol Myo-inositol ¢ Trehalose
<« <+ < GeP™>
~ -~
‘ AR Threonate
F6P-—-- > Ascorbate—p
Glycerate * Serine Glycine
=
* Phenylalanine
Valine Pyruvate Alanine A -
Tyrosine i
<« | [ ] —» Y Tyramine
| E ----’ E
Asparagine
. Aspartate Acetyl-CoA
b ™ \> Citrate
- : ha Oxaloaceta/lgg N Proline Pyroglutamate
Threonine 4 y 4 |
Malate \
Isocitrate
! b
’l
* Fumarate // 2-Oxo-glutarate —» Glutamate —»___ GABA
Isoleucine [I | |
Succinate / \
Ornithine Glutamine
b 4 ~
s RS
Arginine Putrescine
Spermidine
Spermine
FIGURE 10 | Mapping of leaf metabolites in representative pathways. Metabolites are visualized using the averaged log fold-change ratios (n = 4 to 6) between
drought-stressed and well-watered plants harvested at day 6 and 12, and between rewatered and drought-stressed plants harvested at day 12. Fradel = top row
cells; Pinhel = bottom row cells. Red and blue indicate increased and decreased levels, respectively.
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2
log fold-change in metabolites

4-2 0 2 4-2

showing a strong relationship between A and field capacity.
Decreased photosynthesis is usually linked to limitations
to CO, assimilation imposed by stomatal closure, but can
also result from impaired mesophyll conductance and/or
biochemical and photochemical constraints (Pinheiro and
Chaves, 2011). Increased Ci/Ca (intercellular CO,/ambient
CO;) and reduced A/gs (intrinsic water use efficiency) were

observed by D6 (Figure2A), which indicated non-stomatal
photosynthesis limitation. These changes coincided with an
increase in NPQ (non-photochemical quenching coefficient;
Figure 2B), suggesting prevention of photo-oxidative damage of
the photosynthetic apparatus. Moreover, the fast recovery after
irrigation suggests that other non-assimilatory processes had a
role; the Mehler reaction and/or photorespiration, for example,
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FIGURE 12 | Responses of cowpea fresh biomass, root length, and stem diameter (A), and grain yield and yield-related parameters (B), to drought stress and
rewatering. Bars indicate well-watered controls (black), drought stress for 6 or 12 days (red), and rewatering after 6 days of drought stress (blue; n = 6; error bars =
SD). Different letters inside the columns for each cultivar denote statistical differences (Tukey’s test; P < 0.05).

may be enhanced to partially dissipate excess excitation energy
or scavenge any reactive oxygen species produced (Pinheiro
and Chaves, 2011; Sdnchez-Martin et al., 2015). Therefore,
photoinhibition was unlikely a major driver of drought stress in
the cultivars. Pinhel, however, exhibited a finer modulation of the
photosynthetic process than Fradel.

Drought Stress Progressively Affects the
Cowpea Metabolome

An important objective of this work was to identify metabolite
markers for drought adaptation in cowpea. The approach used
centered on the hypothesis that comparatively better survival
and grain yield under drought and recovery must be reflected
in developmental-, organ-, and cultivar-specific similarities in
metabolic responses. Levels of 88 metabolites were measured
during the vegetative and reproductive stages to assess metabolic
acclimation to drought stress. Data showed that changes in
the metabolome were more severe with extended periods of
stress, irrespective of developmental stage (Figure 4). Therefore,
flowering did not seem to alter metabolic responses to drought
as seen with rice (Li et al., 2015; Raorane et al., 2015), and
a progressive metabolic acclimation was indicated for the two

cultivars. A unified response was evident from all statistical
analyses (Student t-test, MANOVA, PCA), and quercetin 3-
0-6"-malonylglycoside, kaempferol 3-O-diglycoside, quercetin,
unknown?, galactinol, and proline were identified as having
the most significant responses to drought stress (Figure 5B),
assuming that fold-changes under stress, not basal levels, indicate
resistance markers (Johnson et al., 2015). These conserved
metabolic responses likely reflect the basic lynchpin metabolic
acclimation of cowpea to drought stress.

Metabolic Responses to Drought Are

Similar in Leaves, but Not in Roots

The present study also examined whether roots or leaves
would yield more metabolic information regarding drought
adaptation. Metabolic responses to drought in leaves were similar
during vegetative and reproductive growth (Figure 9). In roots,
however, cultivar-specific metabolic responses were observed and
were modulated by drought intensity, duration, and/or rate of
progression (Figure 11). The changes in metabolic responses
observed in roots could not be explained by differential growth
inhibition, as suggested by Sanchez et al. (2012); genetic variation
between cultivars seems more plausible. As cowpea responds
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primary metabolites

glutamine
| glycerate
threonate

FIGURE 13 | Identification of metabolites influencing grain yield under drought stress with Pearson correlation analysis of log,-transformed means
(full data provided in Supplementary Table 7). (A) Venn diagrams indicating the number of common and specific metabolites correlated with grain yield for each
cowpea cultivar. The threshold cut-off value for the metabolite-grain yield r was set at 0.800 and the number in the lower right quadrant represents metabolites that
did not meet that criterion. (B) Complete linkage tree representation of metabolites correlated with grain yield in at least two of the comparisons, using correlation
distance. Significant r values are highlighted in yellow (P < 0.01), red (P < 0.05), and gray (P < 0.10). fer-mal1, feruloyl-methylaldaric acid 1; que-3.4-dglc, quercetin
3-0O-diglucoside-4-O-glucoside; cou-ald1, coumaroylaldaric acid 1; que-3.6-mglc, quercetin 3-O-6"-malonylglycoside.

to drought, metabolic pathways may be regulated in dissimilar
orders before an optimal balance is established. However, harvest
dates in this study were too distant to establish the timing of
these changes. Moreover, changes in root metabolites could be
part of a signaling network. The hormone abscisic acid acts as a
dominant root-to-shoot signal under water deficit (Costa et al.,
2011; Kwasniewski et al., 2016). Other signals have not been fully
identified, and the interplay of hormones with sugars and redox
signals is the focus of current research (Pinheiro and Chaves,
2011; Blum, 2017). The root metabolome as a whole, rather than
a specific compound, could be acting as a signal transducer, thus
modulating photosynthate investment in different parts of the
plant. In summary, the data showed that both leaves and roots
could be used to record changes in water conditions; however,
leaves are probably more suitable for identifying water stress,
while roots may exhibit distinct metabolic changes that indicate
specific drought resistance mechanisms.

Changes in Grain Yield Reflect Changes in
Metabolic Signatures in Response to
Drought

Potential stress markers are often identified as amenable to
biotechnological exploitation based on the magnitude of their
change. However, high levels of specific compounds that do not
provide concordant yield increases are irrelevant (Hill et al.,
2013). Therefore, the metabolic responses obtained in this study
were placed in an agricultural perspective by combining them
with yield data (Figure 13). Owing to their responsiveness, as
highlighted by fold-changes and metabolite-yield correlations,

three compounds were chosen as promising markers for yield
performance under drought stress, namely proline, galactinol,
and quercetin 3-0-6"-malonylglycoside. Although quercetin
and unknown?7 were significantly correlated with grain yield,
they were not very responsive to drought stress in the roots.
Curiously, kaempferol 3-O-diglycoside, which was consistent
between cultivars and organs, failed to correlate with grain yield;
it may respond regardless of the plant’s ultimate ability to survive
under stress.

Cowpea Metabolic Regulation under
Drought Is Compatible with

Osmoprotection

To determine whether the observed metabolic responses
indicated tolerance mechanisms, such as osmotic adjustment
or cell wall extensibility, changes in osmosis with progressing
drought stress were evaluated using osmotic potential, C/N ratio,
and K data (Lugan et al., 2010; Gargallo-Garriga et al., 2015;
Blum, 2017).

An “osmotic adjustment” indicates that solutes in plant tissues
(osmotic potential) have accumulated at least as much as water
potential or relative water content has been reduced (Blum,
2017); Fradel and Pinhel demonstrated such an adjustment, but
only during the first days of stress (Figure 14B). The small and
transient adjustment observed was unlikely the result of organic
solute accumulation in the cells, given the cumulative effect
of stress on the metabolome. Under water stress, N generally
accumulated to comparable levels in both cultivars at the expense
of C (Figure 15), in line with previous studies in grapevine
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(Hochberg et al,, 2013) and rice (Raorane et al., 2015). The
reduction in photosynthetic capacity during drought is thought
to contribute to the shrinking of the total C pool (Jorge et al.,
2015), which could explain the negative C balance observed.
Enzymatic and molecular evidence argue for a negative effect
of water deficit on N assimilation (Raorane et al., 2015). Thus,
increased N can better be explained by increased catabolism
of stored amino acids and protein pools. Cowpea evidently
regulated its metabolism to balance the production of N- and C-
containing metabolites, as indicated by increases and decreases in
an equal number of primary metabolites in the leaves (Figure 9),
which suggests that the total solute content remained constant.
Osmotic effects are controlled not only by organic compounds
but also by inorganic solutes. K has a particularly well-known

role in plant water balance (Gargallo-Garriga et al., 2015). As
shown in Figure 15, K levels were generally much higher in
drought-stressed plants, which could better account for the
increase in cell osmolality of drought-stressed leaves. Therefore,
K-based osmotic adjustment during the early stages of stress
may constitute an important and energetically efficient adaptive
feature in cowpea, but is insufficient in sustaining turgor under
more severe stress conditions.

Overall, the data indicate that metabolic changes in cowpea
are closely regulated and do not occur in isolation. Although
these changes might not make a significant contribution
to osmotic adjustment, they could still ensure appropriate
homeostatic maintenance via non-osmotic roles, such as redox
buffering, membrane stabilization, protein hydrotroping, radical
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scavenging, signaling, or N and C repository building (Sanchez
et al., 2012; Johnson et al., 2015; Jorge et al., 2015; Blum, 2017).
In the present study, this is indicated by the accumulation
of several flavonoids with antioxidant activities (Nakabayashi
et al,, 2014; Simova-Stoilova et al, 2015) such as quercetin
derivatives and proanthocyanidins with cell wall-stiffening
functions (Hachibamba et al, 2013; Hochberg et al., 2013)
such as catechin derivatives. The general emerging picture is
that the cowpea metabolic configuration under water deficit is
compatible with osmoprotective strategies, at least in the leaves,
indicating that changes in proline, galactinol, and quercetin 3-
0-6"-malonylglycoside levels are an integral part of an adaptive
response rather than stress indicators. In the particular case
of proline, the observed changes were unlikely a symptom
of damage, given the high level of congruence between the
responses to stress and rewatering and the differing responses
in roots. Moreover, the accumulation of several other known
compatible solutes (Hochberg et al., 2013; Meyer et al., 2014;
Shelden et al., 2016) along with proline, such as phenylalanine,
raffinose, and isoleucine, is unlikely to be coincidental. Thus,
it is highly likely that the metabolite changes were functionally

connected with an
correlations with yield indicated beneficial effects.

increase

in resistance,

and that their

Metabolic Changes Indicate a Possible
Role for the Shikimate Pathway in the

Protection of Cellular Functions

Finally, it was important to determine whether these compounds
were under common genetic control via a specific pathway,
which could facilitate breeding for drought tolerance. Regulation
of most pathways was consistent in the leaves of both cultivars
(Figure 10) but differed in the roots (Supplementary Figure 4).
The leaf metabolic map indicated a major shift in C
partitioning away from glycolysis/gluconeogenesis into the
raffinose/stachyose (via galactinol) and the shikimate (via
phenylalanine) pathways. There is an increasing body of
evidence for the implication of raffinose family oligosaccharides
(RFOs) in drought tolerance (Lugan et al, 2010; Hochberg
et al, 2013; Li et al, 2015). Myo-inositol, for example, has
recently been identified as the most promising metabolite
marker for increased maize yield under drought stress (Obata
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et al., 2015). However, RFOs may primarily serve as transient
C storage sources, with advantages in mobility over sucrose
and starch (Obata et al., 2015). The accumulation of branched-
chain amino acids (valine/leucine/isoleucine pathway) may
also be associated with storage of substrates for key metabolic
pathways. For all combinations of cultivars and organs,
differences in the amounts of phenylalanine were strongly
related to its downstream metabolism, i.e., accumulation
of phenolics. Interestingly, enhanced drought tolerance in
plants via overaccumulation of phenolics and other secondary
metabolites has been documented (Nakabayashi et al., 2014;
Corso et al, 2015). In the roots (Supplementary Figure 4),
opposing regulation of glycolysis/gluconeogenesis was found,
with a significant increase in sucrose levels, which suggested a
possible shift in the localization of energy-intensive processes,
such as biomass production, from leaves to roots (Raorane
et al, 2015; Simova-Stoilova et al., 2015). In contrast, the
arginine/proline pathway seemed to receive additional N inputs
(Figure 10); the pathway was far more stimulated in Fradel
than in Pinhel by D12, which could be related to the greater
damage sustained during water stress in the former. The map
also highlighted two other pathways with important roles, with
decreased levels of metabolites of the glycine/serine/threonine
pathway, suggesting faster consumption of these metabolites
through enhanced photorespiration (Sanchez-Martin et al.,
2015) as indicated by chlorophyll fluorescence data, and the
alanine/aspartate/glutamate pathway, suggesting increased
energy consumption from reserves (Hill et al., 2013).

Overall, the mechanisms by which cowpea modifies its
metabolism to meet the demands of diverse resistance functions
when exposed to water deficit appear to be determined by the
interplay between the shikimate and arginine/proline pathways,
giving rise to three drought-responsive metabolites, namely
proline, galactinol, and quercetin 3-0-6"-malonylglycoside.
Mapping chromosomal regions jointly associated with these
pathways and investigating their co-localization with quantitative
trait loci in a larger population may indicate promising candidate
genes for breeding.
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