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Abstract

Understanding the contrasting biochemical changes in different plant parts in response to
drought can help to formulate smart strategies to develop drought tolerant genotypes. The
current study used metabolomics and physiological approaches to understand the differen-
tial biochemical changes coupled with physiological adjustments in leaves and roots to cope
with drought stress in two wheat genotypes, LA754 (drought tolerant) and AGS2038
(drought sensitive). The gas chromatography-mass spectrometry (GC-MS) analysis and
physiological trait estimation were performed in the roots and leaves after drought imposi-
tion. Drought induced reduction was observed in all physiological and yield related traits. In
LA754, higher numbers of metabolites were altered in leaves (45) compared to roots (20)
which indicates that plants allocated more resources to leaves in tolerant genotype. In addi-
tion, the metabolic components of the root were less affected by the stress which supports
the idea that the roots are more drought tolerant than the leaf or shoot. In AGS2038, thirty
and twenty eight metabolites were altered in the leaves and roots, respectively. This indi-
cates that the sensitive genotype compromised resource allocation to leaves, rather allo-
cated more towards roots. Tryptophan, valine, citric acid, fumaric acid, and malic acid
showed higher accumulation in leaf in LA754, but decreased in the root, while glyceric acid
was highly accumulated in the root, but not in the leaf. The results demonstrated that the
roots and shoots have a different metabolic composition, and shoot metabolome is more
variable than the root metabolome. Though the present study demonstrated that the meta-
bolic response of shoots to drought contrasts with that of roots, some growth metabolites
(protein, sugar, etc) showed a mirror increase in both parts. Protein synthesis and energy
cycle was active in both organs, and the organs were metabolically activated to enhance
water uptake and maintain growth to mitigate the effect of drought.
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Introduction

Among the abiotic stresses, drought is the most important environmental stress that limits
growth, distribution, and yield, and has become a serious problem in global food security [1; 2;
3]. Moreover, the global climate change including high temperature and unpredictable rainfall
pattern coupled with the increasing world human population is creating immense pressure on
food security and sustainability [2]. To cope against these challenging situations, breeding for
more drought resilient wheat has been identified as a major sustainable approach [2]. The
potential yield of the crop plants may decrease more than 50% due to combine effect of
drought with other abiotic stresses [4]. From the simulated crop modeling, it is predicted that
by the end of the twenty-first century, the drought affected areas under cultivation may be
doubled than present [5; 6].

Drought during the flowering stage and onwards up to grainfilling in wheat typically accel-
erates senesces and reduces grain yield and number by interrupting photosynthesis and by
increasing translocation of carbohydrates [7]. Drought differentially affects different plant
parts, such as root and shoot. The above ground parts (shoots) are autotropic and below
ground (roots) plants are heterotrophic in nature and have different functions. Roots act as
anchor for the plants, and play a major role for water and nutrient uptake [8]. Contrary to
that, shoots produce assimilates through photosynthesis where plants capture carbon and light
to produce carbohydrate [8]. The leaves and roots of the plants respond differently to the abi-
otic stresses [9; 10; 11]. At shoot level, drought affects morphological, chemicals, and physio-
logical traits including stomata, water-use efficiency; relative water content,
evapotranspiration efficiency, abscisic acid levels, cell membrane stability, and carbon isotope
discrimination. While at root level, drought reduces root length, density, and dry weight that
reduces water uptake capacity and causes stomatal closure to reduce water loss from the plants
that eventually leads to lower photosynthetic rate by diminishing internal CO2 concentration
[12; 13; 14]. Under irrigated and high nutrient available conditions, plants distribute more
resources towards shoot than roots [15], while under drought condition, more resources allo-
cation towards root has been observed by different authors [16; 17]. Higher root growth also
has been observed under reduced nitrogen supply as well [18]. It is extremely important to
determine the mechanisms by which plants improve tolerance against stress, particularly the
complex and intricate regulatory mechanisms that coordinate the demands of physiological
activity, growth, and development between the above and below ground plant parts [19].

The genetic improvement can be easy to understand with the biochemical processes con-
trolling those traits that are associated with the drought tolerance mechanism [20]. Under abi-
otic stress, plants produce an array of biomolecules including different metabolites. Plants also
modify their physiological mechanisms under abiotic stress to adapt to the changed environ-
mental condition through metabolic homeostasis. Plant metabolites play an essential role in
plant growth and development under stress through cell integrity, energy storage, cell signal-
ing, membrane formation and scaffolding, and through whole-plant resource allocation [21].
When comparing synthesis or allocation of different metabolites between root and shoot in 2
grass species under contrasting water regimes, it was evident that the different primary metab-
olites like sugars, amino acids, and fatty acids were synthesized mainly in photosynthetic tis-
sues under irrigated condition, but concentration of these metabolites were low in root [22].
Contrary to that, under drought stress, synthesis or allocation of several primary metabolites
were increased at roots, whereas it decreased in shoots. In another comparative metabolic pro-
filing study in root and shoot on 7 Triticum species, Ullah et al. [23] noticed altered sugars,
amino acids, organic acids, and low molecular weight compounds levels in both leaf and root
samples of different Triticeae species under drought stress. A recent study in the leaf, stem,
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root collar, and root under drought stress in drought tolerant plant Caragana korshinskii, sev-
eral hundred metabolites were identified with differing levels depending on the organs [24].
Their study demonstrated that stress induced an increased level of various small carbohydrates
and soluble amino acids in each of the 4 organs (leaf, stem, root collar, and root). Different
amino acids as well as intermediates of Krebs cycle and glycolysis showed a reduction at the
whole plant level due to drought stress. Their study revealed that key metabolic (such as energy
metabolism) and physiological (such as photosynthesis) mechanisms were compromised due
to drought stress and each organ employed a distinct strategy to cope with drought stress.

Though there is clear evidence of allocation or synthesis of different metabolites in different
plant parts under stress environments, but there is very little information on how these alloca-
tions and syntheses differ at the genotypic level. Though post-anthesis drought stress contrib-
utes significant damage to wheat productivity, but there is little information available on
comparing differential metabolic alterations in root and leaf in different genotypes for post-
anthesis draught stress tolerance. The main objectives of the present study were to compare
genetic variations in metabolic changes in leaves and roots in drought sensitive and tolerant
wheat genotypes those subjected to post-anthesis drought stress.

Materials and methods
Genetic material and growth conditions

Two US wheat genotypes, LA754 (drought tolerant) and AGS2038 (drought sensitive), were
used for the study. These genotypes are commercially grown in the southeastern United States
and have been developed by Louisiana State University, located in Baton Rouge, Louisiana
(LA754) and the University of Georgia in Athens, Georgia (AGS2038). Both are early maturing
(112-115 Julian days), medium height (86-91 cm), and high yielding (5800-6200 kg ha™) wheat
varieties. In the field and greenhouse-based evaluation, LA754 demonstrated better drought tol-
erance than AGS2038 with minimum damage to photosystem, chlorophyll content, and cell
membrane stability. Seeds of genotypes were collected from University of Georgia and Louisiana
State University small grain breeding programs and were vernalized at 4°C for 4 weeks prior to
planting to induce flowering. Each genotype was planted in 20 pots (30 cm diameter and 28 cm
height; filled with Metro-Mix, Sun Gro Horticulture, Agawam, MA, USA, artificial media with)
with 3 plants per pot and was grown in a controlled greenhouse condition located at the Univer-
sity of Florida, in Gainesville, Florida. The growing conditions were maintained at day/night (16
h/8 h) temperature of 20/15 + 0.5°C and relative humidity of 60 + 2%. The pots were watered at
3-day intervals until imposition of drought stress, and fertilized with 2 splits of 12 g of Scott’s
Osmocote (20N-4P-8K) during the study period. Drought stress was imposed at 7 days after
anthesis, when most tillers were flowering, by withdrawing watering. Pots were randomly
assigned into 2 different groups (10 pots/group): drought stress and control (well-watered). The
experiment was laid out in a completely randomized design where each genotype contained 5
pots/treatment and was randomly assigned within each treatment for two genotypes.

Estimation of physiological traits

Chlorophyll fluorescence (Fv/Fm), chlorophyll content, and membrane thermostabil-
ity. Chlorophyll fluorescence (the ratio of variable fluorescence, Fv, to maximum fluorescence
Fm) and chlorophyll content was measured on intact flag leaves of both control and drought
treated plants at 14 and 21 days after drought imposition to assess the thylakoid membrane and
chlorophyll damages [25; 26]. The lower Fv/Fm ratio indicates higher damage to photosystem II
due to stress at the thylakoid membrane. Chlorophyll fluorescence was measured at one-third
the length from the base on the abaxial surface using a pulse modular chlorophyll fluorometer
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(Model OS30P, Opti-Sciences, Hudson, New Hampshire, USA) after 30 minutes of dark adapta-
tion. The current study compared the Fv/Fm values between control and drought stressed
plants to assess damage to thylakoid membrane and the relative damage was estimated as
[(FV/FM contror—FV/FM grought)/ FV/FM conero1] “100 [26]. The chlorophyll content was measured
at the same area of the same flag leaves used for fluorescence measurements. The relative dam-
age to chlorophyll content was estimated by comparing SPAD values between control and
drought treated plants and expressed as [(SPAD contro1-SPAD grought)/SPAD control] “100 [26]
Membrane thermostability was assessed using the method described by Ristic and Cass [27]. Six
leaf disks (diameter = 5 mm) were collected from flag leaves for each biological replication at 14
and 21 days after drought treatment [27]. Then the leaf disks were put in de-ionized water (25
mL) in sealed vials and shaken on a linear shaker at 5°C for 20 hours. The Accumet research
AR50 conductivity meter (Fisher Scientific) was used to measure the electrical conductivity
(uS/cm) of the aqueous solution after standardization with 1M CaCl2. The leaf tissues were then
autoclaved for 20 min (120°C, 15 psi) and then shaken for 20 hours at 5°C. The conductivity of
the solution was again measured and the percent electrolyte leakage was calculated based on the
conductivity before and after autoclaving. The membrane thermostability was calculated as 100
x (%Ld -%Lc)/(X-%Lc), where d was drought stressed, ¢ was control, and X’ was the percent
leached value corresponding to 100% damage that was assumed to be 100% leached [27].

The chlorophyll fluorescence, chlorophyll content, membrane thermostability were mea-
sured at 3 flag leaves (3 different plants/pot) and average value of three readings was consid-
ered as a single biological replication for further statistical analysis. Five replicated values/
genotype were used for statistical analysis and comparison of treatment means, and significant
testing at P < .05 level [28].

Morphological traits

Measurements of growth and yield. Shoots from a single plant were collected, cutting at
the base for each biological replication under both control and drought treatments at 14 and
21 days after stress imposition. Then the samples were oven-dried at 50°C for 7 days and
weighed, and shoot dry per tiller was estimated by dividing total dry weight by the number of
tillers [29]. The roots of the same plants with soil were isolated from the pots, washed carefully
to separate roots, dried at 50°C for 7 days [28]. The root dry weights were measured after 21
days of drought stress imposition. The shoot and root dry weight was estimated for five repli-
cations per genotype per treatment. When plants reached physiological maturity, they were
harvested for each replication under both treatments and oven- dried at 50°C for 7 days. The
threshing was performed manually to minimize seed loss. Grain weight per spike was esti-
mated by dividing total grain weight/plant by number of spikes/plant. The harvest index (HI)
was calculated dividing grain weight by total biomass. The number of grains/spike was calcu-
lated by dividing total grains/plant by number of spike. A random 200 grains were counted
and weighed to estimate 1000 grain weight. The drought induced reduction to yield and
growth related traits was calculated by comparing values between control and drought treated
plants and expressed in percent as follows: percent reduction = [((control values)-(drought-
stressed values))/(control values)] *100 [29].

Sample preparation for metabolomic analysis by GC-MS. Flag leaves and roots of both
genotypes were harvested for metabolomic analyses from 3 biological replications (3 pots)
under control and drought treatments at 14 and 21 days after post- anthesis drought treat-
ment. Leaf and root tissues were flash-frozen in liquid N2 immediately after collection and
stored at -80 oC. Samples were lyophilized and ground using a tissue lyser (24 leaves and 24
root samples/genotype) and then stored at -80°C until processing [28].
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GC/MS analysis was performed by using protocol described by South et al [30]. For deriva-
tization prior to GC/MS analysis, the dried 80% methanol extracts were treated with 80 pL of
methoxyamine hydrochloride (40 mg.mL™" in pyridine) at 40°C for 60 min, followed by the
addition of 120 uL N-Methyl-N-(trimethylsilyl) trifluoroacetamide (Pierce Biotech., Rockford,
Ilinois) for 90 min at 50°C was used for the analysis [30]. GC was performed using a HP-5MS
capillary column (60 m x 0.32 mm x 0.25 pm) with an Agilent 7890 GC coupled with 5975
MSD (Palo Alto, California). The inlet and MS interface temperatures were kept at 230°C and
the ion source temperature was adjusted to 230 oC. One microliter of the derivatized extract
was injected with a split ratio of 20:1 into the GC column using He as a carrier gas at a constant
flow rate of 2.4 mL min~'. The temperature program was set to an initial 5 min isothermal
heating at 70°C, followed by an oven temperature increase of 5°C min~" to 310°C, and finally
hold for 10 min at 310°C. The mass spectrometer was operated in positive electron impact (EI)
mode at 69.9 eV ionization energy in m/z 50-800 scan range. The spectra of all chromatogram
peaks were evaluated using the Automated Mass Spectral Deconvolution and Identification
System (AMDIS) (National Institute of Standards and Technology, NIST), Gaithersburg,
Maryland) program. The mass spectra of all chromatogram peaks were compared with EI
spectra of a custom built library. To allow comparisons between samples, all data were normal-
ized to the internal standard (hentriacontanoic acid at 10 mg.mL™" Sigma, St. Louis, Missouri)
in each chromatogram, and the dry weight of each sample [30].

Metabolic data analysis. The relative concentrations (g/DW) of different metabolites for
leaf and root tissues of each biological replication under both drought and control conditions at
14 and 21 days after drought stress treatment were formatted as comma separated values (.csv)
files. The cvs file was uploaded to the MetaboAnalyst 3.0 server (http://www.metaboanalyst.ca)
[31] for successive analysis. To improve data quality for performing downstream statistical anal-
ysis, the data quality was checked and normalized by sum, log transformation and auto scaling
[31]. in. To maximize the differences and to detect those differences in metabolic profiling
between control and drought treated group of plants, the current research applied a multivariate
method, Partial Least Squares Discriminant Analysis (PLS-DA). Two different methods, Signifi-
cant Analysis of Metabolites (SAM) and PLS-DA, were separately used to identify the most
important metabolites associated with stress and genotypes [28]. Multifactorial ANOVA was
performed to identify metabolite that altered significantly in different conditions (control and
drought), or in different genotypes (tolerant and sensitive), or in 2 time points of sampling (14
and 21day after draught stress treatment). Genotype, irrigation conditions, and sampling time
were considered as fixed effects. A t-test was applied to calculate fold change (FC) and false dis-
covery rate (P < 0.05) of the metabolites for leaf and root between 2 groups means (drought
over control) in tolerant and sensitive genotypes [28]. A pathway analysis was performed to bet-
ter elucidate the function of the altered (significantly changed at P < 0.05) metabolites by using
MetaboAnalyst 3.0, via Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.genome.ad.jp/kegg/pathway.html) compared with Oryza sativa ssp. japonica (Rice
Annotation Project Data Base http://rapdb.dna.affrc.go.jp) pathway library [28]. Analysis of var-
iance was calculated with assistance of lme4’ and ‘Ismeans’ package in R [32].

Results
Physiological traits

During present study, drought stress caused a significant (p < 0.05) reduction in the chloro-
phyll content and membrane thermostability in both tolerant (LA754) and sensitive
(AGS2038) genotypes as compared to control (Table 1), and the reduction was increased with
the progression of drought stress. The photochemical efficiency of PSII (Fv/Fm) showed
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Table 1. Mean (+SE) of chlorophyll florescence (Fv/Fm ratio), SPAD chlorophyll content and membrane thermostability, and percent (%) reduction due to stress
in two wheat genotypes under control and drought conditions at 14 and 21 days after water stress imposition.

Traits LA754 AGS2038
14-days 21-days 14-days 21-days
Control | Drought | Reduction | Control | Drought | Reduction | Control | Drought | Reduction | Control | Drought | Reduction

(%) (%) (%) (%)
Chlorophyll 0.736 0.706 4.2 0.677 0.644 4.9 0.716 0.469 34.5 0.703 0.322 54.2
florescence (Fv/Fm) | +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05 +0.05
SPAD chlorophyll 49.1+1.7 | 43.8+1.7 10.7 47.8+2.8 | 32.0+2.8 33.1 44.7+1.7 | 28.3+1.7 36.7 42.3+2.8 | 16.5+2.8 60.1
content (SCC)
Membrane 7.4+3.1 12.2+3.8 28.4%3.1 50.9+3.8
thermostability (%)

https://doi.org/10.1371/journal.pone.0213502.t001

minimum reduction due to drought stress in tolerant genotype compare to control condition.
On the contrary, the sensitive genotype showed significant reduction in Fv/Fm values due to
drought stress compared to control well water condition. Though drought caused reduction to
all those 3 physiological traits; however, the reduction was significantly higher in the sensitive
genotype (AGS2038) (34.2 to 54.2%, 36.7 to 60.1%, and 28.4 to 50.9%, respectively, for Fv/Fm,
chlorophyll content, and membrane thermostability) compared to the tolerant genotype
(LA754) (4.2 to 4.9%, 10.7 to 33.1%, and 7.4 to 12.2%, respectively (Table 1).

Growth and yield related traits

Table 2 presents the mean * standard error (SE) for shoot dry weight/tiller, root dry weight/
plant, grain weight/spike, harvest index (HI), numbers of grains/spike (NGS) and thousand-
grain weight (TGW). Both genotypes showed significant reduction under drought stress com-
pared to the control condition. Though both genotypes were significantly affected by drought
stress, however, the percent reduction of growth and yield related traits were was higher in
sensitive genotype AGS2038 (62.9% for shoot dry weight/tiller, 40.7% for root dry weight/
plant, 63.2% for grain weight per spike, 12.3% for HI, 32.7% for NGS, and 54.4% for TGW)
compared to the tolerant genotype LA754 (35.2% for shoot dry weight/tiller, 23.1% for root
dry weight/plant, 15.7% for grain weight per spike, 7.3% for HI, 22.2% for NGS, and 16.3% for
TGW) (Table 2).

Profiling of metabolites

Metabolite profiling by GC-MS identified a total of 142 known compounds from wheat flag
leaves and 99 from roots across genotypes that included amino acids, sugars, organic acids,
organic compounds, fatty acids, amines, vitamins, and other compounds. Supervised

Table 2. Mean (+SE) of yield related traits and percent (%) reduction due to stress in two wheat genotypes under control and drought conditions.

Traits LA754 AGS2038
Control Drought Reduction (%) Control Drought Reduction (%)

(Mean+SE) (Mean+SE) (Mean+SE) (Mean+SE)
Shoot dry weight/tiller (SDWT, g) 3.4+0.48 2.2+£0.48 35.2 7.0£0.3 2.6£0.3 62.9
Root dry weigh/plant (g) 12.1+0.92 9.3+£0.78 23.1 13.5+1.2 8.1+£0.62 40.7
Grain weight/spike (GWS, g) 1.9£0.12 1.6£0.12 15.7 1.9£0.12 0.70£0.12 63.2
Harvest index (HI, %) 54.8+1.8 50.8%1.8 7.3 29.9+1.8 26.2%1.8 12.3
Grains/spike (GNS) 28.8+1.8 22.4+1.8 22.2 46.4+1.8 31.2+1.8 32.7
1000- grain weight (TGW, g) 53.5£3.65 44.8+3.65 16.3 53.5£3.6 24.4%3.6 54.4

https://doi.org/10.1371/journal.pone.0213502.t002
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clustering method analysis, Partial Least Squares Discriminant Analysis (PLS-DA), was per-
formed for each genotype after post-anthesis drought stress in both flag leaves and roots sepa-
rately. In flag leaves of LA754, 5 PLS-components (PCs) explained 77.2% of the total variation,
in which the first and second PCs separately contributed 44.8% and 17.1%, respectively (Fig
1A). The scores plot revealed 2 distinct groups of metabolites associated with the drought and
the control conditions between PC1 and PC2 (Fig 1B). In roots of LA754, 76.2% of the total
variations were explained by the 5 PCs, with the first and second PCs contributing 44.8% and
10.9%, respectively (Fig 2A). PC1 and PC2 demonstrated 2 separate groups of metabolites that
were associated with the drought and control conditions (Fig 2B). In sensitive genotype,
AGS2038, 5 PCs contributed 86.0% and 74.5% of the total variations for leaf and root samples,
respectively, when PLS-DA was performed across the 2 conditions and sampling times (Figs
3A and 4A). Leaf and root samples were clearly separated between drought and control condi-
tions across the 2 sampling times in the scores plot of PC1 and PC2 (Figs 3B and 4B). This sep-
aration of samples between 2 conditions and genotypes indicate the different metabolite levels
in the wheat flag leaves and roots in 2 genotypes under drought stress.

A total of 66 metabolites were identified, through a multi-factorial ANOVA, that were sig-
nificantly altered either due to water treatments or across time points, or in different genotypes
(S1 Table). Out of those 66, the major groups of metabolites consist of amino acid and deriva-
tives (17), organic acids (14), sugar (11), sugar acids (5), sugar alcohol (6), fatty alcohol (5),
fatty acids (3), organic compounds (2), vitamins (2), and amine (1). Two statistical methods,
namely SAM and PLS-DA, were performed to identify the important metabolites associated
with drought condition. A delta value of 1.4 and VIP score using the 5-component model was
used to identify the most important metabolites by using SAM and PLS-DA methods, respec-
tively. The 2 methods identified mostly the same metabolites.
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Fig 1. Partial least square discriminant analysis (PLS-DA) (A) and 2D Scores plot (B) in flag leaves of LA754 under control (irrigated) and drought
conditions. Samples at control and drought treatments did not overlap with each other indicating an altered state of metabolite levels in the wheat leaves.

https://doi.org/10.1371/journal.pone.0213502.g001
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Fig 2. Partial least square discriminant analysis (PLS-DA) (A) and 2D Scores plot (B) in roots of LA754 under control (irrigated) and drought conditions.
Samples at control and drought treatments did not overlap with each other indicating an altered state of metabolite levels in the wheat roots.

https://doi.org/10.1371/journal.pone.0213502.9002
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Fig 3. Partial least square discriminant analysis (PLS-DA) (A) and 2D Scores plot (B) in flag leaves of AGS2038 under control (irrigated) and drought
conditions. Samples at control and drought treatments did not overlap with each other indicating an altered state of metabolite levels in the wheat leaves.

https://doi.org/10.1371/journal.pone.0213502.9003
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Fig 4. Partial least square discriminant analysis (PLS-DA) (A) and 2D Scores plot (B) in roots of AGS2038 under control (irrigated) and drought conditions.
Samples at control and drought treatments did not overlap with each other indicating an altered state of metabolite levels in the wheat roots.

https://doi.org/10.1371/journal.pone.0213502.9004

In LA754, 50 metabolites were identified as most significant by SAM and PLS-DA methods
(Table 3). In general, higher numbers of metabolites were altered in leaves (45) compared to
roots (20) under drought stress, and 15 were commonly altered between leaf and root (Table 3
and Fig 5A). The results indicate that plants allocated more resources to leaves in tolerant
genotype. Amino acids (18 in leaves, 8 in roots), organic acids (12 in leaves, 6 in roots), sugars
(4 in leaves, 3 in roots), sugar alcohol (3 in leaves, 1 in roots), and fatty alcohol (3 in leaves, 1 in
roots) are major groups of metabolites altered due to drought stress. In leaves, 27 metabolites
were positively accumulated and 18 were decreased; however, in roots only 6 metabolites
showed increased accumulation and 14 were decreased due to drought stress. Out of 15 com-
monly altered metabolites, proline, alpha-linolenic acid/gamma-linolenic acid, phosphoric
acid, glucose, and fructose showed higher accumulation under drought condition in both leaf
and root (Table 3 and Fig 6). Tryptophan, valine, citric acid, fumaric acid, and malic acid
showed higher accumulation in leaf, but decreased in root (Table 3 and Fig 6). On the con-
trary, glyceric acid was highly accumulated in root, but not in leaf (Table 3 and Fig 6). Out of
30 metabolites, those that altered only in leaves of LA754 due to drought stress, amino acids
(B- alanine, isoleucine, leucine, lysine, tyrosine), organic acids (3-Hydroxy propanoic acid,
gluconic acid, glycolic acid, and isocitric acid), sugar (Galactoseand Galactitol), sugar alcohol
(mannitol, ribitol, and alpha-tocopherol) showed strong accumulation due to drought stress
(Table 3 and Fig 6). Contrary to leaf, all the metabolites altered only in root due to drought
stress were decreased (amino acids, organic acid, fatty acid, and sugar) in their levels (Table 3
and Fig 6). In summary, a greater number of amino acids, organic acids, sugar, and sugar alco-
hol were accumulated higher in leaves of LA754.

Table 4 presents 47 important metabolites altered in AGS2038 due to drought stress identi-
fied by SAM and PLS-DA analysis, and their fold changes and t-test values. Contrary to LA754
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Table 3. List of 50 important metabolites with their Kyoto Encyclopedia of Genes and Genomes identifier number identifier number (KEGG ID/PubChem CID*),
molecular formula (MF), identified through Significant Analysis of Metabolites (SAM) and Partial Least Square Discrepant Analysis (PLS-DA) in LA754. T-test
(P < 0.05) with their p-value and fold change (FC, drought/control) in the wheat flag leaves at 14 and 21days and roots at under drought and control conditions.

Name of metabolites Available in Leaf | Compound Molecular Compound SAM PLS-DA LA754
(L) or Root (R) ID Formula type (d.value) | (VIP score) | p yalue FC
(t-test) (drought/
control)
Leaf | Root | Leaf | Root | Leaf | Root | Leaf | Root
1 Aspartic acid LR C00049 C,H;NO,4 Aminoacid | -45| -69 | 1.4 | 1.1 |0.00 | 0.00 | -3.7 | -9.5
2 Glutamic acid LR C00025 CsHoNO, Aminoacid | -44 | -54 | 14 1.1 |0.00 | 0.00 | -2.0 | -7.7
3 Proline LR C00148 CsHoNO, Amino acid 3.0 | 42 1.2 1.0 | 0.00 | 0.00 | 31.2 | 99
4 Serine LR C00065 C3H,NO; Aminoacid | -53 | -51 | 1.4 | 1.1 |0.00| 0.00 | -5.1 | -3.9
5 Tryptophan LR C00078 C1H5N,0, Amino acid 2100 09 001|0.02| 30 | -74
6 Valine LR C00183 CsH;1NO, Amino acid -54 | 04 1.1 | 0.01| 0.00 | 2.1 -2.3
7 | C18:3 (alpha-linolenic acid/gamma- LR C06427/ Cy5H300, Fatty acid -28 | 04 | 09 |0.00|0.00 | 23 | 29
linolenic acid) C06426
8 Citric acid LR C00158 CgHO- Organic acid -79 | 04 1.1 | 0.00 | 0.00 @ 1.8 | -4.6
9 Fumaric acid LR C00122 C,H,0, Organic acid -4.0 | 0.3 1.1 | 0.00 | 0.00 1.8 | -24
10 Glyceric acid LR C00258 C3;HgO4 Organicacid | -46 | 3.8 | 1.4 | 0.5 | 0.01 | 0.00 | -1.7 | 2.5
11 Malic acid LR C00149 C4HgO5 Organicacid | 2.0 | -76 | 1.0 | 1.1 |0.00 0.00 | 3.6 | -2.2
12 Phosphoric acid LR C00009 H;0,P Organic acid 56 | 04 | 1.1 [0.01| 000 /| 1.6 | 3.6
13 Fructose LR C02336 CeH 1,04 Sugar 30 | 0.7 1.0 | 0.01| 0.00 | 3.7 3.7
14 Glucose LR C00031 CeH,,04 Sugar 23106 | 03 001|001 35| 17
15 Sitosterol LR C01753 CyoH50,0 Sugar alcohol | -3.9 | -4.0 | 1.3 | 0.9 | 0.01 | 0.00 | -1.3 | -1.6
16 Putrescine L C00134 C,H,N, Amine -2.5 1.1 0.02| NS | -34
17 Alanine L C00041 C3H,NO, Amino acid -4.0 1.4 0.01 | NS | -2.1
18 B-Alanine L C00099 Cs;H,NO, Amino acid 0.4 001 | NS | 22
19 Glycine L C00037 C,H5NO, Amino acid | -4.9 1.4 0.00 | NS | -1.6
20 Isoleucine L C00407 C¢H3NO, Amino acid 0.5 0.00 | NS | 3.5
21 Leucine L C00123 CsH3NO, Amino acid 2.2 1.0 0.00 | NS | 82
22 Lysine L C00047 CsH4N>0, Amino acid | -14 0.8 0.02 | NS 1.6
23 N-Acetylglutamic acid L C00624 C;H;1NOs Amino acid | -3.9 1.3 0.00 | NS | -3.1
24 Threonine L C00188 C4HoNO; Amino acid | -4.8 14 0.00 | NS | -1.9
25 Tyrosine L C00082 CoH{1NO;3 Aminoacid | -1.4 0.8 0.00 | NS 1.5
26 Dodecanoic acid L C02679 C1,H,,0, Fatty acid -3.2 1.2 0.02 | NS | -1.7
27 Hexadecanol L C00823 Cy6H340 Fatty alcohol | -3.3 1.3 0.00 | NS | -2.2
28 Tetracosanol L 10472* C,4H;5,0 Fatty alcohol | -2.6 1.1 0.01 | NS | -4.0
29 Triacontanol L C08392 C30Hg,O Fatty alcohol | -2.4 1.1 0.00 | NS | -3.7
30 3-Hydroxy propanoic acid L C01013 CoH 1005 Organicacid | 3.5 1.3 0.00 | NS | 12.9
31 Benzeneacetic acid L C07086 CgHgO, Organic acid | -5.1 14 0.00 | NS |-15.6
32 Gluconic acid L C00257 CeH 1,0, Organic acid 0.4 0.00 | NS | 22
33 Glycolic acid L C00160 C,H,0; Organic acid 0.5 0.02 | NS | 4.6
34 Hydrocinnamic acid L C05629 CoH;00, Organic acid | -3.9 1.3 0.00 | NS | -255
35 Isocitric acid L C00311 CgHgO-, Organic acid 0.4 0.00 | NS | 3.3
36 Pyruvic acid L C00022 C;H,05 Organicacid | -2.7 1.2 0.01 | NS | -3.5
37 1-Monohexadecanoylglycerol L Organic 0.6 0.02| NS | 41
compound
38 | 2-O-Glycerol-a-D-galactopyranoside L 46780447* CoH 504 Sugar 14 0.8 0.00 | NS | 34
39 Galactose L C00124 CeH 1,06 Sugar 0.5 0.01| NS | 35
40 Threonic acid lactone L 2724794* C4HO, Sugar acid -3.0 1.2 0.00 | NS | -2.1
(L-Threonolactone)
(Continued)
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Table 3. (Continued)

Name of metabolites Available in Leaf | Compound Molecular Compound SAM PLS-DA LA754
(L) or Root (R) 1D Formula type (d.value) |(VIPscore) | p value FC
(t-test) (drought/
control)

Leaf | Root | Leaf | Root | Leaf | Root | Leaf | Root

41 Galactitol L C01697 CeH 406 Sugar alcohol 0.6 0.00 | NS | 3.2

42 Mannitol L C00392 CeH 404 Sugar alcohol 0.4 0.00 | NS | 2.1

43 Ribitol L C00474 CsH;,05 Sugar alcohol | -1.7 0.9 0.00 | NS | 2.0

44 alpha-Tocopherol L C02477 CyoH500, Vitamin -4.8 14 0.00 | NS | 14.7

45 2-O-Glycerol-b-D- L 2.1 1.0 0.00 | NS 6.7

galactopyranoside

46 GABA R C00334 C,HoNO, Amino acid -6.8 1.1 | NS | 0.00 -5.2

47 Pyroglutamic acid R C01879 CsH,NO; Amino acid -5.1 1.1 | NS | 0.00 -3.1

48 C18:2 (Linoleic acid) R C01595 Cy5H3,0, Fatty acid -4.1 1.1 | NS | 0.00 -2.9

49 Ribonic acid R C01685 CsH;00¢ Organic acid -5.4 1.1 | NS | 0.00 -3.2

50 Ribose R C21057 CsH,00s Sugar 2.7 0.9 | NS | 0.00 1.9

Note: “PubChem ID.

https://doi.org/10.1371/journal.pone.0213502.t1003

where a significantly higher number of metabolites were altered in leaves compared to roots,
and in AGS2038, a similar number of metabolites were altered in leaves and roots. Out of 47

AGS2038
LA754 B
A
Leaf
Leaf Root Root
Leaf Root
C D

LA754 AGS2038 LA754 AGS2038

Fig 5. Total number of metabolites significantly regulated in drought compared to control. Colors indicate either two genotypes or leaf and root
(orange = leaf, blue = root; green = ‘LA754’, purple = ‘AGS2038’). Numbers in parenthesis indicate number of metabolites up-regulated (red) and down-
regulated (black).

https://doi.org/10.1371/journal.pone.0213502.9005
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Fig 6. Metabolites of the absolute value of fold change (Drought/Control) which were more than 1.5 in leaf and root separately, and common in both in LA754.

https://doi.org/10.1371/journal.pone.0213502.9006

metabolites, 30 were altered in leaves and 28 in roots, and 11 were common between roots and
leaves (Figs 5B and 7). The results indicate that the plants compromised resource allocation to
leaves, rather allocated more towards roots due to drought stress in sensitive genotype. Amino
acids (8 in leaves, 20 in roots), organic acids (6 in leaves, 8 in roots), sugars (7 in leaves, 1 in
roots), sugar alcohol (5 in leaves, 2 in roots), and fatty alcohol (1 in leaves, 2 in roots) are a
major group of metabolites altered due to drought stress. In leaves, levels of 24 metabolites
were increased whereas 18 were decreased; however, in roots, only 6 metabolites showed
increased accumulation and 14 were decreased due to drought stress. Out of 11 commonly
altered metabolites in leaf and root, proline and glycerol demonstrated higher accumulation
due to drought stress in both organs, whereas amino acids (isoleucine and phenylalanine),
sugar alcohol (mannitol), and organic acid (malic acid) were positively accumulated in leaf,
but negatively in root. The rest of the 5 metabolites decreased their levels due to stress in both
leaves and roots. Out of the 19 metabolites, those that altered their level only in leaf, fatty acid
(dodecanoic acid), gamma-tocopherol, organic acid (chlorogenic acid, gluconic acid, and lac-
tic acid), amino acid (lysine), sugars (nigerose, seduheptolose, galactose, and digalactosylgly-
cerol), sugar alcohol (galactitol, hexacosanol, and octacosanol), and vitamins (alpha-
tocopherol and gamma- tocopherol) showed strong accumulation due to drought stress
(Table 4 and Fig 7). Out of the 17 metabolites in roots, those that altered levels due to drought
stress, only 4 metabolites, phosphoric acid (organic acid), fructose (sugar), inositol-phosphate
(organic compound), and pyroglutamic acid (amino acid) displayed higher accumulation in
roots (Table 4 and Fig 7).
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Table 4. List of 47 important metabolites with their Kyoto Encyclopedia of Genes and Genomes identifier number (KEGG ID/PubChem CID*/Metabolite ID(**)),
molecular formula (MF), identified through Significant Analysis of Metabolites (SAM) and Partial Least Square Discrepant Analysis (PLS-DA) in AGS2038.

Name of metabolites Available in Leaf | Compound Molecular Compound SAM PLS-DA AGS2038
(L) or Root (R) ID Formula type (d.value) (VIP score) P value EC
(t-test) (drought/
control)
Leaf | Root | Leaf | Root | Leaf | Root | Leaf | Root
1 | Aspartic acid LR C00049 C4H,NO, Amino acid | -2.092 | -6.621 | 1.269 | 1.445 | 0.00 | 0.00 | -2.6 | -15.7
2 | Glutamic acid LR C00025 CsHoNO, Amino acid | -1.670 | -5.143 | 1.137 | 1.397 | 0.01 | 0.00 | -2.1 | -17.1
3 | Isoleucine LR C00407 CgH3NO, Amino acid 0.580 | 0.303 | 0.00 | 0.00 | 1.5 | -7.8
4 | Phenylalanine LR C00079 CoH,;NO, Amino acid 0.492 | 0.066 | 0.00 | 0.00 | 1.5 | -7.1
5 | Proline LR C00148 CsHoNO, Amino acid 1.416 | 4.560 | 0.903 | 1.363 | 0.01 A 0.02 | 3.7 | 4.7
6 | Serine LR C00065 C3H,NO; Amino acid | -2.429 1.335/0.290 | 0.00 | 0.00 | -5.1 | -6.9
7 | Threonine LR C00188 C,HoNO; Amino acid | -2.108 1.27310.052 | 0.01 | 0.00 | -2.1 | -6.4
8 | Glyceric acid LR C00258 C3HgO4 Organic acid | -1.509 | 3.155 | 1.069 | 1.213 | 0.00 | 0.01 | -1.5 | -2.5
9 | Malic acid LR C00149 C4HgO5 Organic acid 1.835 | 0.578 | 0.897 | 0.01 | 0.00 | 2.1 | -34
10 | Glycerol LR C00116 C3HO; Sugar alcohol 5.452 | 0.342 | 1.410 | 0.00 | 0.00 | 1.5 1.8
11 | Mannitol LR C00392 CeH 1406 Sugar alcohol 2.893 | 0.695 | 1.168 | 0.00 | 0.00 | 1.6 | -2.2
12 | Lysine €00047 CH.N,O, | Aminoacid | 1.400 1.009 0.00 | NS | 25
13 | Dodecanoic acid L C02679 Cy,H,40, Fatty acid -1.575 1.098 0.01 | NS | 12,5
14 | Chlorogenic acid L C00852 Ci6H1500 Organicacid | 2.323 1.317 0.00 | NS | 7.2
15 | Gluconic acid L C00257 Ce¢H 1,07 Organicacid | 1.774 1.175 0.00 | NS | 2.7
16 | Hydrocinnamic acid L C05629 CoH;00, Organicacid | -1.917 1.222 0.01 | NS | -2.0
17 | Lactic acid L C01432 C3HeO5 Organic acid 0.294 001 | NS | 15
18 | Urea L C00086 CH4N,O Organic 0.560 0.00 NS | 1.7
compound
19 | 1-Benzylglucopyranoside L Sugar 1.4180 0.900 0.00 | NS | 1.6
20 | 2-O-Glycerol-a-D- L 46780447* CoH 504 Sugar 1.550 1.088 0.00 | NS | 2.6
galactopyranoside
21 | Digalactosylglycerol L 46905263* C1sH,5013 Sugar 0.664 0.00 | NS | 1.6
22 | Galactose L C00124 CgH 1,04 Sugar 1.447 0.755 0.01 | NS | 2.1
23 | Glucoheptulose L MEO000065"* C,;H,,0; Sugar 1.505 1.068 0.00 | NS | 2.0
24 | Nigerose L C01518 C1,H,,0q, Sugar 0.709 0.01 | NS | 24
25 | Sedoheptulose L C02076 C,H,,0; Sugar 2.414 1.332 0.00 | NS | 23
26 | Galactitol L C01697 CeH 406 Sugar alcohol | 2.176 1.288 0.00 | NS | 4.7
27 | Hexacosanol L C08381 Cy6H5,0 Sugar alcohol | 1.991 1.243 0.00 | NS | 2.2
28 | Octacosanol L C08387 C,3H530 Sugar alcohol | 1.740 1.163 0.00 | NS | 1.6
29 | alpha-Tocopherol L C02477 CyoH500, Vitamin 1.427 0.965 0.00 | NS | 24
30 | gamma-Tocopherol L C02483 CyoH500, Vitamin 1.447 1.041 0.00 NS | 16
31 | Alanine R C00041 C3H,NO, Amino acid 0.277 | NS | 0.00 -6.1
32 | GABA R C00334 C,HoNO, Amino acid -2.217 1.014 | NS | 0.00 -11.5
33 | Glycine R C00037 C,H;NO, Amino acid 2.588 1.106 | NS | 0.00 -2.6
34 | Leucine R C00123 CeH3NO, Amino acid 0.492 | NS | 0.01 -8.9
35 | Pyroglutamic acid R C01879 CsH,NO; Amino acid 2.764 1.143 | NS | 0.00 2.0
36 | Tyrosine R C00082 CoH;1NO;3 Amino acid 0.280 | NS | 0.01 -4.9
37 | Valine R C00183 CsH;;NO, Amino acid 0.119 | NS | 0.00 -6.2
38 | C18:2 (Linoleic acid) R C01595 Cy5H3,0, Fatty acid 3.663 1.282 | NS | 0.00 -2.1
39 | C18:3 (alpha-linolenic acid/ R C06427/ C15H300, Fatty acid 0.715| NS | 0.01 -3.1
gamma-linolenic acid) C06426
40 | Citric acid R C00158 C¢HgO-, Organic acid -3.444 1.255| NS | 0.00 -9.3
41 | Fumaric acid R C00122 C4H,O0,4 Organic acid 2.360 1.052 | NS | 0.00 -2.7
(Continued)
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Table 4. (Continued)

Name of metabolites Available in Leaf | Compound Molecular Compound SAM PLS-DA AGS2038
(L) or Root (R) ID Formula type (d.value) (VIP score) P value FC
(t-test) (drought/
control)
Leaf | Root | Leaf | Root | Leaf | Root | Leaf | Root
42 | Phosphoric acid R C00009 H,0,P Organic acid 8.095 1.466 | NS | 0.00 7.5
43 | Quinic acid R C00296 C;H,0¢ Organic acid 2.996 1.187 | NS | 0.00 -2.6
44 | Ribonic acid R C01685 CsH,(O¢ Organic acid 0.251 | NS | 0.00 -5.7
45 | Threonic acid R C01620 C4HgOs5 Organic acid 0.152 | NS | 0.01 -5.5
46 | Inositol-phosphate R C01177 CgH300P Organic 4.655 1.369 | NS | 0.00 1.8
compound
47 | Fructose R C02336 CeH 1,06 Sugar 5.271 1.403 | NS | 0.00 6.6

Note: * PubChem ID;
**NIH data repository at “UCSanDiego Metabolomics Workbench”.

https://doi.org/10.1371/journal.pone.0213502.t1004

m Leaf

When compared, metabolites significantly altered in leaves of 2 genotypes, 17 were com-
mon, whereas 28 were changed only in LA754 and 12 only in AGS2038 (Fig 5C). Out of the
commonly altered metabolites between 2 genotypes, proline, alpha-tocopherol, malic acid,
galactose, isoleucine, and mannitol were higher accumulated in LA754 compared to AGS2038,
whereas lysine, galactitol, gluconic acid, and dodecanoic acid were higher accumulated more
in AGS2038 than LA754 (Fig 8). Out of 28 metabolites accumulated only in LA754, amino
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Fig 7. Metabolites of the absolute value of fold change (Drought/Control) which were more than 1.5 in leaf and root separately, and common in both in AGS2038.

https://doi.org/10.1371/journal.pone.0213502.g007
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Fig 8. Metabolites of the absolute value of fold change (Drought/Control) were more than 1.5 in leaves.

https://doi.org/10.1371/journal.pone.0213502.9008

acid (leucine, tryptophan, B-alnine, valin, and tyrosine), organic acid (3-Hydroxy propanoic
acid, phosphoric acid, glycolic acid, isocitric acid, fumaric acid, and citric acid), sugar (fruc-
tose, glucose, and 2-O-Glycerol-a-D-galactopyranoside), fatty acid (alpha-linolenic acid),
sugar alcohol (ribitol), and organic compound (1-Monohexadecanoylglycerol) demonstrated
at least more than 1.5-fold increase under drought condition. On the contrary, in AGS2038,
sugar and sugar alcohols were predominantly accumulated significantly in leaves (nigerose,
seduheptulose, hexacosanol, glucoheptulose, 1-Benzylglucopyranosidem, Digalactosylglycerol,
octacosanol, and glycerol). In addition, organic compounds (urea, chlorogenic acid, lactic
acid), fatty acid (gamma-tocopherol), and amino acid (phenylalanine), showed a more than
1.5-fold increase under drought condition compared to well-watered condition. Comparing
the 2 genotypes, leaves of LA754 accumulated predominantly amino acids, sugar, and sugar
alcohol, and organic acid due to drought stress, while, in the leaves of AGS2038 under drought
stress, sugar, and sugar alcohol showed higher accumulation compare to other metabolites.

When the current study compared metabolites altered due to drought stress in roots
between 2 genotypes, 16 were commonly changed, whereas only 4 were changed in LA754 and
12 were in AGS2038 (Figs 5D and 9). Out of the 16 commonly altered metabolites, proline, gly-
ceric acid, and alpha-linolenic acid were accumulated higher in LA754 than AGS2038, whereas
fructose, phosphoric acid, and pyroglutamic acid were predominantly higher accumulated in
AGS2038 compared to LA754 (Fig 9). Glucose was the only metabolite that showed higher
accumulation (>1.5-fold) under drought compared to the control condition in LA754,
whereas glycerol and inositol- phosphate were accumulated more than 1.5-fold in AGS2038
under drought condition (Fig 9).
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Fig 9. Metabolites of the absolute value of fold change (Drought/Control) were more than 1.5 in roots.

https://doi.org/10.1371/journal.pone.0213502.9g009

Metabolic pathway analysis

The Pathway Analysis was performed on significantly altered known metabolites by using
Oriza sativa japonica as the pathway libraries to associate the biological functions of identified
metabolites to different pathways (Tables 5 and 6). In LA754, 8 different pathways were identi-
fied where different metabolites are involved in different steps (Table 5), 4 of which are com-
mon between leaves and root (aminoacyl-tRNA biosynthesis; arginine and proline
metabolism; and alanine, aspartate, glutamate metabolism, and TCA cycle). Glycine, serine,
and threonine metabolism; glyoxylate and dicarboxylate metabolism; and valine, leucine, and
isoleucine biosynthesis pathways were significantly altered only in leaves of LA754 due to
drought stress (Table 5). In AGS2038, aminoacyl-tRNA biosynthesis pathway was altered sig-
nificantly by drought in both leaves and root, whereas alanine, aspartate, and glutamate metab-
olism, arginine and proline metabolism, and cyanoamino acid metabolism were significantly

altered in root (Table 6).

Discussion

The results from the current study demonstrated significant damage (37%) to the chlorophyll
content of AGS2038 (sensitive genotype) even under short-term exposure (14 days) to
drought, whereas LA745 (tolerant genotype) maintained a higher chlorophyll content, and a
minimal decrease was recorded both under short- and long-term drought stress. Drought
stress also affected the photochemical efficiency as evident from declining value of Fv/Fm
ratio, suggesting an increase in F, that results inactivation of PSII. However, the percent dam-
age was more in AGS2038 as compared to LA745. The measurement of chlorophyll
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Table 5. Pathway names, total metabolites involved in those pathways, metabolites significantly accumulated in present study (hits), and false discovery rate (FDR)
in wheat flag leaves and roots of LA754 identified by Pathway Analysis of MetaboAnalyst 3 using Oryza sativa japonica as the pathway library.

Pathway name Availablein | Total number of | number of Metabolites involved in FDR
Leaf (L) or Root metabolites | metabolites
(R) were

involved in

Leaf | Root Leaf Root Leaf | Root
Alanine, aspartate and LR 21 5 4 | Aspartic acid, alanine, glutamic acid, Aspartic acid, glutamic acid, 0.010 | 0.017
glutamate metabolism fumaric acid, pyruvic acid fumaric acid, gamma-

aminobutyric acid
Aminoacyl-tRNA LR 67 13 6 | Glycine, aspartic acid, serine, valine, Aspartic acid, serine, valine, 0.000 | 0.025
biosynthesis alanine, lysine, isoleucine, leucine, tryptophan, proline, glutamic
threonine, tryptophan, tyrosine, proline, acid
glutamic acid
Arginine and proline LR 37 6 5 | Aspartic acid, glutamic acid, N-Acetyl-L- | Aspartic acid, glutamic acid, 0.019 | 0.017
metabolism alanine, proline, putrescine, fumaric acid | proline, pumaric acid, gamma-
aminobutyric acid

Citrate cycle (TCA LR 20 5 3 | Isocitric acid, malic acid, citric acid, Malic acid, Citric acid, 0.010 | 0.027
cycle) pyruvic acid, fumaric acid Fumaric acid
Cyanoamino acid L 11 3 Glycine, aspartic acid, serine 0.047
metabolism
Glycine, serine and L 29 6 Serine, glycine, aspartic acid, threonine, 0.010
threonine metabolism pyruvic acid, tryptophan
Glyoxylate and L 17 4 Isocitric acid, glycolic acid, citric acid, 0.024
dicarboxylate malic acid
metabolism
Valine, leucine and L 26 5 Threonine, leucine, valine, isoleucine, 0.020
isoleucine pyruvic acid
biosynthesis

https://doi.org/10.1371/journal.pone.0213502.t005

fluorescence is assumed to be a valuable tool in monitoring the photosynthetic activity. The
Fv/Fm ratio that is the features of the highest quantum yield of the primary photochemical
reactions had been significantly reduced in drought sensitive wheat cultivars grown under
water stress condition. These findings are supported by previous studies where significant
decrease in leaf chlorophyll content and Fv/Fm ratio under drought stress was demonstrated
[28; 33].

The improved permeability and ions leakage out of cells has been used as a measure of mem-
brane thermostability. Membrane thermostability has been used as an idirect measurement of

Table 6. Pathway names, total metabolites involved in those pathways, metabolites significantly accumulated in present study (hits), and false discovery rate (FDR)
in wheat flag leaves and roots of AGS2038 identified by Pathway Analysis of MetaboAnalyst 3 using Oryza sativa japonica as the pathway library.

Pathway Name Available in | Total number of | number of | metabolites were involved in Metabolites involved in FDR
Leaf(L) or Root | metabolites | jo5¢ | Root leaf Root leaf | Root
R)
Aminoacyl-tRNA LR 67 8 12 | Phenylalanine, aspartic acid, Phenylalanine, glycine, aspartic acid, 0.003 | 0.000
biosynthesis serine, lysine, isoleucine, serine, valine, alanine, isoleucine, leucine,
threonine, proline, glutamic acid | threonine, tyrosine, proline, glutamic acid
Alanine, aspartate R 21 5 Aspartic acid, alanine, glutamic acid, 0.004
and glutamate fumaric acid, gamma-aminobutyric acid
metabolism
Arginine and proline R 37 5 Aspartic acid, glutamic acidproline, 0.040
metabolism fumaric acid, gamma-aminobutyric acid
Cyanoamino acid R 11 3 Glycine, aspartic acid, serine 0.040
metabolism
https://doi.org/10.1371/journal.pone.0213502.t006
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stress tolerance is different plant species, including wheat, as increased membrane permeability
is associated higher electrolyte leakage through membrane [28]. Plasma membrane damages
were associated with grain yield reduction [34] and drought tolerance [35; 36]. Similarly,
drought induced significant reduction in shoot dry weight of both the tolerant and sensitive
genotypes as compared to control. However, the percent reduction was less in LA754 in com-
parison to AGS2038. Drought induced significant decrease in the shoot dry weight of wheat is
supported by others as well [37; 38].

The current study noted significant reduction in grain weight, grain number, 100-grain
weight, and HI in both genotypes due to drought stress, but the percent damage was less in the
tolerant genotype (LA754). In this present study, the declining photosynthetic activity and
membrane integrity ultimately reflected in lower shoot biomass, grains spike !, harvest index,
grain weight spike™, and 1000- grain weight in the sensitive genotype. The higher yield in the
tolerant genotype (LA754) is characterized by a higher harvest index that was the main yield
contributing trait. This was consistent with previous report that a higher harvest index is criti-
cal for higher grain yield under drought stress [39]. Drought stress might have reduced the
transport and accessibility of essential nutrients in AGS2038 by rendering the root growth and
proliferation as evident from poor growth and yield [23; 38].

The current study carried out GC-MS analysis to understand the metabolic alteration in
different parts (root and shoot) of the plant at different growth conditions that could provide a
more precise indication of stress tolerance in plants. Several previous studies linked the
involvement of different defense mechanisms, including enzyme detoxification, redox balance,
and signaling pathways with increased level of certain metabolites in the leaves of different
plant species [40; 41; 42]. However, our knowledge is limited in understanding contrasting
metabolic changes in leaves and roots in wheat and the relationship between changed metabo-
lite levels with the performance under drought stress. The current study simultaneously ana-
lyzed the metabolic alterations in both leaves and roots that assessed the allocation of
metabolites for various plant functions and avoidance of stress at the whole plant level, thereby
assessing the likely contrasting responses of shoots and roots to the drought stress.

The extended level of amino acids is evident in enhancing stress pliability in plants by
inducing numerous physiological mechanisms including, detoxification of ROS at photosyn-
thetic organs, adjustment of osmotic stress, and maintenance of the intracellular pH level [43].
In this present study, enhanced accumulation of amino acids was noted due to the stress, but
their relative intensity was higher in LA754 than in AGS2038. LA754 highly accumulated ala-
nine, isoleucine, leucine, lysine, and tyrosine in leaves under drought condition, whereas
AGS2038 highly accumulated isoleucine and phenylalanine. Amino acids are not only
involved in the biosynthesis of proteins but also represent building blocks for numerous other
biosynthetic pathways, a precursor of different secondary metabolites, and play essential roles
in signaling processes in response to environmental stresses [44]. LA754 remained physiologi-
cally active for a longer duration under stress by accumulating an array of metabolites in their
leaves required for better growth of plants. The enhanced level of amino acids under drought
stress was reported previously in wheat [33], soybean [45], bean [46], and in chickpea [28].

Proline plays a vital role in mitigating drought stress in plants by reducing ROS level and by
guarding plant cell membranes and proteins [47]. Proline was highly accumulated (88% and
53%) in the leaves and roots of LA754 under stress condition as compared to AGS2038. Accu-
mulation of proline under stress has been associated with drought tolerance in many plants, and
its concentration has been revealed to be mostly higher in tolerant genotype than in sensitive
genotype [47]. It had been reported earlier that higher proline concentration in roots enhanced
root hairs formation and increased root biomass thus leading to vigorous plant growth even
under harsh environmental conditions [48]. Very strong accumulation of proline in the root of
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LA754 might contribute higher root biomass production than AGS2038 under drought condi-
tion. Proline not only acts as an osmolyte but also assists in the stabilization of cellular structure,
hunting free radicals and defending cellular redox potential, improve cytoplasmic acidosis and
uphold suitable NADP" or NADPH ratios intimate with metabolism [28; 49].

Previous studies have shown that the enhanced level of sugar helped in evading stress by
increasing the osmotic potential in plant [50].s The present study indicated an increase in
sugar content with increase in drought stress. The concentration of nigrose, seduheptose, and
galactose were enhanced in the leaves of AGS2038, whereas LA754 accumulated glucose, fruc-
tose, and galactose in higher concentration. Sugars play a vital role in plant growth and affect
all stages of plant life cycle and interact with plant hormones and regulate growth and develop-
ment in plants grown under stress [50; 51]. Sugars control cellular activity at various levels,
from transcription and translation to protein stability and activity [52]. Sugars play a vital role
as a signaling molecule and intricate with many metabolic processes in plants [53]. The role of
glucose and fructose as a signaling molecule is well established and plays a dominant role in
plant developmental processes such as plant growth, flowering, vascular tissues differentiation,
and development of storage organs [54]. Sugar accumulation was higher in the roots of LA754,
whereas the AGS2038 failed to accumulate sugar that might lead to a poor root system as
increase in sugar concentration enhances drought resistance and acts as signal molecules [55].
The higher accumulation of amino acids and sugars in the roots of LA754 genotype might
have improved the uptake of micro- and macronutrients, and thus increased root growth and
plant biomass. Reduction in growth of AGS2038 may be due to the accumulation of a lesser
number of drought responsive metabolites in their leaves and roots as this genotype only accu-
mulated pyrogutamic acid in roots when exposed to stress. These results are in agreement with
those reported by [56] that amino acids are linked with the growth of plant roots, symbiotic
interactions, and pathogenesis in the rhizosphere.

The present study noted the accumulation of sugar alcohol, namely mannitol and oribitol in
the leaves of LA754 when exposed to stress. Sugar alcohols are the prime photosynthetic prod-
ucts that also intricate with responses of plants to stresses and act as carbohydrate reserve in
many plants under water shortage [57]. Sugar alcohols are produced externally to the chloro-
plast, through reductases and phosphatases, and play a vital role in osmotic stress adaptation.
AGS2038 showed a positive accumulation of mannitol in their leaves but failed to accumulate
in roots. Mannitol accumulation increases when plants are visible to low water potential and its
accretion is controlled by inhibition of competing pathways and reduced mannitol consump-
tion and catabolism [58; 59]. The encouraging effects of mannitol in drought and salinity toler-
ance in transgenic tobacco and wheat were demonstrated earlier [60; 61]. Tolerant genotype
accumulated more sugar alcohol in their leaves as compared to the sensitive genotype that
might lead to better growth and to enhance tolerance mechanism in LA754. Mannitol and sor-
bitol infiltrates through the cell wall and alters the responses of cells to low water potential [62].

The abundance of organic acids in drought tolerant genotype is induced by drought stress
but the accumulation was more in leaves than in roots and in tolerant genotype than sensitive
genotype. LA754 significantly accumulated 3-hydroxy propanoic acid, gluconic acid, glycolic
acid, citric acid, and isocitric acid in leaves; however, fumaric acid and citric acid were nega-
tively accumulated in their roots. In contrast, AGS2038 only accumulated gluconic acid and
malic acid in leaves and phosphoric acid in roots in higher concentration. Organic acids not
only act as the intermediates in energy cycle, but also play a role in plant adaptation to nutrient
shortage and other abiotic stresses. Levi et al. [63] found that the accumulation of some organic
acids including citric acid could contribute to greater capacity of some genotype of cotton to
manage drought stress. Glyceric acid, a component of glycolysis and the TCA cycle, was signif-
icantly higher accumulated in the roots of the tolerant genotype which might have helped to
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maintain a healthy root system and uptake nutrients and water in the present study. The
organic acids most probably played an important role as photosynthetic intermediates as evi-
dent from the metabolic expression of tolerant genotype where 50% more accumulation of
organic acids occurred in the leaves as compared to the sensitive genotype. Overall, AGS2038
accumulated more organic acids (25%) in their roots as compared to LA754 under stress but
could not reduce the adverse effects of stress.

Beside organic acids, fatty acids also plays an important role in different biological func-
tions, including act as a source of reserve energy and essential components of membrane lipids
in living organisms. In plants, fatty acids metabolic pathways play an important role in plant
defense. The present study reported significant accumulation of alpha-linolenic acid in the
leaves and roots of LA754; however, AGS2038 accumulated gamma-tocopherol only in leaves.
Lenka et al. [64] reported that the upregulation of alpha-linolenic acid pathway was associated
with the drought tolerance of rice genotype grown under water stress condition. They also
noted that decline in the level of alpha-linolenic acid enhanced drought-induced damage in
sensitive genotype. Thus, higher a-linolenic acid metabolism in plants under drought appears
to be in good agreement with the inherent drought tolerance capacity in LA754 genotype. Our
results clearly demonstrate that LA754 can serve as an excellent genetic resource linked with
drought tolerance for genetic improvement of wheat and other cereals.

Increased level of vitamins such as alpha-tocopherol and gamma-tocopherol was noted in
the current study that was also previously reported in barley [65] and chickpea [28] grown
under drought stress condition. The abundant vitamins possibly act as a substitute for energy
supply, assisting in carbohydrate metabolism for the production of energy and thus enhance
stress tolerance in cereals [66]. LA754 significantly accumulated alpha-tocopherol in their
leaves. Previous studies suggested that the most abundant form of tocopherol in leaves is
alpha- tocopherol [67]. In contrast, AGS2038 accumulated both alpha-tocopherol and
gamma- tocopherol; however the level of alpha-tocopherol was much lower than LA754. The
roots of both the genotypes did not show any accumulation. The results from the current
study are in agreement with those of Abbasi et al. [68] who reported that alpha-tocopherol is
mainly accrued in the photosynthetic tissues of transgenic tobacco grown under drought stress
condition but no accumulation was recorded in below ground parts. Szarka et al. [69] reported
that alpha-tocopherol, ascorbate, and gluthatione form an imperative part of abiotic stress
responses in plants. The concentration of alpha-tocopherol surge in plants due to ROS, and
thus combat their adverse effects on plants [70].

A list of all recognized KEGG IDs was integrated into MetaboAnalyst3 and over- represen-
tation of metabolic pathway analysis was conducted. The current study demonstrated 8 differ-
ent pathways in the LA754, out of which 4 were common between roots and leaves.
Aminoacyl- tRNA biosynthesis pathway was commonly altered in the leaves and roots of both
the genotypes (LA754 and AGS2038) under stress condition. Aminoacyl-tRNA synthetases
form a different group of enzymes that certifies the transmission of genetic information from
DNA into portions. This pathway contains 20 different enzymes that are responsible for esteri-
fication of tRNAs with their related amino acids and thus sustain the fidelity of protein biosyn-
thesis process [70]. The biosynthetic pathways of some amino acids such as alanine, aspartate,
and glutamate were elevated under drought condition in both the leaves and roots of LA754
and only in the roots of AGS2038 that is inconsistent with the previously published transcrip-
tome data [71]. In the present study, the TCA cycle was upregulated in LA754 grown under
water stress. The TCA cycle is an essential metabolic pathway which creates energy for differ-
ent biological activities and also provides precursors used in many biosynthetic pathways [72].
During the TCA cyle, acetyle-coA, which is produced through carbohydrate, fatty acid and
amino acid catabolism, is oxidize to CO, to meet most of the cellular energy requirement [73].
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Proline and arginine metabolism is of critical importance but not fully understood. Proline is
not only a needed component of proteins but it also has a significant role to play in the adapta-
tion to osmotic and dehydration stresses, redox control, and apoptosis. Under stress condition,
the mitochondrial oxidative phosphorylation is decreased and the yield of ATP is increased
through proline metabolic pathway to restore the stress induced damage [49; 74]. Similarly,
arginine which is a major storage form of underground organs and roots might play a key role
in nitrogen distribution and recycling in plants through its metabolic pathways [75; 76].

Conclusion

The present study demonstrated that drought stress treated leaves and roots of wheat geno-
types differing in sensitivity to drought have distinct mechanisms of metabolite accumulation
and regulation that is valuable for the better understanding of overall abiotic stress tolerance
mechanisms. The study demonstrated differential alteration of metabolites by drought stress,
particularly in the leaves which are considered the most drought sensitive part of the plant.
The metabolome of the root was not much affected by the drought stress that potentially indi-
cates that root is more drought tolerant organ of the plant than leaves. Amino acids, organic
acids, sugars, sugar alcohol, and fatty alcohol are major groups of metabolites altered due to
drought stress. The metabolic composition of roots and leaves were different, and leaf metabo-
lites were more variable than root metabolites. There is clear evidence in differences in
resource allocation in two genotypes. Tolerant genotype allocated more resources in leaves
than root, while sensitive genotype demonstrated similar resource allocation in roots and
leaves. Some of the metabolites significantly altered only in the leaves, while some only in roots
and some altered both in organs. The major metabolites those were showing significant accu-
mulation under the drought stress were considered as the key metabolites and correlated with
potential biochemical pathways, enzymes, or gene locations for a better understanding of the
tolerance mechanisms. Protein synthesis cycle was active in both genotypes in both organs.
However, the energy cycle was only active in both organs of tolerant genotypes (LA754). The
higher accumulation of amino acids and sugars in the roots might have helped tolerant geno-
type to be remaining active to uptake water and nutrients, thus maintaining growth and pro-
ductivity under drought stress condition. The data provided information that may, with
further investigation, help to understand the biochemical pathway underlying stress tolerance
in wheat genotypes.

Supporting information

S1 Table. List of 66 significantly altered metabolites (either between treatments, or geno-
types, or different time points) identified through ANOVA with their p-value in roots and
leaves of LA754 (tolerant genotype) and AGS2038 (sensitive genotype). NS indicates not
significant.
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