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ABSTRACT

ARTICLE HISTORY

A GC-MS based analytical approach was undertaken to understand the metabolomic responses of
seedlings of 2 salt sensitive (Sujala and MTU 7029) and 2 tolerant varieties (Bhutnath, and Nonabokra) of
indica rice (Oryza sativa L.) to NaCl induced stress. The 4 varieties responded differently to NaCl treatment
with respect to the conserved primary metabolites (sugars, polyols, amino acids, organic acids and certain
purine derivatives) of the leaf of rice seedlings. However, there were signiﬁcant differences in salt induced
production of chorismic acid derivatives. Serotonin level was increased in both the salt tolerant varieties in
response to NaCl induced stress. In both the salt tolerant varieties, increased production of the signaling
molecule gentisic acid in response to NaCl treatment was noticed. Salt tolerant varieties also produced
increased level of ferulic acid and vanillic acid. In the salt sensitive varieties, cinnamic acid derivatives,
4-hydroxycinnamic acid (in Sujala) and 4-hydroxybenzoic acid (in MTU 7029), were elevated in the leaves.
So increased production of the 2 signaling molecules serotonin and gentisic acid may be considered as
2 important biomarker compounds produced in tolerant varieties contributing toward NaCl tolerance.
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Introduction
High salinity stress is the most severe environmental stress
which impairs crop production on at least 20% of irrigated
land worldwide.1 More than 30% of world food is estimated to
be produced in irrigated land.2 Nearly 10% of the land surface
(9.5 £ 108 ha) and 50% of irrigated land (2.3 £ 108 ha) are salt
affected. It is important to improve the salt tolerance of crops
in a salinized world with situations of increasing populations,
declining crop yields, and a decrease in agricultural lands.3 For
this it is necessary to understand the biochemical and metabolic
responses of plants to salt stress to exploit genetic resources to
develop tolerant varieties.
Rice (Oryza sativa L.), the staple food for more than half of
the world’s population is the most salt sensitive cereal.4 Seedling emergence and early seedling growth stages are most sensitive to salinity.5-7 Salinity stress response is multigenic, as
several processes involved in the tolerance mechanism are
affected, such as various compatible solutes/osmolytes, polyamines, reactive oxygen species and antioxidant defense mechanism, ion transport and compartmentalization of injurious
ions.8 It has been shown that transcriptional and translational
machineries are important determinants in controlling salt
stress response.9 Salt stress responses using transcriptomic
approaches have been described for rice.10-12 Analysis of
changes of the proteome following salt stress in rice has also
been reported.13-14 Speciﬁc proteins expressed in speciﬁc
regions of rice show a coordinated response to salt stress.15 A
31 kDa polypeptide was identiﬁed as a salt induced protein in
rice leaf sheaths of Thai rice cv. Leaung Anan.16 The QTL

KEYWORDS

GC-MS; gentisic acid; leaf;
metabolomics; rice; salt
stress; serotonin

mapping approach has culminated in ﬁnding of the SKC1 protein, and its function in rice salinity tolerance as NaC-selective
transporter.17 Plant proteins may have important roles in rice
roots.18 Rice roots rapidly changed broad spectrum of energy
metabolism upon challenging salt stress, and suppression of
GA signaling by salt stress may be responsible for the rapid
arrest of root growth and development.19 In spite of several
good reviews, an integrated vision of current information on
rice tolerance to salt stress is lacking.4 Recent insights point
toward involvement of both ion transport and metabolic
aspects in rice performance under elevated soil salinity.20
Metabolomics provides a better understanding of the changes
in cellular metabolism induced by salt stress.3 A metabolic
depletion syndrome was discovered at early vegetative stages in
roots of salt sensitive rice cultivars. Depletion of at least 30
primary metabolites including sucrose, glucose, fructose, glucose-6-P, fructose-6-P, organic acid, and amino acids has been
reported.20 But any biomarker of salt tolerance is yet unknown.
During the present study, we compared metabolic changes in
the leaves of the seedlings of 4 varieties of rice, differing in their
responses to NaCl stress, following GC-MS based metabolomics approach, to search for biomarkers of salt tolerance.

Results
Metabolic changes in the 4 rice varieties consisting of 2 tolerant
varieties (Nonabokra and Bhutnath) and 2 sensitive varieties
(Sujala and MTU7029) to short-term NaCl stress were different
from each other. In total 91 metabolites could be identiﬁed
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from the leaf part. They included 29 amino acids, 14 organic
acids, 3 fatty acids, 10 phenols, 6 xanthine derivatives, 22 sugars, polyols and derivatives, and 7 other metabolites (Table 1).
The data (relative response ratio of the metabolites) (Table S1)
were analyzed by multivariate statistical analysis to understand
the metabolic responses of the 4 varieties of rice seedlings to
NaCl induced stress.
Hierarchical cluster analysis showed that the 4 varieties segregated separately (Fig. 1) on the basis of metabolomic
responses. The metabolite proﬁles in different varieties in
Table 1. Metabolites identiﬁed from rice leaves.
ORGANIC ACIDS

Identiﬁcation

trans-Aconitic acid
DL-3-Aminoisobutyric
acid
Citric acid
Fumaric acid
3-Hydroxy-3methylglutaric acid
Gluconic acid lactone
Glyceric acid

A
A

O-Acetylsalicylic acid
Ferulic acid

A, B
A, B

A, B
A
A

Gentisic acid
Gallic acid
4-Hydroxybenzoic acid

A, B
A, B
A, B

A, B
A

A, B
A, B

Glycolic acid
4-Guanidinobutyric acid
L-(C) Lactic acid
Lactobionic acid

A
A
A
A

D-Malic acid
Malonic acid
Methylmalonic acid
Mucic acid

A, B
A
A
A

Oxalic acid
Pantothenic acid
Pyruvic acid
Succinic acid
Phosphoric acid
AMINO ACIDS
b-alanine
L-Alanine
Aspartic acid
L-Asparagine
b-cyano-L-Alanine
Citrulline
L-Glutamic acid
L-Glutamine
Glycine
L-Histidine
L-Homoserine
DL-Isoleucine
L-Leucine
L-Lysine
L-Methionine
L-Ornithine
Phenylalanine
L-Proline
trans-4-Hydroxy-Lproline
Putrescine
L-Pyroglutamic acid
L-Serine
Serotonin
Spermidine
L-Threonine
L-Tryptophan
Tyramine
L-Tyrosine
L-Valine

A, B
A
A
A, B
A

4-Hydroxycinnamic acid
4-Hydroxy-3methoxybenzoic acid
Kaempferol
Shikimic acid
Quinic acid
SUGARS AND
DERIVATIVES
Fructose
Galactinol
D(C)Galactose
Methyl-b-Dgalactopyranoside
D-Glucose
D-Glucose-6-phosphate
Glycerol
Glycerol-1-phosphate
Guanosine
D-Lyxose
D-Lysosylamine
Maltose
D-Mannitol
D-Sorbitol
Sucrose
Talose
Tagatose
D-(C) Trehalose
Rafﬁnose
FATTY ACIDS
Lauric acid
Palmitic acid
Stearic acid
OTHERS
Adenine
Adenosine
Xanthine
Porphine
Allantoin
Phenylethylamine
urea
Uracil
1,3-Diaminopropane
O-Phosphocolamine

A
A
A
A
A

A
A, B
A, B
A, B
A
A
A, B
A, B
A, B
A, B
A
A, B
A, B
A, B
A, B
A, B
A, B
A, B
A, B
A
A
A, B
A, B
A
A, B
A, B
A
A, B
A, B

A: RT, RI, MS of Fiehn Library
B: RT, RI, MS of authentic compound

PHENOLS

Identiﬁcation

A, B
A
A, B
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A, B
A
A
A, B
A, B
A, B
A, B
A, B
A
A
A
A
A

Figure 1. Hierarchical cluster analysis of metabolites in 4 rice varieties.

response to different NaCl treatment were also analyzed by
Heatmap (Fig. 2). It could be visualized that the varieties
responded differently to the NaCl induced stresses. It is also
clear that the salt tolerant variety Nonabokra biosynthesized
least level of metabolites, even after stress responses, compared
with the other 3 varieties. Principal component analysis (PCA),
partial least squares discriminant analysis (PLS-DA) and
orthogonal PLS-DA also segregated the tolerant varieties from
the sensitive varieties on the basis of metabolite levels in each
variety (Fig. 3). But Nonabokra and Bhutnath were different
metabolically in all cases. As Nonabokra produced small
amount of metabolites on the basis of relative quantity, metabolic responses to stress could not be explained from the
important variables generated from the above models.
So the responses of individual plants to stress were studied.
PCA and PLS-DA showed that, for each variety, the control
and different salt treated plants separated very distinctly from
each other on the basis of metabolite proﬁle (Figs. 4–7). The
ﬁndings suggested that the plants responded differently to
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Figure 2. Heat map of normalized response ratios of leaf metabolite areas in 4 varieties of rice seedlings in response to different concentrations of NaCl treatment.

different treatment concentrations of NaCl. To ﬁnd out the
metabolites responsible for such variation, biplots (Fig. S1)
were generated from PCA model and VIP scores (Fig. 8) were
found from PLS-DA model. In sujala, a salt sensitive variety,
the responsible metabolites identiﬁed by VIP scores were glucose-6-P, lyxose, adenosine, spermidine, alanine, trans-aconitic

acid, adenine, 4-hydroxycinnamic acid, homoserine, palmitic
acid, stearic acid, lauric acid, glycolic acid, tryptophan, and
talose. A few more metabolites such as gallic acid, citrulline,
histidine, shikimic acid, sorbitol, trehalose, lysoxamine, and
gentisic acid were detected from the biplot (Fig. S1). In another
salt sensitive variety MTU 7029, the metabolites identiﬁed

Figure 3. Separation of salt tolerant and sensitive varieties (a) PCA; (b) PLS-DA; (c) OPLS-DA.
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Figure 4. Segregation of treated leaves from control on the basis of metabolite changes in Sujala (a) 3-D PCA score plot; (b) 3-D PLS-DA score plot (R2 0.89022, 0.99146,
0.99647; Q2 0.79366, 0.97352, 0.99167).

from VIP scores (Fig. 8) and biplot (Fig. S1) for the separation
of clusters were stearic acid, methyl b-D-galactopyranoside,
sorbitol, lyxose, homoserine, histidine, glucose-6-P, palmitic
acid, serotonin, adenine, lactobionic acid, uracil, pyruvic acid,
gallic acid, spermidine, porphine, oxalic acid, galactinol, 4hydroxybenzoic acid, ferulic acid, and quinic acid. In Bhutnath,
a salt tolerant variety, the identiﬁed metabolites for separation
of treated plants into different clusters were gluconic acid,
phosphocolamine, gentisic acid, histidine, quinic acid, 4hydroxy-3-methoxybenzoic acid, adenine, uracil, trans-aconitic
acid, lactobionic acid, guanosine, methylmalonic acid, rafﬁnose,
malonic acid, gallic acid, galactose, pyruvic acid, porphine, and
spermidine (Fig. 8). The metabolites responding to salt stress
were identiﬁed from VIP scores (Fig. 8) and biplot (Fig. S1) in
the other salt tolerant variety Nonabokra. They were trans-4hydroxyproline, pyruvic acid, glucose, trans-aconitic acid,
ferulic acid, serotonin, gluconic acid, 4-hydroxybenzoic acid,
oxalic acid, talose, phenylethylamine, gentisic acid, palmitic
acid, spermidine, 4 guanidinobutyric acid, lysoxamine, porphine, glucose-6-P, tagatose, proline, sorbitol, tyramine, and
adenine. The trend of increase or decrease of these metabolites
in response to NaCl, as analyzed by ANOVA, were compared

in the Table 2. However, decreases or increases of most of the
metabolites could not be correlated to distinguish the tolerant
and sensitive varieties, except trehalose, trans-4-hydroxy-proline, serotonin, 2 bases (adenine, and adenosine), and 4 phenolic metabolites (quinic acid, ferulic acid, gentisic acid, and 4hydroxy-3-methoxybenzoic acid or vanillic acid).

Discussion
From the metabolomic responses of 2 tolerant and 2 sensitive
varieties of rice to salinity, it can be said that the 4 varieties of
rice responded differently to salt stress. The conserved metabolites e.g. amino acids, organic acids, sugars, polyols and the xanthin derivatives increased or decreased without showing
speciﬁc relation to known salt tolerance level of the varieties.
Sugars act as osmoprotectants, help to maintain osmotic balance, stabilize macromolecules, provide immediate energy
source to plants restarting growth.21 Sugars commonly accumulate in response to salt stress as previously reported in barley
(Hordeum vulgare L.),22 Lotus japonicas,23 Limonium latifolium,24 Thellungiella halophila, Arabidopsis thaliana,25 and
Populus euphratica.26 However, previous study reported no

Figure 5. Segregation of treated leaves from control on the basis of metabolite changes in MTU 7029 (a) 3-D PCA score plot; (b) 3-D PLS-DA score plot (R2 0.81814,
0.98408, 0.99322; Q2 0.75205, 0.96716, 0.98196).
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Figure 6. Segregation of treated leaves from control on the basis of metabolite changes in Bhutnath (a) 3-D PCA score plot; (b) 3-D PLS-DA score plot (R2 0.85868,
0.97674, 0.99067; Q2 0.70661, 0.95471, 0.98165).

increase in sugars following salt stress in different rice cultivars
and fructose and sucrose levels decreased.27 During the present
study, it was revealed that the leaves of both salt tolerant and
salt susceptible varieties responded differently to salt stress
with accumulation of different levels of sugars. So it is difﬁcult
to conclude universally their role to salinity tolerance as
pointed out previously.28 But there were increases in trehalose
in leaves of tolerant varieties. Trehalose, a nonreducing disaccharide of glucose, is an osmoprotectant, stabilize biomolecules
(dehydrated enzymes, proteins lipid membranes) under stress
in some cases.21,29 Polyols act as Reactive Oxygen Species
(ROS) scavengers.30 But the polyols were not found to respond
positively in the rice varieties.
Proline, an osmoprotectant, is accumulated in many plant
species in response to environmental stress.31 Increased levels
of proline content have previously been reported in rice seedlings.32-33 Increased accumulation of proline, has been reported
in rice seedlings in response to salt stress.34-36 Salt tolerant
Nonabokra accumulated less proline than the salt sensitive cultivars.33 Present study showed that there was either decrease or
no signiﬁcant changes in proline content in the leaves of both
tolerant and susceptible varieties of rice. However, in Bhutnath
and Nonabokra trans-4-hydroxy-L-proline level increased.
Presence of trans-4-hydroxy-L-proline in stress tolerant rice

seedlings under control condition and its induced assimilation
in response to stress is noteworthy. To the best of our knowledge putative identiﬁcation of this metabolite is reported for
the ﬁrst time from rice seedlings. Enhanced biosynthesis of
trans-4-hydroxy-L-proline in response to NaCl stress was
reported in Vicia faba L. leaf. But the role of this metabolite
during salinity stress is unknown.37
The signaling molecule serotonin (5-hydroxytryptamin), a
pineal hormone in mammals, also increased signiﬁcantly in
the 2 tolerant varieties Nonabokra and Bhutnath in response
to NaCl induced stress. Serotonin, a conserved signaling molecule, has previously been reported from a wide range of plants
species.38,39 Serotonin has also been reported from rice leaves
and seeds.40 Accumulation of serotonin is suggested to play a
positive role against reactive oxygen species (ROS) delaying
senescence in rice leaves. Serotonin synthesis could be associated with accumulation of ammonia which occurs during
senescence.39 Serotonin and its derivative metabolite melatonin
regulate the modulation in the signaling events of abiotic stress
in plants.41 Increased production of serotonin in salt tolerant
varieties suggests their positive role in combating stress and
other negative responses to NaCl treatment. The salt sensitive
variety Sujala failed to produce this metabolite. In MTU 7029,
serotonin level decreased after NaCl treatment.

Figure 7. Segregation of treated leaves from control on the basis of metabolite changes in Nonabokra (a) 3-D PCA score plot; (b) 3-D PLS-DA score plot (R2 0.95674,
0.99052, 0.99434; Q2 0.91835, 0.98112, 0.9865).
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Figure 8. VIP scores for metabolites responsible for separation of clusters in PLS-DA (a) Sujala; (b) MTU 7029; (c) Bhutnath; (d) Nonabokra.

Salicylic acid (2-hydroxybenzoic acid), a shikimic acid pathway metabolite and benzoic acid derivative, is considered to be
mediators of plant responses to biotic and abiotic stresses.42 It
has been found that environmental stress factors like salinity
also induces salicylic acid production43,44 in leaves of rice seedlings. However, during the present GC-MS based analysis, salicylic acid could not be detected in the leaves of any of the
varieties considered for the experiment. The tolerant varieties
of rice Bhutnath and Nonabokra, on the other hand, produced
gentisic acid (2,5-dihydroxybenzoic acid) in response to salinity
stress. This metabolite could not be detected in any of the varieties when grown without salt stress. Sujala produced small
amount of gentisic acid in a few replica after treatment with
NaCl. MTU 7029, considered to be a salt susceptible variety did
not produce detectable amount of gentisic acid. Interestingly,
in this variety 4-hydroxybenzoic acid production was increased
in response to salt stress. In the tolerant varieties Bhutnath and
Nonabokra, the level of 4-hydroxybenzoic acid decreased signiﬁcantly. Previously gentisic acid was reported to be a pathogen induced signal in tomato (Lycopersicon esculentum cv
Rutgers),45 Cucumis sativus L. cv Wisconsin SMR-58, Gynura
aurantiaca DC.,46 and potato (Solanum tuberosum L.).47

Gentisic acid has been proposed as a signal molecule for plant
defense response.45 To our knowledge, no report is available
regarding the induced production of the signaling molecule
gentisic acid in response to abiotic stresses. Gentisic acid has
shown a differential activity with respect to salicylic acid for
inducing defense proteins and the 2 signals can act in a complementary manner.46 In rice, gentisic acid could not be detected
in the tolerant varieties without salt stress. Its production was
induced after NaCl treatment in the salt tolerant varieties.
Therefore, the metabolite is plausibly acting as a signaling molecule in response to salinity stress also in these stress tolerant
varieties.
In addition to the above mentioned signaling molecules, the
salt tolerant varieties also produced increased (although not
statistically signiﬁcant) level of ferulic acid and vanillic acid, the
other 2 biosynthetically related metabolites. These 2 phenolic
compounds increased in the tolerant varieties and decreased in
the susceptible varieties. Such type of increased production of
phenolic acids in response to salinity stress has recently been
reported in rice.48 The well- known antioxidant ferulic acid
possibly acts as reductants to scavenge ROS in tolerant varieties
of rice through its increased production.
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Table 2. Changes in metabolite level in the leaves of 4 varieties of rice seedlings.
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In Vietnamese cultivars, GC-TOF-MS based metabolomics,
failed to identify single marker metabolite with unequivocal
distinction between tolerant cultivars from the remaining.
Drastic increase in amino acids, e.g., glycine, phenylalanine,
glutamate and glutamine in 2 out of 14 cultivars were
reported.27 Single unambiguous marker molecule will be rare
in primary metabolism and perhaps more frequent in secondary metabolism.27 Conservation of metabolic responses to environmental stress should be observable within pathways of
primary metabolism. Secondary metabolism, not conserved
among plants, reﬂects successful adaptation of species through
acquisition of novel biosynthetic capacities.23 During the present study, conserved decrease or increase of sugars, polyols,
organic acids and amino acids were variety speciﬁc. Thus the
salt tolerant variety Bhutnath showed increased level of many
sugars and amino acids, whereas, in other varieties these components were either depleted or showed no signiﬁcant changes.
Increased production of the signaling molecule gentisic acid, in
response to NaCl stress in the tolerant varieties Bhutnath and
Nonabokra, suggests that it is a biomarker compound in
response to salinity also. Gentisic acid is a catabolite of aspirin
(o-acetylsalicylic acid).49 In this regard, putative identiﬁcation
of o-acetylsalicylic acid in the leaves of all the experimental rice
varieties is of signiﬁcant importance. In the salt sensitive MTU
7029, gentisic acid could not be detected but there was signiﬁcant increase in o-acetylsalicylic acid. Gentisic acid could not
be detected in seedling leaves without NaCl treatment. De novo
production of this secondary metabolite in salt tolerant varieties, thus, may be considered as an important biomarker of salt
tolerance. This signaling molecule45 is probably produced contributing to salt tolerance in rice seedlings in tolerant varieties.
Fig. 9 clearly shows that chorismic acid derived metabolites

play important role in salt tolerant varieties with increase in the
level of serotonin and gentisic acid. There was a shift in biosynthetic pathway from cinnamic acid toward formation of the
signaling molecule gentisic acid in Bhutnath and Nonabokra.
In the sensitive varieties the biosynthetic pathway was diverted
toward formation of 4-hydroxycinnamic acid (Sujala) and
4-hydroxybenzoic acid (MTU 7029). Changes in the level of
shikimic acid derived metabolites including the chorismic acid
derived ones in the 4 varieties are compared in Fig. 10. Thus
the production of metabolites derived from chorismic acid are
signiﬁcant in rice in determining their sensitivity to NaCl
induced salt stress.

Materials and methods
Plant materials
Four indica varieties of rice grains (Oryza sativa L.) e.g., 2 salt
sensitive varieties (Sujala, and MTU 7029) and 2 tolerant
varieties (Bhutnath, and Nonabokra) were collected from Rice
Research Station, Chinsurah, Directorate of Agriculture,
Government of West Bengal, India. Nonabokra is one of
the most salt-tolerant varieties50 and a salt tolerance donor in
classical breeding.51
Chemicals
Fatty acid methyl esters (FAME), methoxyamine hydrochloride, and ribitol were purchased from Sigma (USA). Authentic
amino acids alanine, aspartic acid, asparagines, glutamic acid,
glutamine, glycine, histidine, isoleucine, leucine, lysine,
methionine, ornithine, phenylalanine, proline, trans-4
hydroxy-L-proline, serine, serotonin, threonine, tryptophan,

Figure 9. Mapping shikimate derived metabolites on the metabolic pathway: drawn following KEGG after simpliﬁcation. The colored squares depict signiﬁcance level of
changes in metabolites calculated from the differences among treatments applying one way ANOVA.
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Figure 10. Shikimic acid derived metabolites: Changes due to effect of NaCl treatment Signiﬁcant increase; #Signiﬁcant decrease.

tyrosine and valine, collected from SRL (Sisco Research Laboratory, India); authentic organic acids like citric acid, gluconic
acid lactone, malic acid, oxalic acid, and succinic acid from
SRL; authentic phenols O-acetylsalicylic acid (Sigma), ferulic
acid (SRL), gentisic acid (Aldrich), gallic acid (SRL), 4-hydroxybenzoic acid (SRL), 4-hydroxycinnamic acid (Himedia),
4-hydroxy-3-methoxybenzoic acid (Sigma-Aldrich), kaempferol (SRL), and quinic acid (SRL); authentic sugars sucrose,
trehalose, and rafﬁnose; and fatty acids like lauric acid, palmitic
acid, and stearic acid collected from SRL, were injected for further authentication of the identiﬁed peaks. Methanol used was
of HPLC grade, purchased from Sigma (USA). All other chemicals were purchased from Merck Specialties Pvt. Ltd., India.
Plant growth and treatment conditions
The seeds were surface sterilized by incubating in 5% sodium
hypochlorite solution for 15 min and then rinsed thoroughly
with distilled water. The seeds were germinated in the dark on
ﬁlter paper moistened with distilled water in petridishes. Three
days after germination, the seedlings were transferred near the
rim of culture tubes (inside layered with blotting paper and bottom ﬁlled with hydroponic solution without NaCl) to allow
root growth. Two seedlings were grown in one culture tube.
The nutrient solution22 consisted of Ca(NO3)2 (2 mM), KNO3
(5 mM), NH4NO3 (5 mM), MgSO4 (2 mM), KH2PO4
(0.1 mM), Na2Si3 (0.5 mM), NaFe(III)EDTA (0.05 mM),
MnCl2 (5 mM), ZnSO4 (5 mM), CuSO4 (0.5 mM), NaMoO3
(0.1 mM), and H3BO3 (5 mM). The seedlings were allowed to
grow at 32 § 2 C and photoperiodic condition 12 h light
(photon ﬂux intensity 135 mmol m¡2 s¡1) and 12 h darkness.
After 7 days, the nutrient solution was replaced by the same
solution supplemented with 0, 25, 50, 100 and 150 mM NaCl.

Seedlings were harvested within 6 to 7 h of light period on day
15 (after 5 d of salt stress). The leaf tissues were snap frozen in
liquid nitrogen.
Extraction and derivatization of tissue metabolites
Leaf tissue (120 § 20 mg) homogenized in liquid nitrogen were
extracted with 1 ml 50% methanol after addition of internal
standard ribitol (20 ml of 0.2% aqueous solution) for 30 min at
60 C temperature. The process was repeated 5 times for each
sample (biologic replicates). The extracts were centrifuged. Aliquots of leaf (150 ml), after evaporation, were considered for
derivatization. Each sample was derivatized with methoxyamine hydrochloride and MSTFA. FAME markers (methyl
esters of C8, C10, C12, C14, C16, C18, C20, C20, C24 and C26
linear chain fatty acids) were used as internal Retention Index
(RI) markers.52
Gas chromatography – mass spectrometry
(GC-MS) analysis
GC-MS analysis was performed using Agilent 7890 A GC (software driver version 4.01(054) equipped with 5795C inert MSD
with Triple Axis Detector. The HP-5MS capillary column [Agilent J & W; GC column (USA)] of dimensions 30 m X 0.25 mm
X 0.25 mm was used. The analysis was performed52 with oven
temperature program (oven ramp 1 min hold at 60 C, to
325 C at 10 C /min, held for 10 min before cool-down producing a run time of 37.5 minutes). Injection temperature was set
at 250 C, the MSD transfer line at 290 C, ion source at 230 C.
Helium was used as carrier gas with ﬂow rate 0.723 ml/min
(carrier linear velocity 31.141 cm/sec). Derivatized samples
were injected onto the column via split mode (split ratio 10:1).
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Mass spectra from 50 to 500 m/z were recorded. Following
users’ guide, the method was calibrated with the FAME standards available on the Fiehn GC-MS Metabolomics RTL Library
(Agilent Technologies, USA, 2008) by RT locking method.53
The analysis for identiﬁcation of metabolites was performed
using automated mass spectral deconvolution and identiﬁcation system (AMDIS) to deconvolute resulting chromatogramme. Fragmentation pattern of the mass spectra, and RT in
Agilent Fiehn GC/MS Metabolomics Library were compared
for identiﬁcation of the peaks. For many of the metabolites RT,
RI, and MS were also compared with that of authentic samples.

7.

8.
9.

10.

Statistical analysis
The relative response ratios of all the identiﬁed metabolites
were obtained by normalizing the compound peak area by
dividing with that of ribitol and fresh weight of sample. Missing
values were replaced by half of the detection limit52 before
normalization. The differences among treatments were also
tested by applying one way analysis of variance (ANOVA). The
differences in values of control and each treatment were compared by t-test, considering p < 0.05 as statistically signiﬁcant.
Data were also subjected to Hierarchical Cluster Analysis,
Principal Component Analysis (PCA), Partial Least Squares Discriminant Analysis (PLS-DA), Orthogonal Partial Least
Squares - Discriminant Analysis (OPLS-DA) using MetaboAnalyst 3.0: a comprehensive tool suite for metabolomic data
analysis. Heatmap was also generated following this tool.
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