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Metabolomics in Plant Stress Physiology

Arindam Ghatak, Palak Chaturvedi, and Wolfram Weckwerth

Abstract Metabolomics is an essential technology for functional genomics and
systems biology. It plays a key role in functional annotation of genes and under-
standing towards cellular and molecular, biotic and abiotic stress responses. Differ-
ent analytical techniques are used to extend the coverage of a full metabolome. The
commonly used techniques are NMR, CE-MS, LC-MS, and GC-MS. The choice of a
suitable technique depends on the speed, sensitivity, and accuracy. This chapter
provides insight into plant metabolomic techniques, databases used in the analysis,
data mining and processing, compound identification, and limitations in
metabolomics. It also describes the workflow of measuring metabolites in plants.
Metabolomic studies in plant responses to stress are a key research topic in many
laboratories worldwide. We summarize different approaches and provide a generic
overview of stress responsive metabolite markers and processes compiled from a
broad range of different studies.
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1 Introduction

Recent advances in technology have revolutionized the approach in which biological
systems are visualized and questioned. Progressive developments in the field of
genetics and automated nucleotide sequencing have supported the large-scale map-
ping and sequencing of many genomes, which include Arabidopsis thaliana [1], rice
[2, 3], tomato [4], humans [5], etc. Technologies like expressed sequence tag (EST),
mRNA profiling using microarrays [6], or serial analysis of gene expression (SAGE)
[7] have allowed comprehensive analysis of the transcriptome. Advancements in
mass spectrometry have enabled the analysis of cellular proteins and metabolites on
a large scale, which was previously not possible [8–18]. The cumulative application
of these technologies in various fields has led to advancement in the research of
functional genomics and systems biology [19–23]. The foundations of both func-
tional genomics and systems biology rely on comprehensive genome-scale mole-
cular analysis [16, 18]. These approaches are commonly referred to as genomics,
transcriptomics, proteomics, and metabolomics (Fig. 1).

Metabolomics is a complementary tool for functional genomics and systems
biology, together with well established “omics” technologies for high-throughput
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data acquiring [16, 24–26]. The components of the metabolome can be viewed as
the end-product of gene expression that defines the biochemical phenotype of a cell
or a tissue. Quantitative and qualitative measurement of cellular metabolites thus
provides a broad view of the biochemical status of an organism that can be used to
monitor or assess gene function [16, 24]. The transcriptome represents mRNA
changes in cellular machinery required for protein synthesis, but an increase in the
levels of mRNA does not always correlate with protein levels [27]. Furthermore,
translated proteins may or may not be enzymatically active. Thus, due to these
reasons, changes in the transcriptome or proteome level do not necessarily corre-
spond to the alteration in biochemical phenotypes. Moreover, transcriptome and
proteome profiling includes the identification of mRNA and proteins through
sequence similarity or database search (i.e., it depends on organism-specific
genome information). Absence of these information/databases often limits the
outcome of the analysis. Considering the above limitations, metabolite profiling
provides essential functional information that has to be integrated with
transcriptome and proteome analysis in order to increase the understanding of a
given cellular state/biological sample [16–18, 28]. The qualitative and quantitative
metabolomic profiling of a cell, tissue, or organism is very crucial because metab-
olites are structurally very small (less than 2,000 Da) and diverse molecules that
are chemically transformed during cellular metabolism and hence pose a great
challenge for analytical technologies [16, 29, 30]. Many stress responses lead to
altered gene expression, particularly in plants, which results in qualitative changes
in the metabolite pool, therefore identification of metabolites becomes even more
critical [30].

One of the earliest metabolic profiling methods originated from Baylor College of
Medicine in the early 1970s [31–33], which includes multicomponent analyses of
steroids, acids, and neutral and acidic urinary drug metabolites using
GC/MS. Thereafter, the concept of metabolite profiling was widely used for diag-
nostics and to assess health regimes [34, 35]. Gradually, there was an increase in
research on automation [36] and expansion of GC-based methods to a wide range of
chemical classes [37], followed by the use of high performance liquid chromatog-
raphy (HPLC) and nuclear magnetic resonance (NMR) techniques for metabolite
profiling [38, 39]. In the early 1990s, Sauter and colleagues used GC-MS metabolic
profiling as the diagnostic technique in order to determine the mode of action of
herbicides on barley plants [40]. Based on this and other studies, the concept of
metabolic profiling and metabolomics in the context of functional genomics was
introduced [24, 25, 41–43]. A first introduction of metabolomics as an integral
technique for systems biology, linking metabolite profiling and metabolomics with
genome-scale metabolic modelling, was described in 2003 [16]. There are many
research institutes and commercial entities that are growing exponentially and
working towards the development and improvisation of metabolomics science to
broaden the range of its application.
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2 Analytical Platforms in Metabolomics

A single analytical technique is not sufficient for detection and quantification of the
metabolome and, therefore, multiple technologies are needed for a comprehensive
view [16, 22, 29, 44]. Analytical technologies used in metabolomics include thin
layer chromatography (TLC), HPLC with ultraviolet and photodiode array detection
(LC/UV/PDA), gas chromatography–mass spectrometry (GC-MS), capillary
electrophoresis–mass spectrometry (CE-MS), liquid chromatography–mass spec-
trometry (LC-MS), liquid chromatography–electrochemistry–mass spectrometry
(LC-EC-MS), NMR, LC-NMR, direct infusion mass spectrometry (DIMS), and
Fourier–transform infrared (FT-IR), etc. [16, 25, 43, 45, 46]. Of the above-
mentioned techniques, NMR, GC-MS, LC-MS, and CE-MS are the most widely
used technologies today [24, 45, 47–50]. Selection of the most suitable technology is
based on speed, selectivity, sensitivity, and accuracy. NMR is rapid and selective,
whereas mass spectrometry methods (GC-MS, LC-MS, and CE-MS) offer good
selectivity and sensitivity but with longer analysis time [40, 51].

2.1 Nuclear Magnetic Resonance (NMR)

The use of NMR in metabolomics has opened the areas of biochemistry and
phytochemical analysis [47, 52]. It is an unbiased, rapid, non-destructive technique
that requires little sample preparation [48]. NMR analysis is not based on the analyte
separation (as in the case of chromatographic analysis); rather it provides selectivity
without separation and is also independent of the analyte polarity and does not
require sample derivatization prior to the analysis. When the samples are placed in a
strong magnetic field and irradiated with radio frequency, the absorption of energy
promotes nuclei from a low-energy to a high-energy state. The subsequent emission
of radiation generates resonance or signals that are recorded on the NMR spectrum
as “chemical shifts,” representing frequencies from all NMR-visible nuclei in the
sample, is relative to the reference proton present in a reference compound
[53]. Hence, NMR analyses generally provide a global view of all the metabolites
(primary and secondary) in a sample, provided they are in the detectable range
[30, 49]. The disadvantage of low sensitivity and resolution has been addressed by
using cryogenic probes, higher strength of superconducting magnets, miniaturized
radio frequency coils, and multidimensional techniques (for example 2D-J-resolved
and heteronuclear single quantum coherence) [48, 49]. 2D-NMR facilitates the
identification of the compounds, which also includes the observation of minor
compounds along with structural elucidation. Further, NMR has been applied in
the areas of plant metabolism [54, 55], Duchenne muscular dystrophy [56], bio-
availability, and metabolic responses of rats to epicatechin, hypertension, and
acetaminophen toxicity [57, 58].
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2.2 Mass Spectrometry (MS)

Flow-injection mass spectral analysis has been widely used in metabolic fingerprint-
ing. Vaidyanathan et al. [59] demonstrated the use of flow injection ESI/MS for
metabolic fingerprinting of cell-free extracts used for bacterial identification
[59]. Similarly, multiple ionization techniques coupled to Fourier transform mass
spectrometry (FT-MS) were used to identify metabolites associated with develop-
ment and ripening of strawberry fruit [60]. FT-MS has a high resolution and high
mass accuracy capacity, which allows separation and differentiation of very complex
samples with the calculation of elemental composition, which facilitates structural
differentiation and characterization. Unfortunately, this technology cannot differen-
tiate chemical isomers that have an exact mass, e.g., hexoses [51].

Column chromatographic techniques (GC/LC) have a medium to high sensitivity
that provides separation based on the physiochemical properties of an analyte
[16, 50]. For complex samples, chromatographic separations include factors like
column chemistry, an elution method for LC (gradient or isocratic), and a program–

temperature method for GC. Multidimensional separation systems such as
two-dimensional gas chromatography (GC � GC) and two-dimensional liquid
chromatography (LC � LC) are used to enhance chromatographic separation of
complex mixtures. Coupled to mass spectrometry (MS) for detection, these tech-
niques are sensitive and capable of detecting low abundance metabolites [61–
65]. GC-MS is a robust, technically reproducible, and sensitive approach. It is a
well-suited platform for non-targeted metabolite profiling of volatile and thermally
stable non-polar or derivatized polar metabolites [16, 26, 28, 66–69]. This technique
is also used for targeted analysis of derivatized primary metabolites [70]. Electron
impact (EI) is most commonly used in GC-MS, which results in fragmentation
patterns that are highly reproducible. A mass analyzer like time-of-flight (TOF)-
MS is widely used for detection because it has a faster “scan rate,” which improves
deconvolution, high mass accuracy, and reduces the run time for complex mixtures
[28, 66, 67, 69, 71, 72]. This technology is widely used for metabolite profiling, and
thus contains several stable protocols for machine setup and maintenance, along with
chromatogram evaluation and interpretation. Additionally, it has a short running
time and a relatively low running cost. The use of the GC-MS platform is limited for
thermally stable volatile compounds, thus making the analysis difficult for high
molecular weight compounds (larger than 1 kDa) [16, 50, 73–75]. GC-MS facilitates
the identification and quantification of hundreds of metabolites in plant samples,
which include sugars, amino acids, organic acids, and polyamines, leading to the
comprehensive coverage of primary metabolites in the central pathways. Quantita-
tive metabolite profiling of potato tuber (Solanum tuberosum) using GC-MS leads to
the identification of sugars, sugar alcohols, amino acids, and organic acids [69, 72,
76, 77]. The non-biased approach in the metabolite profiling of Arabidopsis leaf
extract led to the identification of up to 652 metabolites and metabolite features
[25, 28, 78]. Several studies were performed using other GC-MS methods, such as
the metabolite profiling of tomato (Lycopersicon esculentum) and Lotus japonicus,
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which led to the identification of 200 and 87 metabolites respectively
[79, 80]. LC-MS does not require prior sample treatment and separates the compo-
nents in a liquid phase [16, 50]. The choice of columns includes reversed phase ion
exchange and hydrophobic interaction columns that separate metabolites based on
the different chemical properties. In plant metabolomics, LC-MS is frequently used
in the profiling of secondary metabolites [71, 81–85]. Hydrophilic interaction liquid
chromatography coupled to mass spectrometry (HILIC-MS) is also widely used to
analyze highly polar plant extracts [86, 87].

There are three main components in all types of MS instruments: (1) an ionization
source such as electron impact (EI), electrospray (ESI), and atmospheric pressure
chemical ionization (API); (2) a mass analyzer such as time of flight (TOF),
quadrupole mass filters, and quadruple ion trap; and (3) a detector such as an electron
multiplier-based detector or micro-channel plate linked to a time-to-digital con-
verter. The detected ions are recorded as pairs of m/z and abundance value,
processed and displayed in a mass spectral format that allows us to identify and
quantify a large variety of metabolites even with high molecular mass, high polarity,
and low thermostability [45, 46].

2.3 Capillary Electrophoresis (CE) MS

Capillary electrophoresis (CE) uses charge-to-mass ratio to separate polar and
charged compounds. CE is a powerful technique that can separate a diverse partially
complementary range of chemical compounds compared to liquid chromatography
[88–90]. In many CE-MS-based metabolomics studies, ESI is used for ionization in
combination with TOF-MS, which provides high mass accuracy and high resolution.
A small amount of a sample is required for the analysis (nanoliters of samples in the
capillary). It can be used for volume-restricted sample analysis. One of the major
drawbacks of this technique is less sensitivity, poor migration time, reproducibility,
and lack of reference libraries. CE and LC can both separate a large variety of
metabolites based on fundamentally different mechanisms, they can often be used
together to provide a wider coverage of metabolites [91].

Wantanabe et al. quantified carbohydrates, amino acids, and primary metabolites
using CE-MS in response to elevated CO2 [92]. Several studies have also been
performed in rice using CE and CE-MS for the identification of primary metabolites.
Maruyama and co-workers identified cold and dehydration-responsive metabolites,
phytohormones, and gene transcription in rice. This analysis led to the identification
of several genes that were up-regulated and involved in starch degradation, sucrose
metabolism, and the glyoxylate cycle. It has also demonstrated the accumulation of
glucose (Glc), fructose, and sucrose. Additionally, it was also observed that regu-
lation of the glyoxylate cycle is correlated with glucose accumulation in rice, which
was not observed in Arabidopsis [93].
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2.4 Data Mining and Data Processing

All the “omics” analysis generates a large volume of data. In order to handle these
large data sets, automated software is needed that can identify peaks from raw data,
align the peaks among different samples, and replicate to identify and quantify each
metabolite [81, 94–98]. Therefore, informatics and statistics are essential tools for
processing metabolomics datasets. Data mining consists of data pre-processing, data
pre-treatment, and statistical interpretation of the primary data [96]. The statistical
interpretation is essential for central data analysis [68, 99, 100].

Metabolomics studies generate high-dimensional complex datasets that are diffi-
cult to analyze and interpret using univariate statistical analysis. Therefore, multi-
variate data analysis (MVDA) and mathematical modelling approaches are used to
obtain meaningful information. These methods provide models that are well suited
for a covariance pattern (both within and between variables) analyses [16, 17, 24, 28,
68, 98, 101–103]. Most commonly used methods for MVDA are principal compo-
nent analysis (PCA), ANOVA, partial least square (PLS), and SIMCA (Soft Inde-
pendent Modelling of Class Analogy). Web-based applications like MetaGeneAlyse
implements standard normalization/clustering methods like k-means and indepen-
dent component analysis (ICA) [104]. This software also provides other statistical
analysis like the t-test, PLSDA (partial least square discriminant analysis), pathway
enrichment analysis, etc. Other web-based applications are MetaboAnalyst [105],
MetaMapp [106], metaP-Server [107], MeltDB [108], MetiTree [109], etc. These
applications cover multiple steps from data pre-processing to biological interpreta-
tion. Many different multivariate statistical tools, metabolic modelling, and struc-
tural elucidation of unknown metabolites were integrated into a toolbox for
metabolomics called COVAIN [96, 97]. The name stems from “covariance inverse,”
implying that a covariance pattern is indeed used for functional interpretation of
metabolite dynamics. This concept was recently developed and provides a funda-
mental novel approach to link causal relationships of biochemical networks with
metabolite dynamics measured with metabolomics technology such as GC-MS,
LC-MS, or any other technology [16, 18, 50, 68, 96, 97]. This approach goes beyond
the classical MVDA analysis or correlation network analysis because it is able to
identify causal biochemical perturbation points. It was recently applied to the
analysis of the interface of primary and secondary metabolism in plants in
Arabidopsis and Theobroma [81, 84, 85] and for the analysis of energy starvation
and subsequent biochemical regulation [110, 111].

The high throughput metabolic data can be analyzed in supervised and
unsupervised strategies [68]. The unsupervised method focuses on the intrinsic
structure, relation, and interconnection of the data, which are sometimes referred
to as descriptive and explorative models. Supervised methods seek to transform
multivariate data from metabolite profiling into representations of biological interest
under “supervision” and are often referred to as predictive models [29].

Metabolite data contain information such as metabolite name, change in levels,
and their relationships, which are very useful for the interpretation of the biological
significance. Most commonly, the identified metabolite is described in pathways or
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networks to understand its biological context. Some of the well curated databases for
metabolic pathways in plants are KEGG (which is based on resources like GenBank/
EMBL/DDJB) [112], ArcCyc [113], MetaCrop [114], UniPathway [115], SMPDB
[116], and MapMan [117] etc. Table 1 shows the details of other metabolomic
databases that are widely used for the analysis.

2.5 Compound Identification

Compound identification is the conclusive step in metabolite analysis; it is one of the
critical steps because the biochemical interpretation of metabolomic data is based on

Table 1 List of metabolomics databases involving tools for analysis, data processing, statistical
analysis, biomathematical modeling and functional interpretation

Tools for analysis Website URL

COVAIN http://www.univie.ac.at/mosys/software.html

MetaboAnalyst http://www.metaboanalyst.ca/

MetaMapp http://metamapp.fiehnlab.ucdavis.edu/

MetiTree http://www.metitree.nl/

MetaGeneAlyse http://metagenealyse.mpimp-golm.mpg.de/

metaP-server http://metabolomics.helmholtz-muenchen.de/metap2/

MeltDB 2.0 https://meltdb.cebitec.uni-bielefeld.de/cgi-bin

MetMask http://metmask.sourceforge.net/

MetNetDB http://www.metnetdb.org/MetNet_overview.htm

SMPDB http://smpdb.ca/

GMD@CSB.DB: The Golm
metabolome database

http://gmd.mpimp-golm.mpg.de/Default.aspx

McGill metabolome database http://metabolomics.mcgill.ca/

SoyMetDB http://soymetdb.org/

MoTo DB http://www.transplantdb.eu/node/1843

Pathway-related databases Website URL

MapMan http://mapman.gabipd.org/

MetaCyc http://metacyc.org/

MetaCrop http://metacrop.ipk-gatersleben.de

AraCyc https://www.arabidopsis.org/biocyc/

BioCyc http://biocyc.org/

AraPath http://bioinformatics.sdstate.edu/arapath/

KaPPA-view http://kpv.kazusa.or.jp/

KEGG http://www.genome.jp/kegg/

VANTED https://immersive-analytics.infotech.monash.edu/vanted/

Pathvisio http://www.pathvisio.org/

PlantCyC http://www.plantcyc.org/databases
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the availability of a well-structured database for identification of metabolites
[118, 119]. Putative compound identification is based on molecular properties like
the mass spectral pattern and accurate mass to define molecular and/or empirical
formulae from which the metabolite can be derived or identified by the comparative
search [82]. Definitive compound identification is based on retention time (Rt),
retention index (RI), mass spectral fragmentation, and NMR spectral shift. Confir-
mation of the identified compound is done by a comparative library search, authentic
chemical standards, and by using in vivo labelling methods. Sometimes analytically
detected entities with biological significance are reported as “unknowns” with no
structural identification [46, 118]. Recently, we have introduced a novel algorithm
for structural elucidation of unknown compounds and even full pathways from
untargeted metabolomics data [82]. This algorithm is especially suited for stress-
related secondary metabolites such as flavonoids as an antioxidative response to cold
and light stress [82]. In this study we also demonstrated how cold and light stress
change the oxygen-to carbon-ratio in secondary metabolites systematically using
so-called van Krevelen plots [82]. For compound identification at different levels of
accuracy, minimum reporting standards need to be described. The metabolomics
community has developed a nomenclature for publication of metabolomics
data [120].

2.6 Limitations of Metabolomics

Metabolomic platforms lack the ability to comprehensively profile all the metabo-
lites of a given cell/tissue [98]. This limitation is directly linked to the chemical
complexity of the metabolites, the biological variance that is inherent in living
organisms, and the dynamic range of the instruments. The genome and
transcriptome consist of linear polymers of nucleotides with high chemical similar-
ity; this structure facilitates high-throughput analytical approaches. The proteome is
substantially more complex, but it is still based on a limited set of amino acids. The
chemistry of these biopolymers is well defined and analytical technologies like 2DE
gel electrophoresis and shotgun proteomics can readily identify and differentiate a
large number of proteins in a single analysis and even post-translational modifica-
tions such as phosphorylation or methylation [14, 121, 122]. In the case of the
metabolome, the chemical complexities are significantly greater and range from an
ionic inorganic moiety to hydrophilic carbohydrates, hydrophobic lipids, and com-
plex natural products. Hence, the chemical diversity and complexity make
metabolome profiling extremely difficult. This obstacle can be circumvented by
using selective extraction protocols and combinations of technologies for the ana-
lysis to obtain a more comprehensive coverage of the metabolome [16, 28, 71, 81].

Analytical variation can be defined as the coefficient of variation or relative
standard deviation that is directly related to the experimental approach; this variance
differs depending on the technology platform being employed. Biological variance
arises from the quantitative variation in metabolite levels between plants of the same
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species that are grown under identical conditions [28, 123]. Biological variance is
the major limitation of “resolution” in metabolomics. Pooling of the samples tends to
avoid or reduce biological variance. This strategy helps to minimize random varia-
tion by using statistical knowledge, but also leads to dilution of the samples, which
results in the dilution of sites or tissues that are important for specific regulations
(up/down) of the metabolite. Therefore, more targeted analysis can help to minimize
the variation. In the case of plants, parameters like the synthesis of natural products,
growth stage, environmental cues, etc. make the sampling critical and strategies are
required to minimize the variations [44, 51].

The major analytical challenge encountered in metabolomics is dynamic range.
Dynamic range can be defined as the concentration boundaries for analytical deter-
mination. The dynamic range can be critically limited by a sample matrix or by the
presence of interfering and competing compounds. Most of the mass spectrometers
have a dynamic range of 104–106 for individual components; however, this range is
reduced significantly due to the presence of other chemical components (i.e., the
presence of excessive metabolites that can cause significant interference that limits
the range for the identification of other metabolites) [44, 51]. For example, high
levels of sugars (primary metabolites) often interfere with the identification of
secondary metabolites such as flavonoids. However, many of the highly expressed
metabolites are often unique and provide a basis for the differentiation of the cellular
states, organs, tissues, and organisms. These exclusive compounds are often referred
as “biomarkers.” Selective profiling of these biomarkers is very useful for high-
throughput diagnosis of a specific disorder, for example diabetes (i.e., glucose
monitoring) or cancer. This detection should not be regarded or classified as
metabolomics due to the highly targeted nature of profiling [24]. Another problem
is salts; low levels of these ionic species reduce the ionization efficiency in ESI/MS
and significantly interfere with the profiling of all other species [124]. Therefore,
different analytical approaches have been developed to improve the dynamic range
and to increase the level of identifications [51].

3 Plant Metabolomics

Metabolomic platforms can be used for unbiased identification of the metabolite
levels in different genotypes that may or may not produce visible phenotypes
[16, 72, 125]. The total number of metabolites found in plants are currently estimated
to be ~200,000, with ~7,000–15,000 found in any individual species [73], of which
3,000–5,000 were exclusively determined in leaves [48]. So far metabolite profiling
has been performed on a wide range of plant species, which includes Arabidopsis,
tomato, potato, rice, wheat, strawberry, Medicago, cucumber, lettuce, tobacco,
poplar, and Eucalyptus.

Selective metabolite profiling has been used in many studies to provide biological
information beyond simple identification of the plant constituents. These include:
(1) fingerprinting of species, genotypes, and ecotypes for taxonomic or biochemical
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information [29, 44, 126]; (2) monitoring the behavior of a specific class of metab-
olites in response to exogenous chemicals or physical stimuli [127, 128]; (3) under-
standing the developmental process and symbiotic associations [129]; and
(4) comparison of the metabolite content of mutant or transgenic plants with the
wild type [44, 51]. In each of these studies, metabolite profiling can be coupled with
other “omics” technologies to provide an integrated picture of all aspects of infor-
mation from genome to metabolome and the resulting phenotype [18]. For example,
metabolite profiling can be combined with marker-assisted selection providing
integral information and understanding about the chemical composition of crop
species [130]. Apart from the wide application of metabolomics in plant research,
there has been considerable progress in the metabolomic analysis of single cells from
different plant species, which includes tissues like pollen, trichrome, root hairs,
guard cells, etc.; these studies have been well reviewed [131].

The phenotype of a plant depends on the synthesis and accumulation of a series of
metabolites in specific organs, at specific developmental stages [132]. It also
depends on the environmental signals. Therefore, there are various kinds of meta-
bolites in plants that have organ-/tissue-specific characteristics. For example,
sphingolipids, a class of lipids that are critical in the development of the male
gametophyte, are significantly different in the pollen and leaf tissues of Arabidopsis
[133]. Anthocyanins accumulate in hypocotyls of young tomato seedlings, whereas
several flavonols and phenolic compounds have been identified in cotyledons and
some alkaloidal compounds are found in the root [132]. There are a lot of variations
in biochemical pathways at cellular and sub-cellular levels in plants; therefore, the
use of metabolomic platforms with different methods has significantly increased.

4 Workflow for Plant Metabolomic Analysis

Plant metabolomes are very complex and diverse in their chemical structures.
Comprehensive identification and a broad range of metabolic pictures can be
achieved by the combination of two or more metabolomic strategies and analytical
systems, including variation in the extraction protocols [16, 28, 49, 71, 81, 134–
136].

Metabolomic analyses consist of three main experimental strategies: (1) sample
preparation; (2) acquisition of the data using analytical methods; and (3) compound
identification and data mining. These steps are crucial and inter-related, as is
illustrated in Fig. 2, with each step consisting of a series of sub-steps with various
experimental phases to form a meaningful biochemical interpretation [118, 136].

Sample preparation is one of the critical steps as it contributes to the identification
of the wide array of metabolites. This step consists of selection and harvesting of
samples, drying or quenching procedure, and extraction of metabolites for analysis
(derivatization). The selection of plant material depends on the researcher and the
experimental design. Throughout this step, care must be taken to avoid the intro-
duction of unwanted variability, which could significantly affect the outcome of the
analysis. Sample degradation (oxidative or enzymological) and contamination are
the major factors. Various enzyme quenching methods like drying, use of enzyme

198 A. Ghatak et al.



inhibitors, use of acids, or high concentrations of organic solvents can also affect the
analyses/identification [24, 136].

Plant metabolites are structurally diverse with high complexities like different
size, solubility, volatility, polarity, quantity, and stability [51]. There are several
metabolite extraction protocols; the choice of method depends on a variety of factors
such as physiochemical properties of the targeted metabolites, biochemical compo-
sition, and solvent used. Some of the common extraction protocols include solvent
extraction, supercritical fluid extraction, solid phase extraction, and sonication
[30, 52, 136]. However, no comprehensive extraction technique exists that can
lead to the identification of all classes of metabolites with high reproducibility and
robustness.

Sample analysis requires an advanced analytical platform (separately/combina-
tion) to measure the ultra-complex metabolite samples [51]. The ranges of analytical
platforms are well discussed above, and each platform has its own limitations, either
in sensitivity or selectivity. The choice of the platform depends on the study
undertaken, consideration of the class of compounds, and their chemical and phys-
ical properties along with their concentration levels [45, 137].

Recently we have developed an integrative protocol that combines comprehen-
sive metabolite extraction and analysis with proteomics and RNA analysis from one
sample [28]. This protocol is adapted to allow the simultaneous analysis of all
molecular levels and investigate their inter-relation and covariance structure
[28, 66, 67, 138, 139]. This covariance structure of molecular dynamics of a cellular

Sample Prepara�on
Harves�ng, Drying, Quenching 
(Enzyma�cally), Extrac�on of 

Metabolites

Data Aquisi�on

MS-Based
• GC-MS
• LC-MS
• CE-MS

NMR

Data Analysis

Data Processing 
Filtering, Alignment, 

Missing values, Normaliza�on

Sta�s�cal Analysis
Univariate Analysis

Unsupervised Mul�variate Analysis
Supervised Mul�variate Analysis

Metabolite Iden�fica�on

Peak Annota�on
Spectral Database

Database Features
Peak Posi�on, Rela�ve Intensity, 

Correla�on Pa�erns

Biological Interpreta�on
Pathway Analysis

Correla�on Based Network 
Analysis

Fig. 2 Flowchart detailing the steps involved in plant metabolomics. There are three main steps in
the metabolomic analysis, which include sample preparation, data acquisition, and data analysis,
which lead to the biochemical interpretation of the identified metabolite
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system is a result of biochemical regulation [139]. Therefore, it is possible to read
biochemical regulation from the molecular association networks or in other words
the corresponding covariance data [16–18, 66, 68, 72, 84, 110, 139].

5 Metabolomic Studies in Plant Stress Responses

Metabolomic studies have become increasingly common in plant physiology and
biochemistry. In the following section, we review applications of metabolomics to
study plant responses to environmental stress (like abiotic and biotic factors)
(Table 2). Abiotic factors include drought, temperature, salt, oxidative stress,
flooding, nutrient deficiency, heavy metals, and effects of combinations of stress.
We describe the nature and symptoms of various stresses and introduce several
metabolomic studies with major metabolite changes (Table 2).

5.1 Drought Stress

Drought is one of the major threats to crop production worldwide and the situation is
projected to get worse in the near future [193, 194]. The physiological response of plants
under drought stress includes reduction of leaf area, leaf abscission, and increase in root
growth to enhance the uptake of nutrients. Additionally, closure of leaf stomata takes
place, which reduces water loss through transpiration. These physiological changes
improve thewater use efficiency (WUE) of the plant in the short term, but have a negative
effect on photosynthesis, for example, closure of stomata lowers the intercellular CO2

concentration, which adversely affects photosynthesis [193, 194]. Fine metabolomic
adjustment is another strategy of plants to cope with drought stress. These metabolomic
adjustments include net accumulation of osmolytes in the cell to retain or promote the
uptake of water into the cell via osmosis in order to maintain turgor pressure [193].

Compatible solutes are highly soluble and small molecular-weight osmolytes that
do not inhibit cellular metabolism even at high concentrations [195, 196]. Common
osmolytes include soluble sugars (e.g., glucose, sucrose, and trehalose), the RFOs
(raffinose, stachyose, and verbascose), polyols (e.g., mannitol, sorbitol), amino acids
(e.g., proline), quaternary ammonium compounds (e.g., glycine betaine), and other
polyamines (e.g., putrescine, spermidine, and spermine). Accumulation of these
osmolytes in plant cells is important for sustaining cell turgor by osmotic adjustment,
and stabilization of enzymes that reduce the levels of reactive oxygen species (ROS)
in order to maintain the cellular redox balance.

The targeted metabolite approach using LC-MS was established by Antonio and
co-workers in 2008 to investigate the effect of drought in Lupinus albus stem tissues
[140]. In this analysis, 12 water-soluble organic osmolytes – like mono- and
disaccharides, raffinose, stachyose, and verbascose – and sugar alcohols were
identified by chromatographic analysis using PGC stationary phase. Although the
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Table 2 List of significantly changed metabolites under stress conditions

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Metabolites under drought stress conditions
Lupinus albus Stem PGC-LC-

ESI-MS
Raffinose, Stachyose,
Verbascose, Sucrose,
Glucose

[140]

Haberlea
rhodopensis

Leaf GC-MS,
LC-MS

Maltose, Sucrose,
Threonate, Fructose, Raffi-
nose, Trehalose, Serine,
Glycine, Myconoside,
valine, Isoleucine, Phenyl-
alanine, Tyrosine, Threo-
nine, Asparagine, Proline,
Glutamate, Malate, Phos-
phate, Fumarate,
Spermidine, beta-Alanine

[141]

Physcomitrella
patens

Multiple tissue GC–quadru-
pole MS

Altrose, Fructose,
Glycopyranoside,
Isomaltose, Maltitol,
Ascorbic acid, Proline,
Allonic acid, Galactonic
acid, Myo-Inositol, Ala-
nine, Glycine, Norvaline,
Threonine, Aspartic acid,
Glutamine, Serine, Threo-
nine, Ascorbic acid, Butyric
acid, Oxalic acid, Malic
acid, Allantoin, Phosphoric
acid

[142]

Triticum aestivum Leaf GC-MS Glutamine, Quebrachitol,
Proline, Methionine,
Pipecolate, Lysine,
2-Amino-adipate, Aspara-
gine, beta-Alanine,
Homoserine,
2-Oxo-butanoate, Isoleu-
cine, Valine, Leucine,
Tyrosine, Oleic acid,
Linoleic acid, Octadecanol,
Nonanoate, Tryptophan,
Phenylalanine, Rhamnose,
Fucose, Mannose, Galac-
tose, Sucrose, Gentibiose,
Mannitol, Glycerol-3-P,
Digalctosyl-glycerol,
Xylose, Ribonate, Arabi-
nose, Ribose, Galactinol,
Inositol, Erythronate,
Isocitrate, Succinate,
Fumarate

[143]

(continued)
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Oryza sativa Leaf GC/EI-TOF-
MS

Putrescine, Spermidine,
Spermine, Arginine, Orni-
thine, GABA, beta-Alanine,
Proline, Glutamate

[144]

Oryza sativa Leaf HPLC Putrescine, Spermidine,
Spermine, Arginine,
Ornithine

[145]

Arabidopsis
thaliana

Aerial parts GC/TOF-
MS, CE-MS

Agmatine, Proline, Lysine,
Methionine, Saccharopine,
beta-Alanine, Phenylala-
nine, Galactinol, Raffinose,
Citrate, Malate, Succinate,
Alanine, GABA, Adeno-
sine, Ascorbate, Glycine,
Sarcosine, Threonine, Ura-
cil, Xylose, Ascorbate,
Pyruvate, Aspartate,
Dehydro-L-ascorbate, Glu-
cose, maltose, myo-Inositol,
Indole-3-acetone,
Succinimide

[146]

Arabidopsis
thaliana

Leaf GC/TOF-
MS

Arginine, Ornithine, Pro-
line, Putrescine, Erythritol,
Fumarate, Fructose, Glu-
cose, Aspartate, Glycine,
myo-Inositol, Isoleucine,
Trehalose, Valine,
Glycerate, Glycerol-3-P,
malate, Threonate,
Threonic acid, Alanine,
Arginine, Fructose-6-P,
Fumarate, Glutamate, Glu-
tamine, 2-oxoglutate,
Homoserine, Maltose,
Methionine, Ornithine,
Phenylalanine,
Pyroglutamate, Serine,
Threonine

[147]

Solanum
lycopersicum

Fruit, pericarp
tissue

GC-MS Aconitate, Citrate,
Isocitrate, Fumarate,
Malate, Succinate, Sucrose,
Inositol, Tocopherol, Phe-
nylalanine, Methionine,
Dehydroascorbate, Alanine,
Aspartate, beta-Alanine,
GABA, Glutamate, Gly-
cine, Homoserine, Isoleu-
cine, Proline, Serine,
Valine, Cysteine

[148]
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Zea mays Multiple
tissues

GC-TOF-
MS

Xylose, Vanillic acid,
Methionine, Putrescine,
Proline, Histidine, beta-
Alanine, Phosphoric acid,
Pyruvic acid, Succinic acid,
Isoleucine, Phenylalanine,
Adenine

[149]

Zea mays Leaf UPLC-GC/
MS

Aconitate, Shikimate, Ser-
ine, Glycine, Proline,
Malate, Fumarate,
2-oxoglutarate, Nitrate,
Alanine, Aspartate,
Sucrose, myo-Inositol, Raf-
finose, Shikimate, Gluta-
mate, Threonine, GABA,
Methionine, Tyrosine, Leu-
cine, Phenylalanine

[150]

Glycine max Leaf and
nodule

NMR Myo-Inositol, Pinitol,
Sucrose, Alanine, Aspara-
gine, Aspartate, Choline,
Proline, Glutamine, GABA,
Succinic acid, Fumaric acid,
Malic acid, Citric acid,
2-Oxoglutarate

[151]

Metabolites under temperature stress
Arabidopsis
thaliana

Complete
plant

GC-TOF-
MS

Glutamine, Proline, Fruc-
tose, Galactinol, Glucose,
Raffinose, Aconitate, alpha-
ketoglutarate, Ascorbate,
Gluconate,
Gluconatelactone,
Isosuccinate, Malate, Inosi-
tol, Melibiose, Threitol,
Trehalose, Asparagine. Cit-
rulline, Cycloserine, Gly-
cine, Homoserine,
Ornithine, Putrescine,
Tryptophan, Proline

[152]

Arabidopsis
thaliana

Complete
rosettes

GC-TOF-
MS

Lysine, Fructose, Sorbose,
Glucose, Ornithine, Raffi-
nose, Serine, beta-Alanine,
Homoserine, Methionine,
Arginine, Isoleucine,
Valine, Glycine, GABA,
Alanine, Phenylalanine,
Pyruvic acid, Glutamine,
Maltose, Trehalose, Proline,
Asparagine

[153]

(continued)
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Arabidopsis
thaliana

Aerial tissues GC-MS Heat Stress: Uracil, D-(2)-
Quinic acid, Citramalic acid
Cold Stress: Allantoin,
Aconitic acid, Ferulic acid,
Sinapic acid, Fru-6-P,
Glyceric acid-3-P, Ascorbic
acid, Arginine, Cysteine,
Proline, Tryptophan,
Maleic acid, Octadecanoic
acid, Sorbitol, Isocitric acid,
Lactic acid
Common response:
2-Ketoglutaric acid, beta-
Alanine, Citric acid,
Erythritol, Fructose,
Fumaric acid, GABA,
Galactinol, Glycerol, Gly-
cine, Alanine, Isoleucine,
Valine, Putrescine, Treha-
lose, Xylose,
Dehydroascorbic acid
dimer, Glyceric acid,
Asparagine, Succinic acid,
Myoinositol-P, Ornithine

[154]

Arabidopsis
thaliana

Aerial tissues GC-MS Proline, Glutamate, Gluta-
mine, Arginine, Ornithine,
Putrescine, GABA, Lysine,
Methionine, Isoleucine,
Threonine, Aspartate,
Asparagine, Valine, Leu-
cine, Alanine, Shikimate,
Tryptophan, Tyrosine, Phe-
nylalanine, Serine, Glycine,
Cysteine

[155]

Arabidopsis
thaliana

Leaf GC-MS Fumaric acid, Succinic acid,
Fructose, Galactose, Raffi-
nose, Galactinol, Maltitol,
Glycine, Proline,
Dehydroascorbic acid
dimer, Hexadecanoic acid,
Itaconic acid, Ethanol-
amine, Pyroglutamic acid,
Xylose, Aspartic acid

[156]
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Arabidopsis
thaliana

Leaf rosettes GC-MS Galactose, Raffinose, Glu-
cose, fructose, Galactinol,
Serine, Threonic acid,
Pyruvate, Citrate, Succi-
nate, Malate, Proline, Glu-
tamate, Glutamine,
Melibiose, Tryptophan,
Isoleucine, Alanine, Lysine,
Aspartate, Tyrosine,
Spermidine, Putrescine

[157]

Arabidopsis
thaliana

Leaf GC-TOF-
MS

Galactinol, Raffinose, Pro-
line, Allantoin, Tryptophan,
Glyceric acid, Citrulline,
Glutamine, Fructose, Argi-
nine, Ornithine, Ascorbic
acid, Asparagine,
myo-Inositol, Fructose,
Sucrose

[139]

Miscanthus
species

Aerial organs NMR Leucine, Isoleucine, Valine,
Lactic acid, Threonine,
Alanine, Quinic acid, Pro-
line, Glutamic acid, Gluta-
mine, Shikimic acid, Malic
acid, Asparagine, Glucose,
Choline, Aconitic acid,
Fructose, Raffinose,
Trigonelline, Adenine, Phe-
nylalanine, Tyrosine,
Adenosine, Formic acid

[201]

Solanum
lycopersicum

Pollen LC-QTOF-
MS

Spermidine, Spermine,
Kaempferol dihexoside,
Quercetin,
Hydroxycinnamic,
Tomatin, Hydroxytomatine

[158]

Triticum aestivum Leaf GC-MS Fumaric acid, Pyruvic acid,
Glyceric acid, Succinic
acid, Asparagine, Alanine,
Glutamic acid, Isoleucine,
Phenylalanine, Proline,
Fructose, Inositol, Xylitol,
Mannitol, Hexadecanoic
acid, Malic acid, Threonic
acid, Glycine, Lysine, Ser-
ine, Melibiose

[159]

Zea mays Leaf NMR Proline, Alanine, Choline,
Inositol, Linoleyl fatty acid,
Tyrosine, Isoleucine,
Valine, Asparagine, Threo-
nine, Aspartate, GABA,
Fructose, Sucrose

[160]

(continued)
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Metabolites under salt stress
Populus
euphratica

Leaf GC-MS Fumaric acid, Malic acid,
Succinic acid, Glyceric
acid, Fructose, Raffinose,
Trehalose, Xylulose,
Galactinol, Myo-inositol,
Mannitol, Glycerol,
β-alanine, Proline, Serine,
Valine

[161]

Vitis vinifera Shoot tips GC-MS Malate, Citrate, Isocitrate,
Succinate, Fumarate, Chlo-
ride, Phosphate, Proline,
Glutamate, Glutamine,
Glycine, Serine, Aspara-
gine, Fructose, Glucose,
Aspartate

[162]

Limonium
latifolium

Shoot and root HPLC and
NMR

Proline, Sucrose, Aspartate,
β-alanine betaine, Fructose,
Glucose, Glutamate, Cho-
line-O-sulfate, Chiro-
inositol, Myo-Inositol,
Glutamine

[163]

Zea mays Shoot and root NMR Alanine, Glutamate, Aspar-
agine, GABA, Glycine
betaine, Sucrose, trans-
Aconitic acid, Malic acid,
Succinic acid, Aspartate

[164]

Thellungiella hal-
ophile and
Arabidopsis
thaliana

Whole plant GC-MS Trehalose, Threonine,
Sucrose, Succinic acid,
proline, Raffinose, Serine,
Phosphoric acid, Malic
acid, Glutamic acid, Citric
acid

[165]

Arabidopsis
thaliana

Cell culture LC-MS and
GC-MS

Tryptophan, Fructose,
Sucrose, Tyrosine, Phenyl-
alanine, Shikimate, Pyru-
vate, Lactate, Malate,
Fumarate, Succinate, Cys-
teine, Ethanolamine, Pro-
line, Isoleucine, Leucine

[166]

Oryza sativa Leaf GC-MS Pyruvic acid, Quinic acid,
Gallic acid, L-Tyrosine,
Shikimic acid,
L-tryptophan, Serotonin,
Kaempferol, Ferulic acid.
Glucose-6-Phosphate,
Lactobionic acid, Raffinose,
D-Trehalose, Stearic acid,
Palmitic acid,
4-Hydroxybenzoic acid,
Vanillic acid

[167]
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Oryza sativa Cultured cells GC-MS Succinate, Proline, GABA,
Valine, Cysteine, Leucine,
Asparagine, Alanine, Orni-
thine, Glucose, Fructose,
Gallactose, Trehalose,
Tyrosine, GABA, Methio-
nine, serine, Phenylalanine

[168]

Lotus japonicas Multiple
tissues

GC/EI-TOF-
MS

Proline, Leucine, Lysine,
Serine, Threonine, Glycine,
maltose, Glucose, Fructose,
Pinitol, Arabitol, Glutamic,
Succinic, Citric, Malic,
Threonic

[169]

Lotus creticus,
Lotus
corniculatus,
Lotus tenuis

Complete
shoot

GC/EI-TOF-
MS

Malic acid, Threonic acid,
Ononitol, Erythronic acid,
Succinic acid, Citric acid,
Sucrose, Serine, Proline

[170]

Hordeum vulgare Root and leaf GC-MS Proline, GABA, Putrescine,
beta- Alanine, Aspartate,
GABA, Glutamine,
N-acetylglutamate, Proline,
Phenylalanine, Putrescine,
Serine, Threonine,
Aconitate, Ascorbate,
Monomethylphosphate,
Isocitrate, 3PGA,
1,6-Anhydroglucose,
2-Keto-gluconate, 2-O-
glycerol-b-D-galactose,
Ribonate, Shikimate,
Threonate-1,4-lactone,
Fructose, Galactinol,
Galacturonate, Gluconate,
Glucose, Trehalose

[171]

Hordeum vulgare
and Hordeum
spontaneum

Root and leaf GC-MS Fumaric acid, Succinic acid,
Isoleucine, Putrescine, Pro-
line, asparagine, Leucine,
Glycine, Serine, 3-PGA,
Raffinose, Citric acid,
Isocitric acid, Inositol, Tre-
halose, Mannitol, Sucrose

[172]

Metabolites under oxidative stress
Arabidopsis
thaliana

Cell suspen-
sion cultures

GC-MS Alanine, Ascorbate, Aspar-
agine, Aspartate, Gluco-
nate, Malate, Ribose,
Proline, Glycine

[173]
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Arabidopsis
thaliana

Roots GC–TOF–
MS, LC–MS

GABA, O-acetyl serine
(OAS), Pyruvate,
Glucosinolates, Citrate,
2-oxoglutarate, Succinate,
Fumarate, Malate, Alanine
and Isoleucine

[174]

Oryza sativa Cell cultures CE-MS Pyruvate,
3-phosphoglyceric acid,
Dihydroxyacetone Phos-
phate, Fructose-6-phos-
phate, Glucose-1-phosphate
(G1P), G6P, G3P, Phos-
phoenolpyruvate (glycoly-
sis intermediates),
O-Acetyl-L-serine, Cyste-
ine, and γ-Glutamyl-L-
cysteine

[175]

Metabolites under flooding stress
Glycine max Mitochondrial

fractions
CE-MS Citrate, Succinate aconitate,

Gamma-amino butyrate
(GABA), Pyruvate, NAD,
NADH, UDP-glucose
(UDPG), Glyceraldehyde-
3-phosphate (GA3P), Glu-
cose-1-phosphate (G1P)
and 6-phospho-gluconate
(6PG)

[176]

Glycine max Root tips CE-MS Gamma-aminobutyric acid,
Glycine, NADH2, and
Phosphoenol pyruvate

[177]

Metabolites under nutrient deficiency
Oryza sativa Leaf and root GC-TOF-

MS
Sugars and sugar phos-
phates, Tryptamine, Tyra-
mine and
1,3-diaminopropane and
Intermediates of TCA cycle

[178]

Solanum
lycopersicum

Leaf GC-MS Cysteine, β-alanine, Gly-
cine, Isoleucine, Phenylala-
nine, Valine, GABA, Lysin,
Arabinose, Fucose, Inositol,
Sucrose, Trehalose,
2-Oxoglutarate, Glutamate

[179]

Arabidopsis
thaliana

Shoots GC-MS Malate, Fumarate, Orni-
thine, Raffinose, Trehalose,
Succinate, GABA

[180]
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Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Arabidopsis
thaliana

Seedlings GC-MS,
LC-MS

Flavonoids, Starch
S-adenosylhomocysteine,
O-acetylserine (OAS),
Trptophan, Glucosinolates,
Uric acid

[181]

Arabidopsis
thaliana

Seedlings – Sugar phosphates, Glycoly-
sis, Glycerate-3- phosphate,
Glycerate-2-phosphate,
Phosphoenolpyruvate,
Starch, Sucrose and Reduc-
ing sugars, Citrate, Fuma-
rate, Malate, Oxoglutarate,
Histidine, Arginine and
threonine

[182]

Phaseolus
vulgaris

Nodule GC-TOF-
MS

Putrescine, Picolinic acid,
Malonic acid, Tartaric acid,
Glyceric acid, Galactonic
acid, Threitol, Sucrose,
Glycine

[183]

Phaseolus
vulgaris

Roots GC-MS Putrescine (agmatine),
ß-Alanine, 4-Aminobutyric
acid, Threitol, Fructose,
[926; Galactosyl glycerol
(6TMS)]

[184]

Hordeum vulgare
L.

Shoots and
roots

GC-MS and
LC-MS

Glucose-6-P, fructose-6-P,
Inositol-1-P, Glycerol-3-P,
2-Oxoglutarate, Succinate,
Fumarate and Malate

[185]

Arabidopsis
thaliana

Shoots and
roots

– Sucrose, Fructose, Glucose,
Malate, 2-Oxoglutarate
[2-OG]

[186]

Metabolites under heavy metal stress
Brassica rapa Leaf and root 1H–NMR Glucosinolates,

Hydroxycinnamic acids,
Amino acids, Phenolics

[187]

Arabidopsis
thaliana

Seedlings GC-TOF-
MS

Alanine, ß-Alanine, Proline,
Serine, Putrescine, Sucrose
GABA, Raffinose and Tre-
halose, α-Tocopherol,
Campesterol, ß-Sitosterol
and Isoflavone

[188]

Metabolites under biotic stress
Oryza sativa Stem region,

close to apical
meristem

GC-MS Margaric acid,
Tetracosanoic acid,
Arachidic acid, Galactose-
6-phosphate, Ribose,
Inosine

[189]

(continued)
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role of RFOs is not completely understood, there are several reports that show
evidence for the strong correlation between accumulation of RFOs and development
of desiccation tolerance [140].

Urano et al. [146] demonstrated metabolomic changes in A. thaliana (ecotype
Col-0 (WT) and the NCED3 knockout mutant) under drought stress. Many meta-
bolites were identified including amino acids such as proline, raffinose family oligo-
saccharides, and γ-amino butyrate (GABA). In this study an nc3-2 mutant that lacks
the NCED 3 gene is involved in the dehydration-inducible biosynthesis of abscisic
acid (ABA), to determine the effect of ABA under drought stress. In combination
with the transcriptome analysis, it was clearly demonstrated that ABA-dependent
transcriptional regulation is important to activate metabolomic pathways like
branched amino acids, polyamine and proline biosynthesis, GABA shunt, etc., but
regulation of a raffinose biosynthetic pathway still remains unknown [146].

Polyamines such as putrescine, spermidine, and spermine are ubiquitous in nature
and also provide protection to plants under drought stress [145, 197, 198]. GC-TOF-
MS analysis by Do et al. [144] determined the level of selected metabolites related to
polyamine metabolism in rice cultivar (Oryza sativa L. Ecotype indica and japonica)
undermoderate long-term drought stress. The combination of gene expression andGC-
TOF-MSmetabolite data showed coordinated adjustment of polyamine biosynthesis in
order to facilitate the accumulation of spermine under drought stress conditions [144].

Gechev and collaborators combined transcriptomics and metabolomics to investi-
gate desiccation tolerances in Haberla rhodopensis in four different conditions (i.e.,
well-watered, partially dehydrated, desiccated, and rehydrated) [141]. Transcripts of
proteins involved in carbohydrate metabolism (e.g., genes that encode galactinol

Table 2 (continued)

Plant species
Tissue of
interest

Analytical
approach List of metabolites References

Oryza sativa Leaf GC-TOF-
MS,
LC-TOF-MS

Acetophenone,
2-Phenylpropanol Xantho-
phylls, Alkaloids, Phenylal-
anine, Glutathione,
Tyrosine

[190]

Hordeum vulgare
L., Oryza sativa
and
Brachypodium
distachyon

Leaf GC-TOF-
MS

Glutamate, Malate, Aspar-
tate, GABA

[191]

Triticum aestivum Spikelets LC-ESI-
LTQ-
Orbitrap

Cinnamyl alcohol dehydro-
genase, Caffeoyl-coa
O-Methyltransferase,
Caffeic acid
Omethyltransferase, Flavo-
noid O-methyltransferase,
Agmatine coumaroyl-
transferase and Peroxidase

[192]
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synthase and stachyose synthase), sucrose synthase, and sucrose-6-phosphate
synthase showed increased levels. These finding showed the importance of carbo-
hydrate metabolism for protecting cells during desiccation. Genes that mainly encode
proteins to prevent cellular damage and participate in antioxidant defense (e.g., LEA)
were found to be most abundant in response to dehydration. In this study, the GC-
TOF-MS approach was used to determine metabolite profiling combined with two
different LC-MS approaches, which allowed the broad range of metabolome identifi-
cation. This study also revealed that sucrose, maltose, and RFOs such as stachyose
and verbascose accumulate in H. rhodopensis in significantly high levels upon
dehydration. Additionally, other metabolites like amino acids, phenylalanine, and
tyrosine were also observed in the dehydrated state, which suggests the activation of
the shikimate pathway that results in the synthesis of antioxidants.

Skirycz and co-workers performed metabolite profiling of Arabidopsis leaves
under mild drought stress. The response to stress in the growing and mature leaves
was significantly distinct. Metabolites such as proline, erythritol, and putrescine
were identified in mature leaves. Comparing the data with other studies revealed that
decreases in the level of aspartate and increases in the level of proline are two
common responses shared between mild and severely desiccated leaves [147, 199].

Metabolite profiling has been additionally carried out in other crop plants (maize,
wheat, tomato, and soybean) under drought stress and it was observed that changes
in the metabolite levels including branched chain amino acids are one of the
common factors [143, 148, 149, 151].

A metabolic adjustment also depends on the severity of the stress. Maize was
subjected to a drought stress for 17 days. GC-MS metabolomic analysis showed
changes in the concentrations of 28 identified metabolites. Further, accumulation of
carbohydrates, proline, amino acids, shikimate, serine, glycine, and aconitase were
identified. Additionally, decreased levels of leaf starch, malate, fumarate, and
2-oxoglutarate were also observed in the drought-treatment course. However,
between the 8th and 10th days, some metabolites were changed drastically, hence
showing their dependency on stress severity [150].

The GC-MS metabolomic analysis was also performed on the moss
Physcomitrella patens under drought stress. In this analysis, 2 weeks of physiolog-
ical drought stress was applied, which showed that 26 metabolites were differentially
affected in gametophores, including altrose, maltitol, L-proline, maltose, isomaltose,
and butyric acid. More interestingly, a new compound, annotated as
EITTMS_N12C_ATHR_2988.6_1135EC44, was also accumulated specifically in
response to drought stress in this moss [142].

5.2 Temperature Stress

A freezing environment leads to the formation of ice, which can seriously damage
plant cells and cellular membranes. Many plant species develop freezing tolerance
during their exposure to non-freezing low temperatures, and this process is known as
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“cold acclimatization” [200]. The molecular basis of this process has been widely
studied. The first metabolomic studies of cold acclimatization were performed by
two groups in 2004. Cook et al. [152] compared the metabolomic changes during
cold acclimatization in A. thaliana (ecotype Wassilewskija – 2 (Ws-2) and Cape
Verde islands-1 (CVi-1)). A metabolome of the Ws-2 plant was significantly
changed in response to low-temperature stress. Seventy-five percent of metabolites
monitored were found to increase under cold-acclimated plants, which include
amino acids such as proline and sugars (glucose, fructose, inositol, galactinol,
raffinose, and sucrose). Additional changes were also identified with increased levels
of trehalose, ascorbate, putrescine, citrulline, and some TCA-cycle intermediates.
However, there were considerable overlaps in the metabolite changes between the
two ecotypes in response to low temperature [152].

Time-course metabolomic analysis (from cold to heat conditions) showed an
increase in the pool size of amino acids derived from pyruvate, oxaloacetate,
polyamine precursors, and other compatible solutes [154]. The study concluded
that the majority of the heat shock metabolite responses were shared with cold
stress, while heat shock had a less pronounced effect on metabolism.
Transcriptomics analysis revealed the regulation of GABA shunt and the accumu-
lation of proline under a cold condition that was obtained by transcriptional and post-
transcriptional processes [155]. Espinoza et al. [153] studied the effect of diurnal
gene/metabolite regulation during cold acclimatization by using metabolomics and
transcriptomics. Approximately 30 % of identified/analyzed metabolites showed the
circadian rhythm in their pool size and low temperatures affected the cyclical pattern
of metabolite abundance [153].

The number of important traits in plants, such as stress resistance, post-harvesting
etc., largely dependents upon the metabolic content, which can be used for the
manipulation of the metabolic phenotype via a classical breeding method. A study
performed by Korn et al. [156] combined GC-MS metabolite profiling and statistical
methods to decode or identify the combination of metabolites that can predict the
freezing tolerance in Arabidopsis. One of the identified candidates was raffinose,
which can also be considered as a good marker for freezing tolerance [156].

Metabolomics was also used for functional characterization of candidate genes
involved in cold acclimatization. One of the well-characterized genes is a C-repeat
binding factor (CBF) that increases freezing tolerance by multiple mechanisms.
Cook et al. [152] investigated the regulation of CBF and its effect on the metabolome
of the plant under low temperatures using GC-MS analysis. Metabolite profiling of
the non-acclimated plants that over-expressed the CBF 3 was similar to that of the
cold acclimatedWs-2 ecotype. Hence these data indicate that the CBF pathway plays
a prominent role in determining metabolite regulation at low temperatures. Further,
the analysis reveals the accumulation of raffinose and galactinol, which are synthe-
sized through the action of CBF-targeted genes AtGolS3.

In another study, Wienkoop et al. investigated the dynamics of metabolite-protein
covariance networks and the relation of starch metabolism during cold acclimation
[139]. This study revealed that raffinose accumulation belongs to general cold and
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heat temperature stress responses and that starch metabolism can be compensated by
increased sucrose synthesis for cold adaptation processes. A follow-up study
revealed the essential role of starch metabolism during cold adaptation in different
Arabidopsis ecotypes, thus demonstrating that different ecotypes developed differ-
ent biochemical strategies to cope with cold acclimation [157]. In another study,
Doerfler et al. investigated the interface of primary and secondary metabolism as a
response to cold and light stress [81, 82]. Arabidopsis accumulated huge amounts of
flavonoid structures due to the combined cold and light stress and a novel algorithm
for metabolite identification in non-targeted LC-MS metabolomics data was able to
identify new potential flavonoid structures as anti-oxidative response factors
[82]. Several other metabolomics analyses have been performed in crop and grass
species (tomato, wheat, maize, and miscanthus) [158–160, 201] that determined the
diverse range of metabolites in plants to confers stress tolerance (Table 2).

5.3 Salt Stress

Increasing salt concentration in soil damages plants in various ways: (1) it hampers
the uptake of water and nutrients from the environment, which in turn reduces the
water potential of the soil and leads to osmotic stress. Salt stress reduces plant
growth and damages cells/tissues. (2) The steady accumulation of sodium ions in
plant tissues inhibits essential cellular processes [202, 203]. Plants have adapted
strategies to cope with salt stress, which includes adjustment of metabolic
status [204].

Gong et al. [165] conducted metabolite profiling on Thellungiella halophila, a
distant relative of A. thaliana, under salt stress. This plant shows “extremophile”
characteristics manifested by extreme tolerance to a variety of abiotic stresses like
low humidity, freezing, and high salinity (it can even grow and reproduce in a
500 nM NaCl concentration) [205]. A comparative metabolomics study between
T. halophila and Arabidopsis (under controlled conditions) showed increased levels
of proline in both the species along with inositols, hexoses, and complex sugars. The
concentration of these metabolites was higher in T. halophila. Transcriptome ana-
lysis showed similar results suggesting that T. halophila is primed for acclimatiza-
tion under stress conditions [165]. Kim et al. [166] showed the effect of high salt
concentrations on primary metabolism in a cell culture of A. thaliana (T87 cultured
cells). The obtained results showed that the methylation cycle and phenylpropanoid
pathways are synergistically induced over the short term in response to salt stress.
Long-term responses include co-induction of glycolysis and sucrose metabolism as
well as co-reduction of the methylation cycle [166].

There have been several metabolomic studies performed to assess the metabolic
effect of salinity in various crops and other plant species, which include tomato
[206, 207], grapevine [162], poplar [161], sea lavender (Limonium latifolium), [163]
and rice [167]. A study performed by Sanchez and co-workers extensively used the
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integrated approach of genomic, transcriptomic, and metabolomic analysis on
L. japonicus and other lotus species in long-term regimes of non-lethal salt stress.
The metabolomic changes were characterized by steady-state increased levels of
amino acids, sugars, and polyols with decreases in most organic acids [169]. A
comparative metabolomic study between extremophile (Lotus crticus) and
glycophyte (Lotus corniculatus) generated similar metabolomic responses under
salt stress conditions [170].

Barley (Hordeum vulgare) cultivars that differ in their salt tolerance capacity
were subjected to metabolite profiling. In this study long-term salt stress was applied
to the barley plants [171]. The more tolerant cultivar (Sahara) demonstrated
increased levels of hexose phosphates and intermediates of the TCA cycle, which
include citrate, aconitate, isocitrate, α-ketoglutarate, succinate, and malate. The
levels of metabolites remain unchanged in the less tolerant cultivar (Clipper) during
salt stress. From this study it was proposed that accumulation of proline, γ-amino
butyric acid (GABA), and other amino acids in Clipper showed growth or induction
of leaf necrosis under salt stress; however, accumulation of these metabolites does
not indicate the phenomenon of acclimatization [171]. Another comparative study of
barley (cultivated vs. wild) demonstrated that the wild type of barley is more salt
tolerant than cultivated barley and possesses an improved ability to regulate osmotic
stress through the accumulation of more carbohydrates and proline in its roots. GC-
MS-based metabolite profiling led to the identification of 82 metabolites, which
include water-soluble carbohydrates (sucrose, trehalose, and raffinose) and proline,
which were predominant and contribute potentially to salt tolerance in roots [172]. A
change in the amino acid metabolism in leaves seems critical to develop a salt
tolerance mechanism.

Rice is one of the most sensitive crops to elevated salt concentration because its
roots are highly permeable to sodium ions present in the soil [203]. A GC-TOF-MS
metabolomic analysis revealed the lower levels of TCA cycle intermediates and organic
acid in the roots of tolerant rice cultivars in comparison to the sensitive cultivar. In
addition, accumulation of amino acids was also observed in the tolerant cultivar
[167]. Liu et al. [168] conducted metabolite profiling of rice cell culture focusing on
the initial phase of salt stress that was exclusively characterized by osmotic stress.
Further, glucose, fructose, galactose, hexose phosphates, glucose-6-phosphate, and
fructose-6-phosphate accumulated in rice suspensionculture subjected to100mMNaCl
for 1–24 h. Several studies on different rice cultivars showed a decrease in the TCA
cycle-dependent organic acids and accumulation of various amino acids [168].

Maize plants exposed to salt stress (50–150 mM NaCl saline solution) showed an
increase in the levels of sucrose and alanine, but the levels of glucose were decreased
in roots and shoots. Other osmoprotectants like GABA, malic acid, and succinate
showed increased levels in roots, whereas acetoacetate showed decreased levels.
Simultaneously glutamate, asparagine, and glycine betaine showed increased levels
in shoots, whereas malic acid and trans-aconitic acid showed decreased levels.
Increased metabolic response was more evident in shoots than in roots [164].
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5.4 Oxidative Stress

Oxidative stress is one the major limiting factors for plant growth. It occurs by
overproduction of ROS, for example hydrogen peroxide (H2O2), superoxide (O

2�),
and singlet oxygen (1O2.). A wide range of abiotic stresses like high light, low
temperature, drought, and salt stress can cause oxidative stress [208]. ROS are
produced constantly in the cell as a by-product of aerobic metabolism even under
non-stress conditions, particularly during photosynthesis, in mitochondria via the
mitochondrial electron transport chain, and in peroxisomes upon photorespiration
and β-oxidation of fatty acids. However, the cellular antioxidant system can detoxify
ROS via the ascorbate glutathione (GSH) cycle; a balanced cellular redox-status is
maintained. Although low levels of ROS are important for signaling and response
for certain stress signals, elevated ROS levels can contribute to a plants defense
program by initiating programmed cell death, especially during pathogen
attack [209].

In a study performed by Baxter et al. [173], heterotrophic Arabidopsis cells were
treated with menadione, which enhances ROS production via the electron transport
chain and hence changes metabolite abundance. Metabolomic abundance was quan-
tified using 13C-labelling kinetics. It was observed that sugar phosphates related to
glycolysis and oxidative pentose phosphate pathways (OPPPs) were accumulated,
which directs the flow of the glycolytic carbon into the OPPP to provide NADPH for
antioxidant activity. In addition, levels of ascorbate decreased and the accumulation
of its degraded products like threonate was observed, which indicated activation of
the antioxidative pathway in menadione-treated cells. Reduction in glycolytic activ-
ity probably leads to decreased levels of amino acids derived from glycolytic
intermediates. Further inhibition of the TCA cycle intermediates was also observed
and confirmed by 13C redistribution analysis [173].

Lehmann et al. [174] also performed a similar kind of study considering meta-
bolite profiling and 13C-redistribution analysis on menadione-treated Arabidopsis
roots. The results obtained were distinct from the heterotrophic cell study. In this
analysis, roots showed pronounced accumulation of GABA, O-acetylserine (OAS),
pyruvate, glucosinolates, and other amino acids. It is likely that cellular oxidation
inhibits sulfur assimilation and leads to the accumulation of OAS [174]. Similarly,
rice cell cultures treated with menadione redirected the carbon flux from glycolysis
through the OPP pathway and subsequently increased the levels of NADPH. CE-MS
analysis of these rice cultures showed depletion of sugar phosphates like pyruvate,
3-phosphoglyceric acid, dihydroxyacetone phosphate, fructose-6-phosphate, glu-
cose-1-phosphate (G1P), G6P, G3P, phosphoenolpyruvate (glycolysis intermedi-
ates), and TCA intermediates like 2-oxoglutarate, aconitate, citrate, fumarate,
isocitrate, malate, and succinate; followed by the increase in OPP pathway inter-
mediates like 6-phosphogluconate, ribose 5-phosphate, and ribulose 5-phosphate.
Additionally, an increase in the biosynthesis of GSH and its intermediates (O-acetyl-
L-serine, cysteine, and γ-glutamyl-L-cysteine) was also observed in the menadione-
treated rice cell cultures [175]. Down-regulated expression of manganese superoxide
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dismutase (MnSOD) levels, which cause oxidative stress on the metabolome, was
also observed. GC-MS metabolite profiling in Arabidopsis revealed a redox shift in
mitochondria, followed by a specific decrease in TCA cycle flux, due to the
inhibition of aconitase and isocitrate dehydrogenase [210].

5.5 Flooding

Flooding imposes severe stress on plants. This is principally because excess water in
the surroundings can deprive them of oxygen and CO2, which in turn hampers the
process of photosynthesis and reduces growth and grain yield [211]. Mitochondrial
fractions from the roots and hypocotyls of 4-day-old soybean seedlings that had been
in flooding stress for 2 days were subjected to proteomics and metabolomics
analysis. Proteins and metabolites related to the TCA cycle (like citrate, succinate,
and aconitate), GABA shunt, and amounts of NADH and NAD were up-regulated
under stress conditions, but ATP was significantly decreased by flooding stress
[176]. Similarly, Komatsu et al. [177] investigated the root tips of soybean under
flooding stress – in total 73 flood responsive metabolites were identified using
capillary electrophoresis-mass spectrometry. The levels of gamma-aminobutyric
acid, glycine, NADH2, and phosphoenol pyruvate were increased under flooding
stress conditions [177].

5.6 Nutrient Deficiency

Nutrients are essential for plant growth and development. They can affect and
regulate fundamental processes of plant physiology like photosynthesis and respi-
ration. Depending upon the growth requirement of the plants, nutrients are referred
to as either macronutrients (e.g., nitrogen, phosphorus, potassium, sulfur, and
magnesium) or micronutrients (e.g., iron, zinc, etc.). Nutrient starvation or limitation
of macronutrients has direct effects on the metabolism of the plant since
most organic molecules are made up of a combination of these elements.

5.6.1 Nitrogen (N)

Nitrogen is the most important nutrient required by plants and its metabolism is
highly coordinated with carbon metabolism in the fundamental process of plant
growth. Paddy fields of rice plants preferentially use ammonium as a source of
inorganic nitrogen. The conversion of ammonium to glutamine is catalyzed by
glutamine synthetase (GS). Kusano et al. [178] performed comparative metabolomic
analysis between the rice mutant lacking the OsGS1;1 gene and the wild type. The
results revealed that mutant lines showed retardation in shoot growth in the presence
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of ammonium compared to the wild type. Overaccumulation of free ammonium in
the leaf sheath and roots of the mutant lines demonstrated the importance of the
OsGs1;1 gene for ammonium assimilation. The metabolomic profile of the mutant
line revealed decreased levels of sugars, amino acids, and intermediates of the TCA
cycle. In contrast, overaccumulation of secondary metabolites was observed parti-
cularly in roots under a continuous supply of ammonium [178]. Further, the effect of
nitrogen deficiency at the metabolite levels in tomato leaves was investigated by
Urbanczyk-Wochniak and Fernie [179]. Based on the analysis, the decreased levels
of 2-oxoglutarate, as well as other TCA-cycle intermediates including citrate,
isocitrate, succinate, fumarate, and malate, were observed under nitrogen stress
[179]. Similarly, Tschoep et al. [180] analyzed the effect of mild nitrogen limitation
in Arabidopsis, where the levels of malate and fumarate showed significant
decreased levels [180]. These findings were in agreement with a previous study
performed in tomato leaves [179].

5.6.2 Sulfur (S)

Sulphur is another macronutrient essential for the synthesis of sulfur-containing
amino acids like cysteine and methionine as well as a wide range of sulfur-
containing metabolites like glutathione. Sulfur stress has been well studied using
metabolomics by several groups, and has been well elaborated by Hoefgen and
Nikiforova [212]. Nikiforova et al. used GC-MS and LC-MS profiling methods to
monitor the response of 134 metabolites and 6,023 unknown peaks of non-redundant
ion trances under sulfur stress. Based on the profiling data, the coordinated network
of metabolic regulation was successfully reconstructed under sulfur stress
[213]. These data were also analyzed together with transcriptomic data in order to
generate a gene-metabolite correlation network in Arabidopsis under sulfur
stress [181].

5.6.3 Phosphorus (P)

Morcuende et al. [182] analyzed Arabidopsis seedlings grown in liquid culture under
phosphorus starvation. The metabolite profile revealed the levels of sugar phos-
phates were decreased but other metabolites like glycolysis, glycerate-3- phosphate,
glycerate-2-phosphate, and phosphoenolpyruvate were increased in P-deficient seed-
lings. P-deficient seedlings also showed accumulation of starch, sucrose, and
reduced sugars as well as a general increase of organic acids including citrate,
fumarate, malate, and oxoglutarate. The levels of aromatic amino acids like histidine,
arginine, and threonine did not alter or increased slightly. Together with
transcriptomic data, analysis of metabolites revealed that phosphorus deprivation
leads to a shift towards the accumulation of carbohydrates, organic acids, and amino
acids [182]. Hernández et al. performed metabolite profiling to understand the effect
of phosphorus deficiency in the roots [184] and nodules [183] of the common bean.
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Huang et al. [185] performed metabolomic analysis in both shoots and roots of
phosphorus-deficient barley. Severe phosphorus deficiency decreased the levels of
phosphorylated intermediates (glucose-6-P, fructose-6-P, inositol-1-P, and glycerol-
3-P) and organic acids (2-oxoglutarate, succinate, fumarate, and malate). It was also
identified that phosphorous-deficient plants reconstruct carbohydrate metabolism
initially in order to reduce phosphorus consumption, which consequently reduces
the levels of organic acid in the TCA cycle [185].

5.6.4 Potassium (K)

Potassium (K) plays essential roles as a major cation in plants and as a cofactor of
enzymes. Armengaud et al. [186] performed metabolite profiling in order to identify
metabolic targets of potassium stress. Metabolite profiles of Arabidopsis plants
(roots and shoots) under low-K concentration revealed increases in the levels of
soluble sugars (sucrose, fructose, and glucose) and a slight net increase of total
protein content and the overall amino acid level. Additionally, a strong decrease in
pyruvate and organic acids was observed only in the roots but not in the shoots [186].

5.6.5 Heavy Metals

Heavy metals such as cadmium (Cd), cesium (Cs), lead (Pb), zinc (Zn), nickel (Ni),
and chromium (Cr) are major soil pollutants (from the beginning of the industrial
revolution) causing stress on plants. Heavy metals induce enzyme inhibition, cellular
oxidation, and metabolic perturbation, resulting in growth retardation and plant
death in extreme instances [214]. Sometimes essential nutrients including copper
(Cu), iron (Fe), and manganese (Mn) can cause heavy metal stress if present in an
inappropriate concentration. Jahangir et al. [187] analyzed the effects of Cu, Fe, and
Mn on the metabolite levels of Brassica rapa (leaves and roots). The levels of
metabolites such as glucosinolates and hydroxycinnamic acids as well as primary
metabolites such as carbohydrates and amino acids were affected constitutively
[187]. Similarly, Arabidopsis plants treated with Cd showed increased levels of
alanine, ß-alanine, proline, serine, putrescine, sucrose, and other metabolites with
compatible solute-like properties, notably GABA, raffinose, and trehalose. This
study also indicated a significant increase in the concentrations of α-tocopherol,
campesterol, ß-sitosterol, and isoflavone. When taken together these data indicate an
important role of antioxidant defense in the mechanisms of resistance to cadmium
stress [188].
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5.7 Biotic Stress

In order to combat the stress from pathogens and pests, plants use complex chemical
machinery as a major defense mechanism. The metabolic response of plants to biotic
stresses depends highly on tissues, species, and plant-pathogen or pest interactions.
A number of metabolites have been identified as metabolic biomarkers for biotic
stress in diverse plant species [215]. For example, metabolic profiling of host tissues
from the three rice varieties TN1, Kavya, and RP2068 exposed to gall midge biotype
1 (GMB1) was performed using GC-MS. In total, 16 fatty acids (such as unsaturated
linoleic acid) together with two amino acids (glutamine and phenylalanine) were
identified as the major components of the resistance features of gall midge (Orseolia
oryzaeWood-Mason)-resistant rice varieties [189]. Similarly, metabolite profiling of
sensitive and tolerant rice cultivars subjected to BLB (bacterial leaf blight) caused by
Xanthomonas oryzae pv. oryzae (Xoo) led to the identification of several specific
metabolites, such as acetophenone, xanthophylls, alkaloids, carbohydrates, and
lipids [190]. Metabolomic analysis of barley, rice, and purple false brome grass,
revealed identical changes in the metabolic patterns in which malate, polyamines,
quinate, and non-polymerized lignin precursors accumulate during infection by
Magnaporthe oryzae [191]. Phenylpropanoids are the precursors of lignin and con-
stitute an important component of the plant stress defense mechanism by modulating
cell wall composition and stiffness in roots. The thickened cell wall may help to
defend against pathogen infection in the plant. Accumulation of phenylpropanoid
and phenolic compounds was reported in response to Fusarium graminearum in
wheat [192].

5.8 Stress Combination

In the natural habitat, plants are actually subjected to combinations of abiotic stress.
Some of these stress conditions are already in combination, for example, high salt
concentration leads to ionic and osmotic stresses. Although the metabolic response
of plants under single stress conditions has been studied extensively as detailed in
the previous section [216], Rizhsky et al. [217] applied the combination of drought
and heat stress in Arabidopsis. The metabolite profiling showed high-level accumu-
lation of sucrose and other sugars. Interestingly, proline was not accumulated in
stress combination and hence it was concluded that sucrose replaces proline as an
osmoprotectant in plants in order to avoid combined stress conditions because
proline shows high-level toxic effects under heat stress conditions [217]. Wulff-
Zottele et al. [218] also analyzed the effect of high light irradiance and sulfur
depletion. In this study, it was observed that proline accumulated in a differential
time course and other metabolites like raffinose and putrescine replaced proline
during its delayed accumulation under stress [218].

Metabolomics in Plant Stress Physiology 219



6 Metabolite Accumulation: Adjustment in Response
to Stress Conditions

Under abiotic stress conditions, a common defensive mechanism is activated in
plants that leads to the production and accumulation of compatible solutes (meta-
bolites). These are small molecular weight osmoprotectants that are diverse in
nature, and include amino acids like asparagine, proline, and serine, and amines
like polyamines, glycine betaine, and GABA (γ-amino-N-butyric acid). Addition-
ally, they also include carbohydrates (e.g., fructose, sucrose, and trehalose), raffi-
nose, and polyols (myo-inositol, D-pinitol), and antioxidants such as glutathione
(GSH) and ascorbate [219]. These osmolytes have high levels of solubility/perme-
ability in the cell and lack enzyme inhibition activities even at high concentrations.
Accumulation of the solutes in response to stress is not only observed in plants, it is
also a defense mechanism triggered by animal cells, bacteria, and marine algae,
which indicate an evolutionarily conserved trait [196, 220, 221].

Several studies have been performed to understand the beneficial effects of these
metabolites in plant tolerance against environmental stimuli. Proline is one of the
best examples, and the correlation between proline accumulation and stress tolerance
has been well described in Bermuda grass during water stress conditions [222]. In
the follow-up studies, several research works were conducted to prove and correlate
the importance of proline accumulation in plants under stress conditions. Based on
the findings it can be concluded that proline can act as a protein stabilizer, a signaling
molecule, a ROS scavenger (against several abiotic stresses), and a cryoprotectant/
osmoprotectant in plants under stress conditions [223, 224]. Figure 3 represents the
biosynthesis of the key metabolites that accumulate in plants in response to the stress
condition.

Proline metabolism and its regulations are well characterized in plants (Fig. 3(1)).
Proline is synthesized in cytoplasm or chloroplast from glutamate, which reduces to
glutamate semialdehyde (GSA) by Δ-1-pyrroline-5-carboxylate synthetase (P5CS).
GSA can spontaneously convert into pyrroline-5-carboxylate (P5C), which is further
reduced by P5C reductase (P5CR) to proline. Proline is degraded within the mito-
chondrial matrix by proline dehydrogenase (ProDH) and P5C dehydrogenase
(P5CDH) to glutamate [225]. Under stress conditions proline synthesis is stimulated,
whereas during recovery from stress catabolism of proline is enhanced. In tobacco
and petunia, over-expression of P5CS led to increasing accumulation of proline and
showed enhanced tolerance to salt and drought [226]. Arabidopsis P5CS1 knock-out
plants were impaired in proline synthesis and showed hypersensitivity to salt stress
[227]. ProDH antisense Arabidopsis accumulated more proline, which shows
enhanced tolerance against low temperature and high salinity [228]. An alternative
pathway, mitochondrial P5C, can be produced by δ-aminotransferase (δ-OAT) from
ornithine. Over-expression of Arabidopsis δ-OAT enhances proline levels, which in
turn increases stress tolerance in rice and tobacco [229]. The core enzymes P5CS,
P5C, P5CR, ProDH, and OAT are responsible for maintaining the balance between
biosynthesis and catabolism of proline.
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Extensive research work has been performed for other metabolites such as
γ-aminobutyric acid (GABA), glycine betaine, trehalose, raffinose, and polyamines
(like putrescine, spermidine, and spermine) etc.; these metabolites have also been
proven to be efficient protectors against some abiotic stresses. GABA is a
non-protein amino acid that accumulates rapidly under high-stress levels [230–
232]. GABA is mainly synthesized from glutamate in cytosol and then transported
into mitochondria. GABA-T (GABA transaminase) and SSADH (succinic
semialdehyde dehydrogenase) convert GABA into succinate, which enters into the
TCA cycle (Fig. 3(2)) [233]. GABA metabolism plays a major role in the carbon-
nitrogen balance and ROS scavenging activity [234, 235]. GABA shunt also plays
an important role in stress tolerance. Enzymes involved in GABA metabolism
showed enhanced enzyme activity under salt stress [232]. GABA-T deficient
Arabidopsis mutants showed hypersensitivity against ionic stress – increased levels
of amino acids were accumulated while carbohydrate levels were diminished
[232]. Similarly, disruption of the SSADH gene showed ROS accumulation and
hypersensitivity against UV-B and heat stress [236].

Glycine betaine (GB) is a quaternary ammonium compound that occurs widely in
the plant kingdom [237]. GB is synthesized from choline and glycine
[238]. Arabidopsis and many other crops species do not accumulate GB. Plants
with natural production of GB under stress conditions (cold, drought, and salt)
showed enhanced accumulation of GB (Fig. 3(3)) [238]. In salt-tolerant species, a

Fig. 3 Biosynthetic pathway of the metabolites that are accumulated under stress conditions (e.g.
drought, temperature, salt, etc.). (1) proline, (2) GABA, (3) glycine betaine, (4) trehalose, (5)
raffinose
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significant level of GB accumulation was determined. GB protects photosystem II,
stabilizes the membrane, acts as a molecular chaperone, maintains water balance,
and provides protection from oxidative stress [239–241].

Trehalose is a non-reducing disaccharide that accumulates in higher concentra-
tions under some desiccation-tolerant plants like Myrothamnus flabellifolius
[242]. At high levels, trehalose can act as an osmolyte to stabilize proteins
[243]. In plants, trehalose is present in a small amount, but under high-stress
conditions trehalose increases moderately [154, 244]. Biosynthesis of trehalose
takes place in two steps: trehalose-6-phosphate synthase (TPS) produces trehalose-
6-phosphate (T6P) from UDP-glucose and glucose-6-phosphate followed by
dephosphorylation of trehalose by trehalose-6-phosphate phosphatase (TPP) [243]
(Fig. 3(4)). Several research studies demonstrated the role of trehalose in stress
tolerance; transgenic expression of the genes involved in trehalose biosynthesis
enhances the tolerance of plants against abiotic stress. Heterologous expression of
genes involved in the trehalose pathway from E. coli or Saccharomyces cerevisiae
showed enhanced tolerance to abiotic stresses in several plants [245]. Further, over-
expression of the TPS isoform conferred enhanced resistance in rice against salt,
cold, and drought stress [246]. Loss of TPS5 (TPS with TPP domain) function
lowered the basal thermotolerance in Arabidopsis [247]. Panikulangara et al. [248]
demonstrated that levels of trehalose and activity of TPP increase under cold stress in
rice, and overexpression OsTPP1 in rice showed enhanced tolerance against cold
and salinity, although trehalose content was not observed to be increased [248].

Raffinose family oligosaccharides (RFOs) include raffinose, stachyose, and
verbascose, which accumulate in various plant species (in desiccated seeds and
leaves) under environmental stress like cold, heat, drought, or salinity [249]. RFO
biosynthesis is initiated by formation of galactinol from myo-inositol and
UDP-galactose by galactinol synthase (GolS). Sequential addition of galactose
units by galactinol to sucrose leads to the formation of raffinose, and a higher
class of RFO (Fig. 3(5)) [249]. The complete biosynthetic pathway of RFOs under
stress conditions is not completely known. Research work performed by Taji et al.
[250] and Nishizawa et al. [251] demonstrated that over-expression of Arabidopsis
GolS1 and GolS2 accumulates high levels of galactinol and sucrose in Arabidopsis,
which showed enhanced tolerance under drought and salt stress [250, 251].

Metabolomic adjustments play a very important role in plant survival; therefore,
regulation of the metabolic pathways (biosynthesis and catabolism) is very critical in
order to improve tolerance mechanisms against environmental stimuli in plants.

7 Conclusion and Outlook

Metabolomics is the comprehensive platform that can identify and quantify small
molecules present in plants that lead to the ultimate expression of its genotype in
response to environmental stimuli (abiotic and biotic stresses). Information obtained
from the metabolomic studies in plants against different abiotic and biotic stresses
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have provided relevant information about the specific metabolites that are directly
involved in physiological and biochemical changes. In an applied context,
metabolomic approaches provide a broader, deeper, and integral perspective of the
metabolic profiles in the acclimatization of plants against environmental stress. The
obtained information is also transferable to the sensitive and economically important
crops, to improve their adaptation strategies towards adverse conditions. The appli-
cation of more advanced metabolomics tools will accelerate and improve plant
breeding approaches, which will surely lead to the next generation of crops that
are more tolerant to abiotic and biotic stresses worldwide.
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