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METABOLOMIKA - U ŻYTECZNE NARZ ĘDZIE DO OCENY 
WPŁYWU CZYNNIKÓW ABIOTYCZNYCH NA RO ŚLINY 

Abstract:  Abiotic stresses are produced by inappropriate levels of physical components of the environment and 
cause plant injury through unique mechanisms that result in specific responses. Metabolomics is a relatively new 
approach aimed at improved understanding of metabolic networks and the subsequent biochemical composition 
of plants and other biological organisms. The paper is focused on the use of metabolomics, metabolic profiling 
and metabolic fingerprinting to study plant responses to some environmental stresses (eg elevated temperature, 
chilling and freezing, drought, high salinity, UV radiation, high ozone levels, nutrient deficiency, oxidative stress, 
herbicides and heavy metals). Attention is also devoted to the effects of some environmental factors on plants 
such as high or low levels of CO2 or different levels of irradiance. Alterations of plants metabolites due to multiple 
abiotic stresses (drought-heat, drought-salinity, elevated CO2-salinity) are analysed as well. In addition, 
metabolomic approach to study plant responses to some artificial abiotic stresses, mechanical stress or pulsed 
electric field-induced stress is discussed. The most important analytical methods applied in metabolomics are 
presented and perspectives of metabolomics exploitation in the future are outlined, too. 
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Introduction to metabolomics 

Metabolites are the end products of cellular regulatory processes and their levels can be 
regarded as the ultimate response of biological systems to genetic or environmental 
changes. The set of metabolites synthesized by a biological system constitute its 
“metabolome” [1]. The metabolome has been defined as the qualitative and quantitative 
collection of all low molecular weight molecules (metabolites) present in a cell that are 
participants in general metabolic reactions and that are required for the maintenance, growth 
and normal function of a cell [2]. 

                                                           
1 Institute of Chemistry, Faculty of Natural Sciences, Comenius University, Mlynská dolina CH-2,  
842 15 Bratislava, Slovak Republic 
2 Department of Chemical Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences 
Brno, Palackeho 1/3, 612 42 Brno, Czech Republic 
3 Research Institute for Pharmacy and Biochemistry, Lidicka 1879/48, 602 00 Brno, Czech Republic 
* Corresponding author: phone +421 260 296 412, email: kralova@fns.uniba.sk 



Katarína Kráľová, Josef Jampílek and Ivan Ostrovský 

 

134 

Metabolomics is a relatively new approach aimed at improved understanding of 
metabolic networks and the subsequent biochemical composition of plants and other 
biological organisms. It represents a non-biased identification and quantification of all 
metabolites in a biological system, and consequently the selectivity and sensitivity of the 
analytical technique must be high [2]. Analytical tools within metabolomics including mass 
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy can determine the 
impact of time, stress, nutritional status and environmental perturbation on hundreds of 
metabolites simultaneously resulting in massive, complex data sets [3]. The most widely 
used methods for plant metabolite analysis are gas chromatography coupled to mass 
spectrometry (GC-MS) [4, 5] and liquid chromatography coupled to mass spectrometry 
(LC-MS) [6-8], further important analytical techniques include liquid chromatography 
(photodiode array detection) coupled to mass spectrometry (LC-PDA/MS) [9], capillary 
electrophoresis coupled to mass spectrometry (CE-MS) [10-12], Fourier transform - ion 
cyclotron resonance mass spectroscopy (FT-ICR/MS) [13] and NMR spectroscopy [14-16]. 

The term “metabolic profiling” is used for identification and quantification of  
a selected number of pre-defined metabolites, generally related to a specific metabolic 
pathway(s). On the other hand, metabolic fingerprinting represents a high-throughput, rapid, 
global analysis of samples to provide sample classification, in which quantification and 
metabolic identification are generally not employed, but such screening enables to 
discriminate between samples of different biological status or origin. Qualitative and 
quantitative analysis of one or a few metabolites related to a specific metabolic reaction 
employed when low limits of detection are required is called metabolite target analysis 
(MTA) [2]. 

The plant kingdom has been estimated to produce up to 200,000 metabolites in total [1, 
17]. The plant metabolome contains organic species - such as amino acids, fatty acids, 
carbohydrates, organic acids and lipids and elemental and inorganic species. The 
differences in the concentration of components in the metabolome are estimated to vary 
from picomol to milimol [2]. For example, leaves of one of the most studied plants 
Arabidopsis thaliana have been estimated to contain approximately 5000 different primary 
and secondary metabolites [18]. 

Plant biologists routinely use comprehensive analyses of plant metabolites to discover 
new responses to genetic or environmental perturbation or to validate initial hypotheses on 
the function and in vivo action of gene products. Fiehn et al [19] suggested a minimum of 
parameters to be reported in order to define details of experimental study designs in plant 
metabolomics studies. PlantMetabolomics.org (PM) is a web portal and database for 
exploring, visualizing and downloading plant metabolomics data. PM integrates 
metabolomics data generated from different analytical platforms from multiple laboratories 
along with the key visualization tools such as ratio and error plots. Each metabolite is linked 
to relevant experimental data and information from various annotation databases (for details 
see Bais et al [20]). 

Analytical methods used in plant metabolomics 

Plants contain a wide spectrum of chemically diverse metabolites which are usually 
present in a large range of concentrations, and so for extracting and detecting all metabolites 
no single analytical method is sufficient. For large scale analysis and comparison of 
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metabolites in plant extracts several methods are suitable, such as GC-MS [4, 21, 22], direct 
flow injection mass spectrometry [23], LC-MS [24, 25], CE-MS [10] and NMR [14, 26]. 

Many semi-polar compounds in plants (involved or not involved in the primary 
metabolism), including key secondary metabolite groups, can be best separated and detected 
by LC-MS approaches [3, 24, 25, 27]. 

LC preceding MS enables the detection of isomeric compounds, and LC in 
combination with high resolution mass spectrometry (HRMS), eg TOF-MS, FT-ICR-MS, 
Orbitrap, enables the detection of several hundreds of compounds in a single crude plant 
extract [8, 25]. Further improvement of the potential to identify metabolites and to provide 
an even more detailed metabolite profile of plant extracts could be obtained by combining 
LC with ultra-HRMS such as FT-ICR-MS [28, 29] or LC-NMR-MS [30, 31] or ultra 
performance LC (UPLC) coupled to MS [32, 33]. 

GC coupled to electron-impact time-of-flight (TOF)-MS can be applied for a large 
variety of non-volatile metabolites, mainly those involved in primary metabolism (organic 
and amino acids, sugars, sugar alcohols, phosphorylated intermediates occurring in the polar 
fraction of extracts, as well as lipophilic compounds such as fatty acids and sterols which 
are situated in the apolar fraction) [21]. 

A suitable method for analysing semi-polar metabolites is LC-MS with a soft-ionisation 
technique, such as electrospray ionisation (ESI) or atmospheric pressure chemical 
ionisation (APCI), resulting in protonated (in the positive mode) or deprotonated (in the 
negative mode) molecular masses. Using this method plant secondary metabolites such as 
alkaloids, saponins, phenolic acids, phenylpropanoids, flavonoids, glucosinolates, 
polyamines and all kinds of derivatives thereof could be detected [24, 25, 34]. 

Different metabolomics approaches can be applied when using NMR. Using this 
method high-throughput metabolite analyses could be performed. Sample preparation is 
relatively simple, the analysis is non-destructive, and spectra can be recorded in vivo from 
cultured cells and tissues and even whole plants [35, 36]. On the other hand, the sensitivity 
of NMR is relatively low, about 106-109-fold less than that of chromatography-coupled MS 
[37]. However, at high metabolite concentrations NMR-based metabolic fingerprinting is 
usually effective, as it can provide both structural and quantitative data and does not require 
much pre-analytical preparation as mass spectrometry needs. 

For most bioorganic compounds, the 1D 1H NMR spectrum is not sufficient for full 
structural elucidation. Two-dimensional (2D) NMR takes advantage of interactions between 
detectable nuclei within a molecule and can be used to increase the spectral resolution. 
Homonuclear NMR examines correlations between nuclei of the same type (usually 
protons), whereas heteronuclear NMR reveals correlations between two different nuclei 
(eg 1H and 13C). A variation of 2D NMR used in metabolomics is J-resolved spectroscopy 
providing 1D spectra simplified by the absence of proton-proton coupling [38]. 

Homonuclear 1H-2D spectra, eg correlation spectroscopy (COSY), total correlation 
spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) are very 
informative about the 3D position of the protons in a molecule, and heteronuclear 2D 
spectra can be acquired for detecting direct 1H – 13C bonds by heteronuclear multiple 
quantum coherence spectroscopy (HMQC) or, over a longer range, by heteronuclear 
multiple bond correlation spectroscopy (HMBC). Heteronuclear 2D-NMR data acquisition 
is extremely useful for identification of unknown molecules [39]. 
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One of the characteristics of metabolomics data which ensures that the dataset is 
inherently complex is multidimensionality. Widely applied supervised and unsupervised 
tests in metabolomics include principal component analysis (PCA), hierarchical cluster 
analysis (HCA), and partial least squares (PLS) and discriminant analysis (DA) [40-42]. 
These methods not only simplify the data by reducing dimensionality but also provide visual 
representation of the data. The development of bioinformatics tools will facilitate the 
management of large amounts of data, help to integrate different datasets by sieving the 
metabolite information from the instrumental chromatographs and spectra and improve the 
description of metabolic networks and cellular phenomena in general [42]. 

Abiotic stresses 

Environmental stresses arise from conditions that are unfavourable for the optimal 
growth and development of organisms [43, 44]. Abiotic stresses are produced by 
inappropriate levels of physical components of the environment and cause injury through 
unique mechanisms that result in specific responses [43, 45]. Global metabolite profiling 
analysis permits simultaneous monitoring of precursors, intermediates and products of 
metabolic pathways. Stress responses of plants at the metabolite and metabolome levels 
were studied by several researchers, eg [46, 47]. Plant responses to abiotic stresses were 
comprehensively summarised in review papers of Shulaev et al [48] and Genga et al [49]. 
This paper is aimed at the use of metabolomics, metabolic profiling and metabolic 
fingerprinting to study plant responses to environmental stresses such as elevated 
temperature, chilling and freezing, drought, high salinity, UV radiation, high ozone levels, 
nutrient deficiency, oxidative stress, herbicides and heavy metals. The article also deals with 
some environmental factors such as high or low levels of CO2 or different irradiance levels 
as well as multiple stresses, eg drought-heat, drought-salinity, elevated CO2-salinity. In 
addition, metabolomic approach to study of plant responses to some artificial abiotic 
stresses, mechanical stress or pulsed electric field-induced stress is discussed. 

Temperature stress 

Temperature stresses experienced by plants can be classified into three types: those 
occurring at (a) temperatures below freezing, (b) low temperatures above freezing and (c) 
high temperatures [50]. Temperature stress can have a devastating effect on plant 
metabolism, disrupting cellular homeostasis and uncoupling major physiological processes. 
Cellular homeostasis is achieved by a delicate balance between multiple pathways that 
reside in different organelles. However, it may be disrupted by temperature stress, because 
different pathways within cells have a different temperature optimum [51]. Higher plants 
exposed to excess heat, at least 5°C above their optimal growing conditions, exhibit 
a characteristic set of cellular and metabolic responses required for the plants to survive 
under the high-temperature conditions [44]. One of the consequences of high temperature in 
plants is oxidative damage caused by the heat-induced imbalance of photosynthesis and 
respiration [52]. Due to temperature acclimation changes in membrane structure and 
function, tissue water content, global gene expression, protein, lipid and primary and 
secondary metabolite composition occur [43, 45]. 

Several metabolites that could functionally contribute to induced stress tolerance have 
been associated with stress responses and therefore recent metabolite-profiling studies have 
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refocused attention on these and other potentially important components found in the 
“temperature-stress metabolome”. Such metabolomic studies have demonstrated that active 
reconfiguration of the metabolome is regulated in part by changes in gene expression 
initiated by temperature-stress-activated signalling and stress-related transcription factors 
and central carbohydrate metabolism seems to be a major feature of the reprogramming of 
the metabolome during temperature stress [53]. 

Changes in membrane lipid composition play multiple roles in plant adaptation and 
survival in the face of chilling and freezing damage. Wang et al [54] used an ESI-tandem 
MS (MS/MS)-based approach to quantitatively profile membrane lipid molecular species in 
plant response to low temperatures, and the profiling analysis revealed significant and 
distinct lipid changes during cold acclimation and freezing. Welti et al [55] profiled 
membrane lipid molecular species in Arabidopsis undergoing cold and freezing stresses 
using ESI-MS/MS and found that freezing at a sublethal temperature induced a decline in 
many molecular species of phosphatidylcholine, phosphatidylethanolamine and 
phosphatidylglycerol but induced an increase in phosphatidic acid and lysophospholipids, 
what resulted in destabilizing membrane bilayer structure. 

Gray et al [56] examined the effects of cold acclimation on the Arabidopsis 
metabolome using a non-targeted metabolic fingerprinting approach and found that a global 
reprogramming of metabolism occurs as a result of cold acclimation. They determined 
a comprehensive, unbiased assessment of metabolic processes relative to cold acclimation 
by measuring an entire spectrum of putative metabolites based on mass-to-charge (m/z) 
ratios, vs an individual or group of metabolite(s). The leaves shifted to low temperature 
presented metabolic profiles that were constantly changing but leaves developed at low 
temperature demonstrated a stable complement of components. 

Kaplan et al [45] explored the temperature-stress metabolome of Arabidopsis and 
found that cold shock influenced metabolism far more profoundly than heat shock. The 
steady-state pool sizes of 143 and 311 metabolites or mass spectral tags were altered in 
response to heat and cold shock, respectively, and comparison of heat- and cold-shock 
response patterns revealed that the majority of heat-shock responses were shared with  
cold-shock responses. Coordinate increases in the pool sizes of amino acids derived from 
pyruvate and oxaloacetate, polyamine precursors and compatible solutes were observed 
during both heat and cold shocks. However, it could be highlighted that many of the 
metabolites that showed increases in response to both heat and cold shocks were previously 
unlinked with temperature stress. Similar results were obtained by Korn et al [57] who used 
metabolic profiling to discover combinations of metabolites that predict freezing tolerance 
and its heterosis in Arabidopsis thaliana. They identified compatible solutes and, in 
particular, the pathway leading to raffinose as crucial statistical predictors for freezing 
tolerance and its heterosis, while some tricarboxylic acid (TCA) cycle intermediates 
contributed only to prediction of the heterotic phenotype. 

Davey et al [58] used seeds of Arabidopsis lyrata ssp. petraea obtained from 
populations along a latitudinal gradient, namely Wales, Sweden and Iceland and grown in  
a controlled cabinet environment to study whether geographically separated marginal 
populations of A. lyrata have distinct metabolic phenotypes associated with exposure to 
cold temperatures. Mannose, glucose, fructose, sucrose and raffinose concentrations were 
different between cold treatments and populations, especially in the Welsh population, but 
polyhydric alcohol concentrations were not. Free amino acid compositions were  
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population-specific, with fold differences in most amino acids, especially in the Icelandic 
populations, with gross changes in amino acids, particularly those associated with glutamine 
metabolism. 

Salt stress 

High salinity caused by either natural (eg climatic changes) or anthropogenic factors 
(eg agriculture) is a widespread environmental stressor that can affect development and 
growth of salt-sensitive plants, leading to water deficit, the inhibition of intake of essential 
ions and metabolic disorders. Application of NMR-based metabolomics to the investigation 
of salt stress in 2, 4 and 6 days old maize (Zea mays) plants exposed to 0, 50 or 
150 mmol/dm3 saline solution was performed by Gavaghan et al [59]. The shoot and root 
extracts were analysed and a clear dose-dependent effect, superimposed on the growth 
effect, was observed for saline treated shoot and root extracts. This was correlated with 
increased levels of alanine, glutamate, asparagine, glycine-betaine and sucrose and 
decreased levels of malic acid, trans-aconitic acid and glucose in shoots. Correlation with 
salt-load shown in roots included elevated levels of alanine, γ-amino-N-butyric acid 
(GABA), malic acid, succinate and sucrose and depleted levels of acetoacetate and glucose. 
The metabolic effect of high salinity was predominantly consistent with osmotic stress and 
was found to be stronger in the shoots than in the roots.  

Zhang et al [60] analyzed the metabonome (the complete set of metabologically 
regulated elements in cells) of tobacco plants and its dynamic responses to salt treatments 
using NMR spectroscopy in combination with multivariate data analysis in order to 
understand the dosage and duration dependence of salinity effects on plant metabolisms. 
The tobacco metabonome was dominated by 40 metabolites including organic acids/bases, 
amino acids, carbohydrates and choline, pyrimidine and purine metabolites. A dynamic 
trajectory was clearly observable for the tobacco metabonomic responses to the dosage of 
salinity. Short-term low-dose salt stress (50 mmol/dm3 NaCl, 1 day) caused metabolic shifts 
toward gluconeogenesis with depletion of pyrimidine and purine metabolites. Prolonged 
salinity with high-dose salt (500 mmol/dm3 NaCl) induced progressive accumulation of 
osmolytes, such as proline and myo-inositol as well as changes in GABA shunt. Such 
treatments also promoted the shikimate-mediated secondary metabolisms with enhanced 
biosynthesis of aromatic amino acids. Salinity caused systems alterations in widespread 
metabolic networks involving transamination, TCA cycle, gluconeogenesis/glycolysis, 
glutamate-mediated proline biosynthesis, shikimate-mediated secondary metabolisms and 
the metabolisms of choline, pyrimidine and purine. 

Ghosh et al [61] investigated the responses of two rice varieties (Nonabokra and 
Pokkali) to salinity in terms of some physiological and biochemical attributes. During the 
exposure to salinity (200 mmol/dm3 NaCl for 24, 48 and 72 h), a significant increase in 
sodium was recorded which was also concomitant with the changes of other metabolic 
profiles like proline, phenol, polyamine, etc. The protein oxidation was significantly 
increased and also varied between the two cultivars, and the changes in activities of anti-
oxidative enzymes under stress were significantly different from the control. The 
detrimental effects of salinity were also evident in terms of lipid peroxidation, chlorophyll 
content, protein profiles and generation of free radicals, and these were more pronounced in 
Pokkali than in Nonabokra.  
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Lugan et al [62] studied the relationships between stress tolerance, the metabolome, 
water homeostasis and growth performance using two species - a halophyte Thellungiella 
salsuginea and Arabidopsis thaliana which were exposed to osmotic stress. They analysed 
a broad range of metabolites by metabolic fingerprinting and profiling and the results 
showed that, despite a few notable differences in raffinose and secondary metabolites, the 
same metabolic pathways were regulated by salt stress in both species. However, 
Thellungiella had much higher levels of most metabolites than Arabidopsis whatever the 
treatment. Comprehensive quantification of organic and mineral solutes showed a relative 
stability of the total solute content regardless of the species or treatment, meaning that little 
or no osmotic adjustment occurred under stress, and the reduction in osmotic potential 
observed in plants under stress was found to result from a passive loss of water. Differences 
were observed in shoot water content of studied plant species. Thellungiella shoots 
contained less water than Arabidopsis shoots and had the ability to lose more water, which 
could contribute to maintenance of a water potential gradient between soil and the plant. 
Osmotic stress was also found to impact the metabolome properties in both species, 
increasing the overall polarity. In general, the Thellungiella metabolome appears to be more 
compatible with dehydration. Under salt stress Thellungiella plants accumulated lower 
amounts of Cl¯  ions than Arabidopsis but exhibited a similar proline response [63]. Under 
these conditions abietic acid and jasmonic acid levels increased in Arabidopsis, whereas 
minimal changes in both hormone concentrations were recorded in Thellungiella. It was 
found that the impact of salt stress on metabolite profiles was higher in Thellungiella than in 
Arabidopsis, and obtained data indicated that physiological responses in Arabidopsis are 
induced after stress imposition through hormonal regulation whereas Thellungiella has 
a basal metabolic configuration better prepared to endure environmental cues. 

Water stress 

Drought, the most prominent threat to agricultural production worldwide, accelerates 
leaf senescence, leading to a decrease in crops size, loss in photosynthesis and reduced 
yields, and it is the most serious environmental factor limiting the productivity of 
agricultural crops worldwide with devastating economical and sociological impact [64]. 

Water deficits and nutrient deficiencies promote greater relative allocation of 
photosynthate to root growth, ultimately resulting in plants that have higher root:shoot ratios 
and greater capacity to absorb water and minerals relative to the shoots that must be 
supported. Plants experience drought stress when water supply to roots is decreased and 
transpiration rate is higher than water uptake. Water deficit causes many adverse effects on 
plants, eg disruption of water potential gradients, loss of turgor, denaturation of proteins or 
disruption of membranes [65]. Drought is one of the major factors that limit crop 
production. Plants respond to drought stress at the molecular, cellular and physiological 
levels, whereby the response depends on the species and genotype, the length and severity 
of water loss, the age and stage of development, the organ and cell type and the sub-cellular 
compartment [66]. 

Sziderics et al [67] observed that drought reduced yield of pepper plants (Capsicum 
annuum L) cultivated in a greenhouse which were stressed by withholding water for 1 week. 
This indicated that plants adapted to the decreasing water content of the soil by adjustment 
of their osmotic potential in root tissue. As a consequence of drought, strong accumulation 
of raffinose, glucose, galactinol and proline as well as reduced concentration of polyamines 
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in the roots was determined. On the other hand, in leaves of pepper plants the water deficit 
led to increased levels of fructose, sucrose, galactinol, cadaverine, putrescine, spermidine 
and spermine. Sensitive cultivars of barley accumulated more proline, glycine betaine and 
other compatible solutes than tolerant cultivars [68, 69]. 

The accumulation of small molecules which function as compatible solutes has long 
been implicated in the acquisition of drought tolerance. Sanchez et al [70] used  
a non-targeted metabolomic approach to explore plastic systems responses to non-lethal 
drought in model and forage legume species of the genus Lotus. In Lotus japonicus 
increased water stress caused gradual increases of most of the soluble small molecules 
profiled, reflecting a global and progressive reprogramming of metabolic pathways. The 
comparative metabolomic approach between Lotus species revealed conserved and unique 
metabolic responses to drought stress. As a general metabolic trend in response to water 
deficit, significant increases of organic acids, sugars and polyols were determined. Organic 
acids included the TCA cycle intermediates succinic and malic acid, while fructose, 
glucose, galactose and maltose and arabitol, ononitol and galactitol were amongst the most 
accumulated sugars and polyols, respectively. The concentration of glutamic, aspartic and 
phosphoric acids decreased during drought. On the other hand, amino acids showed  
a variable response: the content of proline, leucine and isoleucine increased, while serine, 
glycine and threonine decreased and some amino acids (eg asparagine, lysine and valine) 
showed no significant change. In general, tolerant plants accumulate higher levels of 
compatible solute and the level of accumulated solutes and primary metabolites may reflect 
a gradual global metabolic rearrangement which appears to be adjusted to the stress-dose 
perceived by the plants [71]. 

Warren et al [72] used GC-MS metabolite profiling to examine the response of leaf 
metabolites to a long (2 months) and severe water stress in two species of the perennial trees 
of the genus Eucalyptus (the mesic Eucalyptus pauciflora and the semi-arid Eucalyptus 
dumosa). Water stress led to more negative osmotic potential and increased total 
osmotically active solutes in leaves of both species, whereby it affected around 30–40% of 
measured metabolites in E. dumosa and 10–15% in E. pauciflora. There were many 
metabolites that were affected in E. dumosa but not in E. pauciflora. For example, 
in E. dumosa there were increases in five acyclic sugar alcohols and four low abundance 
carbohydrates that were unaffected by water stress in E. pauciflora. In E. dumosa water 
stress increased the levels of galactose, fructose, glucose, monosaccharides, sugar acids and 
acyclic sugar alcohols derived from galactose, fructose, glucose, however reduction of 
compounds that are part of the raffinose/stachyose biosynthetic pathway, galactinol 
(threefold decrease), myo-inositol (1.7-fold decrease) and raffinose (2.5-fold decrease), was 
determined. However, notable increase was shown by cyclohexanepentols: vibo-quercitol 
(23-fold increase) and proto-quercitol (1.5-fold increase). 

Charlton et al [73] profiled leaf metabolome of Pisum sativum L (pea) using 1D and 
2D NMR spectroscopy, to monitor the changes induced by drought-stress, under both 
glasshouse and simulated field conditions. They attributed significant changes in resonances 
to a range of compounds, identified as both primary and secondary metabolites, highlighting 
metabolic pathways that are stress-responsive. The metabolites that were present at 
significantly higher concentrations in drought-stressed plants under all growth conditions 
included proline, valine, threonine, homoserine, myoinositol, GABA and trigonelline 
(nicotinic acid betaine). 
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The increase of the content of greenhouse gases in the atmosphere due to 
anthropogenic activity is connected with the increase in global temperature, altered 
precipitation and increased CO2 concentrations [74, 75]. Productive and sustainable 
agriculture requires growing plants (crops) in arid and semiarid regions with less input of 
precious resources such as fresh water. Shao et al [76] in their review paper discuss 
physiological and molecular insights and effects on basic plant metabolism, drought 
tolerance strategies under drought conditions in higher plants for sustainable agriculture and 
ecoenvironment in arid and semiarid areas of the world. 

Flooding 

Flooding imposes a severe selection pressure on plants principally because excess 
water in their surroundings can deprive them of certain basic needs, notably of oxygen and 
of CO2 and light for photosynthesis [77]. Flooding is a serious problem for soybeans 
because it reduces growth and grain yield. Proteomic and metabolomic techniques were 
used to examine whether mitochondrial function is altered in soybeans by flooding stress 
[78]. Proteins and metabolites related to the TCA cycle and GABA shunt were  
up-regulated, the amounts of NADH and NAD were increased, but ATP was significantly 
decreased by flooding stress. 

UV light 

Because of ever-increasing environmental deterioration it is likely that the influx of 
ultraviolet B (UV-B) radiation (λ = 280÷320 nm) will increase as a result of the depletion 
of stratospheric ozone. The UV-B radiation impacts on the levels of a broad range of 
metabolites, including phenolic, terpenoid and alkaloid compounds. The levels of some of 
these metabolites increase following UV-B exposure, while those of others decrease, change 
transiently or are differently affected by low and high UV-doses [79]. Kusano et al [80] 
compared the metabolic responses of wild-type Arabidopsis with that of mutants impaired 
in flavonoid or sinapoyl-malate biosynthesis, exposed to a short (24 h) or a longer (96 h) 
exposure to photo-oxidative stress using UV-B light. From evaluation of the dynamic 
response of metabolites including flavonoids, sinapoyl-malate precursors and ascorbate 
(which are well known to play a role in cellular protection from UV-B stress) as well as 
a broader range of primary metabolites it could be concluded that short-term responses 
occur only at the level of primary metabolites, suggesting that these effectively prime the 
cell to facilitate the later production of UV-B-absorbing secondary metabolites. 

By means of in vivo NMR spectroscopy Marangoni et al [81] determined the metabolic 
profile of living Fabrea salina cells exposed to visible light and to polychromatic  
UV-B + UV-A + VIS radiation for several different exposure times and discovered some 
metabolites whose concentration changed specifically upon UV exposure and in  
a dose-dependent manner. In the first step the concentration of formate, acetate and 
saturated fatty-acid metabolites was altered, whereas the osmoprotection modified the 
activity of betaine moieties and other functionally related metabolites. In the latter pathway, 
alanine, proline and sugars suggested a possible incipient protein synthesis as defence 
and/or degeneration mechanisms. 

Global metabolic profiling of 'Granny Smith' apple peel was employed for evaluating 
metabolomic alterations resulting from prestorage irradiation by UV-white light. The 
profile, including more than 200 components, 78 of which were identified, revealed changes 
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in the metabolome provoked by UV-white light irradiation and cold storage, distinct 
temporal changes, before and after cold storage, related to prestorage irradiation in 
a diverse set of primary and secondary metabolic pathways. The results demonstrated that 
metabolic pathways associated with ethylene synthesis, acid metabolism, flavonoid pigment 
synthesis and fruit texture were altered by prestorage irradiation, whereby many of the 
alterations were detectable after 6 months of cold storage in air [82]. 

Excessive or low irradiance 

The different cultivation methods affect tea quality by altering the basic metabolite 
profiles. The metabolomic approaches could be applied in the study of the effect of 
cultivation methods on chemical composition in plants and the relationship with antioxidant 
activity. 

Ku et al [83] investigated the metabolome changes in green tea and shade cultured 
green tea (tencha) by LC-MS and GC-MS coupled with a multivariate data set and found 
that green tea clearly showed higher levels of galloylquinic acid, epigallocatechin, 
epicatechin, succinic acid and fructose together with lower levels of gallocatechin, 
strictinin, apigenin glucosyl arabinoside, quercetin p-coumaroylglucosylrhamnosyl-
galactoside, kaempferol p-coumaroylglucosylrhamnosylgalactoside, malic acid and 
pyroglutamic acid than tencha. In addition, green tea showed stronger antioxidant activity 
than tencha, indicating that the antioxidant activity of green tea samples were significantly 
correlated with their total phenol and total flavonoid contents. 

Miyagi et al [84] analyzed the metabolic pathway of Rumex obtusifolius L, destructive 
weed worldwide, which accumulates major organic acids such as oxalate in leaves and 
citrate in stems, in relation to major environmental factors (light and temperature). Light or 
dark experiments showed that in the case of the oxalate accumulation, the major or the most 
dominated pathway was found to be the citrate-isocitrate-oxalate shunt. Furthermore, under 
the dark and/or low temperature (5°C) leaves showed sustainable growth with normal 
accumulation of TCA metabolites but there was a different pattern of metabolite 
accumulation in stems and other metabolites (eg amino acids) also showed the organ 
specific alterations under the different ambient environments. 

Ozone 

Ozone (O3), a serious air pollutant, is known to significantly reduce photosynthesis, 
growth and yield and to cause foliar injury and senescence. D’Haese et al [85] reported that 
2-day O3 treatment significantly upregulated synthesis of flavonoid (anthocyanin), 
thioredoxin, salicylic acid, auxin and gibberellin in Arabidopsis thaliana whereas synthesis 
of alkyl cinnamates, ethylene and jasmonate was downregulated. Cho et al [86] applied 
integrated transcriptomics, proteomics and metabolomics approaches to investigate the 
molecular responses to O3 in the leaves of 2-week-old rice seedlings exposed to 0.2 ppm O3 
for a period of 24 h. Capillary electrophoresis-mass spectrometry-based metabolomic 
profiling revealed accumulation of amino acids, γ-aminobutyric acid and glutathione in O3 
exposed leaves until 24 h over control. The results showed that ozone triggers a chain 
reaction of altered gene, protein and metabolite expressions involved in multiple cellular 
processes in rice. 

Metabolomics studies focused on the effects of ozone pollution on plant tissues, 
specifically on white birch (Betula pendula) in field conditions showed that 98 from out of 
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339 metabolites determined by GC-MS and HPLC-UV were associated with ozone 
treatments. The main ozone-caused changes included increases in quercetin-phenolic 
compounds and compounds related to leaf cuticular wax layer, whereas several compounds 
related to carbohydrate metabolism and function of chloroplast membranes and pigments 
(such as chlorophyll-related phytol derivatives) were decreasing [87]. 

Ossipov et al [88] performed an experiment with two birch genotypes (GT 2 and GT 5) 
that have been grown over seven years on the two open fields and for the study of 
biochemical responses of the GT 2 to elevated (1.5 × ambient) concentration of ozone they 
used metabolomics based on the analyses of lipophilic and polar compounds of birch 
leaves. The metabolome database included 331 chemical traits and was analyzed with 
descriptive and multivariate statistics. Application of cluster and principle component 
analyses clearly discriminated genetically different birch trees whereby biochemical 
discrimination between phenotypes of control and ozone-treated birch trees of GT 2 was 
found. Elevated concentration of ozone increased levels of some lipophilic compounds such 
as 1-dotriacontanol, squalene, octadecanoic acid derivative and pentacyclic triterpenoid 
20,24-epoxy-dammaran-3-ol and decreased levels of tetramethyl-2-hexadecen-1-ol. In 
contrast, levels of polar compounds, such as organic acids (malic and quinic) and 
carbohydrates (arabinose, fructose and galactose) were decreased in response to ozone 
exposure. It was confirmed that treatment of birch trees by ozone increased the levels of 
chlorogenic acid and of three flavonoid-glycosides. However, the total content of flavonoid-
glycosides and the content of chlorogenic acid were 1.4-fold higher in the leaves of the 
genotype sensitive to ozone (GT 5) than in the leaves of the ozone-tolerant genotype GT 2.  

Pulsed electric field-induced stress 

Metabolite profiling was used to characterize stress responses of potato tissue subjected 
to reversible electroporation, using pulsed electric fields (PEF), which is an artificial stress. 
Wounded potato tissue was subjected to field strengths ranging from 200  
to 400 V/cm, with a single rectangular pulse of 1 ms. Electroporation was demonstrated by 
propidium iodide staining of the cell nuclei. Metabolic profiling of data obtained through 
GC-(TOF)-MS and UPLC-(TOF)-MS complemented with orthogonal projections to latent 
structures clustering analysis showed that 24 h after the application of pulsed electric fields 
potato (PEF)-specific responses in the potato metabolism were characterized by the changes 
in the hexose pool that may involve starch and ascorbic acid degradation [89]. 

Mechanical stress 

Ceoldo et al [90] applied a metabolomic approach followed by principal components 
and partial least square analysis for investigating the effect of environmental factors on two 
Daucus carota L cv. Flakkese cell lines (R3M and R4G), which had ability to produce 
anthocyanins in the light and the dark, respectively. A positive correlation between total 
anthocyanin, hydroxycinnamic and hydroxybenzoic acid accumulation was found in both 
lines. Moreover, mechanical stress (obtained by increasing flask agitation) induced 
overproduction of all anthocyanins, hydroxycinnamic and hydroxybenzoic acids except 
sinapic acid derivatives, whose accumulation was inhibited. 

Strazzer et al [91] used a red basil (Ocimum basilicum) cell line (T2b) rich in 
rosmarinic acid for the stable production of anthocyanins in the dark. They subjected cell 
suspension cultures to mechanical stress through increased agitation (switch from 90  
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to 150 rpm) and analyzed the cell extracts by HPLC and LC-MS. It was found that 
mechanical stress increased the total anthocyanin and rosmarinic acid contents, but reduced 
biomass accumulation. Whereas many metabolites were induced by mechanical stress, 
including rosmarinic acid and some of its derivatives, most anthocyanins, hydroxycinnamic 
acids and flavonoids, the abundance of some rosmarinic acid dimers was reduced 

High and low levels of CO2 

Renberg et al [92] used GC-MS-TOF technique to determine major metabolite changes 
during induction of the carbon-concentrating mechanism in the unicellular green alga 
Chlamydomonas reinhardtii. In total, 128 metabolites with significant differences between 
high- and low-CO2-grown cells were detected, of which 82 were wholly or partially 
identified, including amino acids, lipids and carbohydrates. It was shown that in a 24h time 
course experiment the concentration of amino acids serine and phenylalanine increased 
transiently, while the content of aspartate and glutamate decreased after transfer to low CO2. 
Metabolomic examination comparing low-CO2 treatment to high-CO2 control that was 
performed at the 3 h time point showed that the levels of five metabolites involved in 
photorespiration, 11 amino acids and one lipid increased, while the levels of six amino acids 
and, interestingly, 21 lipids were significantly lower. The results showed that the metabolic 
pattern during early induction of the carbon-concentrating mechanism fitted a model where 
photorespiration was increasing. 

Miyagi et al [93] studied conversion of fixed carbon to oxalate using “new leaves”, ie, 
leaves removed from 2-month-old Rumex obtusifolius L plants grown under different 
environmental conditions. The results showed the mobilization of metabolites from stems to 
new leaves, where active TCA cycle and oxalate pathways occurred. These authors found 
significant changes in metabolite accumulation in R. obtusifolius plants exposed to high 
carbon dioxide level (1000 ppm) and nutrients (Hoagland’s formulation). The accumulation 
of most abundant metabolite oxalate in leaves was affected by both high CO2 as the carbon 
source and nutrients and the results indicate that the common weed R. obtusifolius may 
proliferate in cultivated lands under high CO2 level, a potential cause of global warming. 

Levine et al [94] employed non-targeted and targeted metabolite profiling by GC-MS 
and LC-MS to examine primary and secondary metabolites in wheat (Triticum aestivum, cv 
Yocoro rojo) continuously exposed to suboptimal (400 ppm), near-optimal (1500 ppm) and 
supra-optimal (10,000 ppm) atmospheric CO2 levels for 14, 21 and 28 days. They found 
that metabolite profile was altered by both CO2 and physiological age. Plants grown under 
high CO2 exhibited a metabolite profile characteristic of older plants under ambient CO2, 
and elevated CO2 resulted in higher levels of phosphorylated sugar intermediates. Whereas 
the percentage increase of starch content resulting from CO2 enrichment declined as plants 
developed, elevated CO2 promoted the accumulation of secondary metabolites (flavonoids) 
progressively to a greater extent as plants became mature. 

Pears (Pyrus communis L cv. Conference) when stored under low oxygen or elevated 
carbon dioxide conditions may develop brown spots due to oxidation of phenolic 
compounds and eventually, cavities in the centre of the fruit. Based on metabolic profiling 
using GC-(EI-TOF)-MS it was found that brown tissue was clearly characterized by 
a distinctive pattern in changes which included a decrease of malic acid and an increase in 
fumaric acid and GABA, which indicated a reduced metabolic activity at the level of the 
Krebs cycle and a putative block of the GABA shunt pathway [95]. On the other hand, 
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increased gluconic acid concentration might be related to ascorbic acid degradation due to 
insufficient reducing equivalents or to an impaired pentose phosphate pathway. Similarly, 
the concentrations of other compounds which are believed to be related to hypoxic stress 
response (eg trehalose and putrescine) were also considerably higher in brown tissue than in 
sound tissue. The increased concentration of some sugars found in xyloglucans during 
brown development possibly indicates cell wall breakdown due to enzymatic processes or 
chemical reactions of hydroxyl radicals. 

Oxidative stress 

Baxter et al [96] investigated the metabolic response of heterotrophic Arabidopsis 
thaliana cells treated with menadione to oxidative stress. The stress had a profound effect 
on the central metabolic pathways and caused extensive metabolic inhibition of the 
tricarboxylic acid cycle. Oxidative stress also led to decreases in amino acids such as 
glycine, serine and alanine that are not directly connected to the TCA cycle. 

Lehmann et al [97] investigated the response of Arabidopsis roots to menadione 
treatment, analyzing the transcriptome, metabolome and key metabolic fluxes with focus on 
both primary and secondary metabolism. It was also shown that menadione (used for 
induction of oxidative stress) caused redox perturbation, not just in the mitochondrion but 
also in the cytosol and plastids of roots, and in the first 30 min of treatment there was 
a decrease in metabolites of the TCA cycle and amino acid biosynthesis. After 2 and 6 h of 
treatment metabolite levels in the root did not remain depressed, but instead recovered and, 
in the case of pyruvate, some amino acids and aliphatic glucosinolates showed a steady 
increase above control levels. However, no major changes in fluxes of central carbon 
metabolism were observed. These results suggested that root tissues can recover metabolic 
activity after oxidative inhibition and highlighted potentially important roles of glycolysis 
and the oxidative pentose phosphate pathway. 

Nutrient deficiency 

Mineral nutrients are essential for plant growth and development because they affect 
and regulate fundamental processes of plant physiology and biochemistry, such 
as photosynthesis and respiration. Depending on how great the growth requirement for 
a given nutrient, the nutrient is referred to as either macronutrient (eg nitrogen, phosphorus, 
potassium, sulphur, magnesium) or micronutrient (eg iron, zinc, etc). Limited supply of 
nutrients is unfavourable for plant growth and development and such abiotic stress can 
significantly affect plant metabolism [98]. 

Nitrogen 

Plants can assimilate inorganic nitrogen sources to organic nitrogen such as amino 
acids. Nitrogen is the most important of the mineral nutrients required by plants and its 
metabolism is tightly coordinated with carbon metabolism in the fundamental processes that 
permit plant growth. Metabolomics is a biochemical approach useful for study of nitrogen 
metabolism, because metabolites not only reflect the ultimate phenotypes (traits), but can 
mediate transcript levels as well as protein levels directly and/or indirectly under different 
nitrogen conditions [99]. 
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Lubbe et al [100] investigated the effect of fertilizer on galanthamine production in 
Narcissus bulbs in a field study using a 1H NMR metabolite profiling approach. 
Galanthamine was quantitated and major metabolites in the bulbs were identified. The 
application of standard fertilization levels of nitrogen and potassium caused a significant 
increase in galanthamine as compared with a control. Multivariate data analysis of the 1H 
NMR data revealed that applying double the standard level of nitrogen fertilizer resulted in 
production of more amino acids and citric acid cycle intermediates, but not more 
galanthamine. 

Hirai et al [101] integrated metabolomics and transcriptomics in investigation  
of gene-to-metabolite networks regulating sulphur and nitrogen nutrition and secondary 
metabolism in Arabidopsis. Mathematical analyses, including principal component analysis 
and batch-learning self-organizing map analysis of transcriptome and metabolome data 
suggested that beside general responses to sulphur and nitrogen deficiencies, specific 
responses to either sulphur or nitrogen deficiency occurred in several metabolic pathways: 
in particular, the genes and metabolites involved in glucosinolate metabolism were shown to 
be coordinately modulated. 

Rice plants grown in paddy fields preferentially use ammonium as a source of 
inorganic nitrogen. The conversion of ammonium to glutamine is catalysed by glutamine 
synthetase (GS). Kusano et al [102] performed quantitative comparative analyses between 
the metabolite profiles of a rice mutant lacking OsGS1;1 gene (gene encoding cytosolic GS 
in rice which is critical for normal growth and grain filling) and its wild type. They 
observed severe retardation of shoot growth of the mutant in the presence of ammonium (in 
comparison to the wild type) and overaccumulation of free ammonium in the leaf sheath and 
roots. The mutant plants exhibited severe retardation of shoot growth in the presence of 
ammonium compared with the wild type. Overaccumulation of free ammonium in the leaf 
sheath and roots of the mutant indicated the importance of OsGS1;1 for ammonium 
assimilation in both organs. The metabolite profiles of the mutant line revealed:  
(1) an imbalance in levels of sugars, amino acids and metabolites in the tricarboxylic acid 
cycle and (2) overaccumulation of secondary metabolites, particularly in the roots under  
a continuous supply of ammonium. Metabolite-to-metabolite correlation analysis revealed 
the presence of mutant-specific networks between tryptamine and other primary metabolites 
in the roots. 

Sulphur 

Sulphur assimilation by plants plays a key role in the sulphur cycle in nature, and 
metabolism of the assimilated sulphur provides various compounds that are useful for 
animals and human population [103]. At the time trajectory of sulphur stress response, two 
system states can be distinguished. The first state of short-term responses is characterized 
by the development of enhanced lateral roots exploring the space in search for the lacking 
nutrient. When this physiological reaction cannot be accomplished by bringing the system 
back to the initial state of sulphur sufficiency, a new program is toggled aiming at saving the 
organism resources for vital seed production [104]. NMR metabolite profiling revealed 
significant effects of suboptimal nitrogen or sulphur supply in leaves but not in developing 
grains. The analysis of amino acid pools in the grain and leaves revealed a strategy whereby 
amino acid biosynthesis switches to the production of glutamine during grain filling. 
Glutamine accumulated in the first 7 days of grain development, prior to conversion to other 
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amino acids and protein in the subsequent 21 days. Nitrogen deficiency resulted in much 
slower accumulation of grain nitrogen and sulphur and lower final concentrations, 
indicating that vegetative tissue nitrogen has a greater control of the timing and extent of 
nutrient remobilization than sulphur [105]. 

Phosphorus 

Phosphorus is an important determinant of productivity of C-3 and C-4 plants. 
Ghannoum et al [106] examined dynamic response to phosphorus deficiency in tropical 
grasses (Panicum laxum (C-3) and Panicum coloratum, Cenchrus ciliaris and Panicum 
maximum belonging to the C-4 subtypes) which were grown under contrasting phosphorus 
supplies, including phosphorus withdrawal from the growing medium. They compared 
changes in photosynthesis and growth with leaf carbohydrate contents and metabolic 
fingerprints obtained using 1H NMR. The response of CO2 assimilation rates to leaf 
contents of inorganic phosphate was linear in the C-3 grass, but asymptotic for the three C-4 
grasses. Principal component analysis of the 1H NMR spectra revealed distinctive profiles 
of carbohydrates and amino acids for the four species, and photosynthesis of the three C-4 
grasses had a higher phosphate use efficiency and lower inorganic phosphate requirement. 
Although each of the four grass species showed distinctive 1H NMR fingerprints, there were 
no differences in response that could be attributed to the C-4 subtypes. 

Wild-type cells of C. reinhardtii strain CC-125 subjected to nitrogen-, phosphorus-, 
sulphur-, or iron-depleted growth conditions develop highly distinctive metabolite profiles. 
Individual metabolites undergone marked changes in their steady-state levels. Compared 
with control conditions, sulphur-depleted cells accumulated 4-hydroxyproline more than  
50-fold, whereas the amount of 2-ketovaline was reduced to 2% of control levels and 
phosphorus-depleted conditions induced a deficiency syndrome quite different from the 
response to nitrogen, sulphur, or iron starvation [107]. 

Zinc 

Citrus Huanglongbing (HLB) is considered the most destructive citrus disease 
worldwide, however, symptoms-based detection of HLB is difficult due to similarities with 
zinc deficiency. Cevallos-Cevallos et al [108] used GC-MS methods for untargeted 
metabolite analysis in extracts from healthy, zinc deficient or HLB-infected sweet orange 
leaves. Significant (p < 0.05) differences in oxo-butanedioic acid, arabitol and neo-inositol 
were exclusively detected in samples from plants with zinc deficiency. 

Iron 

Jiménez et al [109] evaluated the metabolic changes of three Prunus rootstocks 
submitted to iron chlorosis and their different responses for tolerance using measurements 
of metabolites and enzymatic activities. Sugar, organic and amino acid concentrations of 
root tips were determined after two weeks of iron shortage by proton NMR spectroscopy of 
extracts; complementary analyses of organic acids were performed by LC-MS. The major 
soluble sugars found were glucose and sucrose, the major organic acids were malic and 
citric acids, and the major amino acid was asparagine. After two weeks of iron deficiency 
root sucrose, total organic and amino acid concentrations and phosphoenolpyruvate 
carboxylase (PEPC) activity increased; the malic, citric and succinic acid concentrations 
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increased in three rootstocks. Whereas the tolerant rootstock Adesoto showed higher total 
organic and amino acid concentrations, the susceptible rootstock Barrier showed lower total 
amino acid concentration and PEPC activity values. From these results it could be 
concluded that the induction of this enzyme activity under iron deficiency indicates the 
tolerance level of rootstocks to iron chlorosis.  

Rellan-Alvarez et al [110] investigated changes in the proteomic and metabolic profiles 
of Beta vulgaris root tips in response to iron deficiency and resupply. Iron deficiency and/or 
resupply caused significant changes (p < 0.05) in the levels of 62 out of 77 identified 
metabolites and in the response ratios of 26 metabolites. Large (> 4-fold) increases were 
found for some organic acids (citric and aconitic acid), some sugars (sucrose, myo-inositol 
and those of the raffinose family of oligosaccharides (RFO), namely galactinol and 
raffinose), nicotianamine and 2-aminoadipic acid. The response ratio of oxalic acid 
decreased markedly in iron deficient conditions, whereas those of other amino acids, 
nitrogen compounds, lipid metabolites and others did not show large (> 4-fold) changes 
when compared with the iron-sufficient controls. A major change in carbohydrate 
metabolism was the large increase in RFO compounds (34- to 16-fold changes in the 
response ratios of galactinol and raffinose, respectively) that occurred in roots with Fe 
deficiency. This increase was higher than that found for sucrose (5-fold). RFOs have diverse 
roles in plants, including transport and storage of carbon [111] and acting as compatible 
solutes for protection in abiotic stresses [112, 113]. Other explanation for the large increase 
in the relative amounts of RFOs could be the ability to function as antioxidants. Metabolite 
studies revealed large increases in organic acids, including a 20-fold citric acid increase. 
These increases in TCA cycle organic acids with Fe deficiency are coupled with increases 
in glycolysis [114] and root carbon fixation by PEPC. 

Herbicides 

In regards to the study of agroecosystems, metabolomics enables monitoring of 
metabolic changes in association with biotic or abiotic agents such as agrochemicals. 
Focusing on crop protection chemicals, a great effort has been given towards the 
development of crop protection agents safer for consumers and the environment and more 
efficient than the existing ones. Metabolomics has been so far a valuable tool for high-
throughput screening of bioactive substances in order to discover those with high 
selectivity, unique modes of action and acceptable ecotoxicological/toxicological profiles 
[115]. 

Rapid classification and identification of the mode of action of bioactive compounds 
applied to plants can be achieved by a robust and easy-to-use metabolic-profiling method. 
This method uses artificial neural network analysis of 1D 1H NMR spectra of aqueous plant 
extracts to classify rapidly changes in the total metabolic profile caused by application of 
crop protection chemicals [116]. 

Sauter et al [117], using GC, quantified a large variety of common plant metabolites in 
a single chromatogram and compared peak intensities in the profiles obtained with barley 
seedlings treated with various herbicides (at sublethal doses) and with bioregulators with 
those from untreated plant profiles. Computer assisted evaluation of the resulting data 
revealed that, generally, the treatments give reproducible “response patterns” characteristic 
of the respective treatment and showed that metabolic profiling is useful in classifying 
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compounds of known or unknown modes of action on the basis of the characteristic 
response patterns. 

Aliferis and Chrysayi-Tokousbalides [118] investigated the biochemical mode of action 
of (5S, 8R, 13S, 16R)-(-)-pyrenophorol isolated from a Drechslera avenae pathotype using 
metabolic fingerprinting. For rapid screening of phytotoxic substances for metabolic effects 
the researchers compared 1H NMR spectra of crude leaf extracts from untreated Avena 
sterilis seedlings and A. sterilis seedlings treated with pyrenophorol with those obtained 
from treatment with the herbicides diuron, glyphosate, mesotrione, norflurazon, oxadiazon 
and paraquat. The results of multivariate analysis revealed that none of the herbicide 
treatments fitted the pyrenophorol model and indicated that the effect of the phytotoxin on 
A. sterilis differs from the effects caused by glyphosate, mesotrione, norflurazon, 
oxadiazon, paraquat and diuron, which inhibit 5-enolpyruvylshikimate-3-phosphate 
synthase, 4-hydroxyphenyl-pyruvate-dioxygenase, phytoene desaturase, protoporphyrinogen 
oxidase, photosystem I and photosystem II, respectively. 

Lange et al [119] used isolated peppermint (Mentha piperita) oil gland secretory cells 
as an experimental model system to study the effects of the herbicides fosmido-mycin, 
phosphonothrixin, methyl viologen, benzyl viologen, clomazone, 2-(dimethylamino)ethyl 
diphosphate, alendronate and pamidronate on the pools of metabolites related to 
monoterpene biosynthesis via the mevalonate-independent pathway and found that newly 
developed isolation protocol for polar metabolites together with an improved separation and 
detection method based on liquid chromatography-mass spectrometry have allowed 
assessment of the enzyme targets for a number of these herbicides. 

Saflufenacil (Kixor™) is a protoporphyrinogen IX oxidase (PPO)-inhibiting, new 
peroxidizing herbicide of the pyrimidinedione chemical class for preplant burndown and 
selective preemergence dicot weed control in multiple crops, including corn. With the use 
of treated duckweed plants Grossmann et al [120] performed metabolite profiling based on 
quantification of metabolite changes, relative to untreated controls. Physiological and 
metabolite profiling suggested a mode of action similar to inhibitors of PPO in tetrapyrrole 
biosynthetic pathway. Saflufenacil inhibited PPO enzyme activity in vitro with 50% 
inhibition of 0.4 nmol/dm3 for the enzymes isolated from black nightshade, velvetleaf and 
corn, while PPO inhibition by saflufenacil caused accumulations of protoporphyrin IX 
(Proto) and hydrogen peroxide (H2O2) in leaf tissue of black nightshade and velvetleaf.  

Ott et al [121] subjected crude isolates from maize (Zea mays) plants treated with 
various herbicides such as imazethapyr, glyphosate, sethoxydim and diuron, which represent 
various biochemical modes of action (MOA) such as inhibition of specific enzymes 
(acetohydroxy acid synthase, PPO, 5-enolpyruvylshikimate-3-phosphate synthase, acetyl 
CoA carboxylase, etc), or protein complexes (photosystems I and II), or major biological 
processes such as oxidative phosphorylation, auxin transport, microtubule growth and 
mitosis to 1H NMR spectroscopy, and the spectra were classified by artificial neural 
network analysis to discriminate the herbicide modes of action. For the study 27 herbicidal 
compounds representing inhibitors for 19 different MOAs were used. The authors showed 
the feasibility of 1H NMR spectroscopy of plant extracts in combination with artificial 
neural network analysis to distinguish treated samples from untreated (control) samples and 
discriminate, with high reliability, the modes of action of many different, commercially 
important herbicides. NMR was shown to be sensitive enough to produce fingerprint 
information that enables the researcher to discern between related MOAs, and about twenty 
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MOA classes have been discerned by the automated pattern recognition approach. 
Compounds affecting the same target enzyme are classified by their metabolic profile to the 
corresponding MOA, even if only one reference compound is used to create the signature 
for that MOA. Detailed analysis also highlighted differences between compounds of a series 
that affect the same target but that are being metabolized differently. 

Trenkamp et al [122] conducted a comprehensive metabolic phenotyping of primary 
metabolism of photosynthetic tissue of Arabidopsis thaliana following spray treatment with 
a number of commercially used herbicides (glufosinate, sulcotrione, foramsulfuron, 
benfuresate, AE944 [N2-(1-ethyl-3-phenylpropyl)-6-(1-fluoro-1-methylethyl)-1,3,5-triazine-
2,4-diamine] and glyphosate) using a well established GC-MS profiling method. They 
identified and quantified in excess of 80 polar metabolites and a similar number of 
lipophilic components and determined causal changes in the metabolite profiles by 
following their time-dependent changes using a serial sampling strategy. The resultant 
profiles were compared both by looking at the largest changes in a metabolite by metabolite 
manner and by performance of statistical analyses. 

Zou et al [123] reported a novel approach to detection, analysis and characterization of 
low-abundant metabolites using herbicide clomazone. Their methodology derived from the 
predictive multiple reaction monitoring (pMRM) mode available on triple-quadrupole 
linear ion trap (QqQ-LIT)-MS systems offered the highest sensitivity among various 
acquisition modes for studying trace levels of metabolites of the herbicide clomazone in 
plants and allowed the identification of positional isomers of metabolites. Unknown 
metabolites were further identified and validated by obtaining accurate masses and isotopic 
ratios using selected ion monitoring (SIM) and data-dependent MS/MS scans on  
LC-HRMS. 

Plant glutathione transferases (GSTs) comprise an enzyme superfamily tightly 
connected with crop herbicide tolerance. The overexpression of GmGSTU4 isoenzyme 
from transgenic tobacco plants confers increased tolerance to the chloroacetanilide 
herbicide alachlor. Kissoudis et al [124] studied the effect of alachlor treatment (3 mg/dm3) 
on the metabolome of in vitro grown wild type and GmGSTU4 overexpressing tobacco 
plants of cv. Basmas, and for identification of metabolites gas chromatography/mass 
spectrometry (GC/MS) was used. Alachlor treatment had a significant effect on the level of 
several metabolites in the wild-type plants compared with the control; significant decrease 
was observed mainly in the relative concentration of pyruvate, succinate, maltose, melibiose 
and tryptophan. On the other hand, mannitol, hydroquinone and proline levels were 
significantly increased. Comparing the metabolome of wild type and transgenic plants 
treated with alachlor, several metabolites were identified as differentially altered. 
Transgenic plants exhibited significantly increased levels of acetyl-serine (a precursor in the 
biosynthetic pathway of glutathione, a major determinant of alachlor detoxification); 
an increase was also observed in tryptophan, proline, maltose, melibiose and hydroquinone 
levels. On the other hand, compared to wild-type plants, a significantly decreased level of 
metabolites was determined for glucose, fructose and mannitol. The results indicated that 
increased tolerance to alachlor of transgenic tobacco plants is an outcome of sustained 
metabolic homoeostasis and enhanced detoxification potential that leads to the continuation 
of growth in the presence of the herbicide.  

The response pattern to an herbicide can be viewed as the end result of changes 
induced in the molecular and biochemical process chain and should be diagnostic of its 
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physiological mode of action. The results can be interpreted directly, or a fingerprint 
database for all known modes of action can be screened for analogy [125]. 

Heavy metals 

Since the beginning of the industrial revolution, pollution of the biosphere with toxic 
metals has accelerated dramatically [126], and contamination of agricultural soil by heavy 
metals has become a critical environmental concern due to their potential adverse ecological 
effects. Plants grown in soil containing high levels of heavy metals show visible symptoms 
of injury reflected in terms of chlorosis, growth inhibition, browning of root tips, hindered 
transfer of micronutrients from root to shoot, generation of oxidative stress and reactive 
oxygen species (ROS), alterations in the germination process, disruption of biomembrane 
lipids as well as in deleterious effects on plant physiological processes such as 
photosynthesis, water relations and mineral nutrition [127]. 

Bailey et al [128] used high field 1H NMR spectroscopy in conjunction with 
chemometric analysis to obtain information regarding fluctuations in endogenous metabolic 
profiles for Crotalaria cobalticola plant cells following exposure to cobalt chloride. 
Branched chain amino acids, succinate and secondary metabolite precursors phenylalanine 
and tyrosine were all higher in the control samples, whilst choline, glutamate, alanine and 
lactate were higher in the dosed samples. Li et al [129] exposed Brassica carinata seedlings 
to increasing concentrations of the non-physiological ion lithium and found significant 
effects on the germination rate, root length, chlorophyll content and fresh weight  
in brown-seeded and yellow-seeded near-isogenic lines. Metal content analysis and 
phytochemical profiling indicated that lithium was hyper-accumulated, and the lipid and 
phenolic composition dramatically changed in brown-seeded seedlings. Here, sinapic acid 
esters and chloroplast lipids were replaced by benzoate derivatives, resveratrol and 
oxylipins after lithium exposure. In contrast, the yellow-seeded plants maintained the same 
phenolic and lipid composition before and after exposure to lithium and did not tolerate the 
high metal concentrations tolerated by the brown-seeded line.  

The exposure of tomato plants to various cadmium concentrations resulted in 
significant changes in primary metabolism compounds, especially in the accumulation of 
some amino and organic acids involved in cellular compartmentation and detoxification of 
cadmium [130]. Roessner et al [131] used a metabolomics approach to compare metabolite 
profiles in root and leaf tissues of an intolerant, commercial cultivar (cv Clipper) and  
a boron-tolerant Algerian landrace (cv Sahara) exposed to elevated boron concentrations 
(200 and 1000 µmol/dm3). They found that the number and amplitude of metabolite changes 
in roots was greater in Clipper than in Sahara. On the other hand, leaf metabolites of both 
cultivars responded only after treatment with higher boron concentration, at which boron 
toxicity symptoms (necrosis) were visible. Overall, there were always greater differences 
between tissue types (roots and leaves) than between the two cultivars. 

Metabolite profiling based on GC-MS was used to study the nickel-rich latex of the 
hyperaccumulating tree Sebertia acuminata [132]. More than 120 compounds were 
detected, 57 of them were subsequently identified. A methylated aldaric acid  
(2,4,5-trihydroxy-3-methoxy-1,6-hexan-dioic acid) was identified for the first time in 
biological extracts, and its structure was confirmed by 1D and 2D NMR spectroscopy. After 
citric acid it appears to be one of the most abundant small organic molecules present in the 
latex studied. Nickel(II) complexes of stoichiometry Ni(II):acid = 1:2 were detected for 
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these two acids as well as for malic, itaconic, erythronic, galacturonic, tartaric, aconitic and 
saccharic acids. These results provide further evidence that organic acids may play  
an important role in the transport and possibly in the storage of metal ions in 
hyperaccumulating plants. 

The response of tomato plants to long-term cadmium exposure was evaluated after  
a 90-days long culture in hydroponic conditions (0, 20 and 100 µmol/dm3 CdCl2) [133]. 
Cadmium preferentially accumulated in roots and to a lower extent in upper parts of plants. 
Absolute quantification of 28 metabolites was obtained through 1H NMR, HPLC-PDA and 
colorimetric methods. The principal component analysis showed a clear separation between 
the control and cadmium treated samples. Proline and total ascorbate amounts were reduced 
in cadmium-treated leaves, whereas α-tocopherol, asparagine and tyrosine accumulation 
increased, principally in 100 µmol/dm3 cadmium-treated leaves. Carotenoid and chlorophyll 
contents decreased only in 100 µmol/dm3 cadmium-mature leaves, which correlates with 
a reduced expression of genes essential for isoprenoid and carotenoid accumulations. The 
results of Hediji et al [133] showed that tomato plants acclimatized during long-term 
exposure to 20 µmol/dm3 cadmium. On the contrary, 100 µmol/dm3 cadmium treatment 
resulted in drastic physiological and metabolic perturbations leading to plant growth 
limitation and fruit set abortion. 

The metabolic responses of Arabidopsis thaliana to cadmium exposure was 
characterized by Sun et al [134] who cultivated the A. thaliana plants in the medium 
contaminated with different cadmium concentrations (0, 5 and 50 µmol/dm3, respectively) 
for 2 weeks. Metabolite analyses were performed using GC-MS. More than 80 metabolites 
characterized by retention time indices and specific mass fragments were identified. The 
levels of carbohydrates, organic acids, amino acids and other stress-responsive metabolites 
changed under cadmium stress. Treated plants showed increased levels of alanine,  
β-alanine, proline, serine, putrescine, sucrose and other metabolites with compatible solute-
like properties, notably 4-aminobutyric acid, glycerol, raffinose and trehalose, compared 
with the control (untreated) plants. Studies indicated that concentrations of antioxidants  
(α-tocopherol, campesterol, β-sitosterol and isoflavone) also increased significantly. These 
results confirm the important role of antioxidant defences in the mechanisms of plant 
resistance to cadmium stress and suggested that metabolic profiling is a powerful tool that 
can help to rapidly classify environmentally modified plants and simplify the process of 
cadmium stress responses.  

Rice root metabolome analysis was also carried out to relate differential transcriptome 
data to biological processes affected by Cr(VI) stress in rice. The findings clearly suggested 
that a complex network of regulatory pathways modulates chromium-response of rice. The 
integrated matrix of both transcriptome and metabolome data after suitable normalization 
and initial calculations provided a visual picture of the correlations between components. 
Predominance of different motifs in the subsets of genes suggested the involvement of 
motif-specific transcription modulating proteins in chromium stress [135]. 

In order to investigate the metabolomic changes induced by metal ions in Brassica, 
plants were subjected to concentrations 50, 100, 250 and 500 µmol/dm3 of copper, iron and 
manganese in separate treatments. 1H NMR and 2D 1H NMR spectra coupled with principal 
component analysis (PCA) and partial least square-discriminant analysis (PLS-DA) were 
applied to investigate the metabolic change in Brassica rapa (var. Raapstelen) [136]. The 
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1H NMR analysis followed by the application of chemometric methods revealed a number 
of metabolic consequences. Among the metabolites that showed variation, glucosinolates 
and hydroxycinnamic acids conjugated with malates were found to be the discriminating 
metabolites as were primary metabolites like carbohydrates and amino acids. This study 
shows that the effects of copper and iron on plant metabolism were larger than those of 
manganese and that the metabolomic changes varied not only according to the type of metal 
but also according to its concentration. 

Le Lay et al [137] investigated the incorporation and localisation of 133Cs in a plant 
cellular model, and the metabolic response induced was analysed as a function of external 
potassium concentration. The cellular response to the caesium stress was analysed using 
metabolic profiling. 13C and 31P NMR analysis of acid extracts showed that the metabolome 
impact of the caesium stress was a function of potassium nutrition. These analyses 
suggested that sugar metabolism and glycolytic fluxes were affected in a way depending 
upon the medium content in K+ ions. 

Multiple stresses 

Usually one kind of stress is accompanied or followed by another stress. For example, 
heat stress can be accompanied by drought stress due to physical loss of water, and cold 
stress can be followed by drought stress due to physiological unavailability of water. When 
two or more stresses co-occur, their effects are sometimes additive, while in other cases the 
influence of one stress has priority. The effects of a combination of stress-factors on crops 
might be more severe than the effects of the same stresses applied separately. Whereas the 
effects of different single-stress factors to plants were thoroughly investigated for a long 
time, the bioinformatics tools for analyzing the complex data generated by experiments 
under multiple stressing conditions was developed only recently [138, 139]. 

Drought-heat stress 

The combination of drought and heat stress represents an excellent example of two 
different abiotic stress conditions that occur in the field simultaneously. The combination of 
drought and heat stress results in significantly greater detrimental effect on the growth and 
productivity of these crops compared with each of the different stresses applied individually 
[140, 141].The response of Arabidopsis plants to a combination of drought and heat stress 
was found to be distinct from that of plants subjected to drought or heat stress [47]. 
Metabolic profiling of plants subjected to drought or heat stress or a combination of drought 
and heat stresses revealed that plants subjected to a combination of drought and heat stress 
accumulated sucrose and other sugars such as maltose and glucose. In contrast, proline 
accumulated in plants subjected to drought did not accumulate in plants exposed to 
a combination of drought and heat stress. Heat stress was found to ameliorate the toxicity of 
proline to cells, suggesting that during the exposure to a combination of drought and heat 
stress sucrose replaces proline in plants as the major osmoprotectant. 

Drought-salinity stress 

Rice (Oryza sativa L) is one of the most important crops in the world, and its growth is 
influenced by several environmental stresses, such as drought and high salinity. Fumagalli et 
al. [142] investigated the metabolic profile in shoots and roots of two rice cultivars (Arborio 
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and Nipponbare) using 1H-high-resolution magic angle spinning (HR MAS)  
and liquid-state NMR experiments. They found that shoot and root growth of Arborio 
seedling was more sensitive to drought and salt stress than those of Nipponbare. They 
determined a significant accumulation of amino acids and sugars in shoots and roots under 
stress conditions with clear differences between the two analysed rice cultivars, whereby 
Arborio seedlings accumulated a higher concentration of amino acids and sugars than 
Nipponbare seedlings. 

Cramer et al [143] performed metabolite profiling to define metabolic pathways in Vitis 
vinifera cv. Cabernet Sauvignon exposed to a gradually applied and long-term (16 days) 
water-deficit stress and equivalent salinity stress. They found that water deficit caused more 
rapid and greater inhibition of shoot growth than did salinity at equivalent stem water 
potentials. Metabolite profiling revealed reduction of sucrose, aspartic, succinic and fumaric 
acids and the accumulation of proline, asparagine, malic acid and fructose under salt stress, 
but there were higher concentrations of glucose, malate and proline in water-deficit-treated 
plants as compared with salinized plants. The metabolite differences were linked to 
differences in transcript abundance of many genes involved in energy metabolism and 
nitrogen assimilation, particularly photosynthesis, gluconeogenesis and photorespiration. 
Water-deficit-treated plants appear to have a higher demand than salinized plants to adjust 
osmotically, detoxify free radicals (ROS) and cope with photoinhibition. 

Elevated CO2-salinity 

Kanani et al [144] investigated the combined effect of elevated CO2 conditions and salt 
(NaCl) stress on metabolic physiology of A. thaliana hydroponic cultures over the first 
30 hours of continuous perturbation. It was found that net holistic effect of the salinity stress 
was stronger at metabolic levels than that of the elevated CO2 conditions, the combined 
effect of the elevated CO2 conditions and salinity stress on the metabolic physiology of the 
plants was milder than that of the salinity stress alone. Differences in the acute and the 
longer-term responses of the plants to any of the stresses during the first 30 h of treatment 
were observed as well. Mitigation of the oxidative stress induced by increased salinity 
through the application of elevated CO2 was determined also with two barley cultivars 
[145], and the protective role of elevated CO2 was confirmed also in salt-stressed alfalfa 
[146], pine and oak [147]. 

Integrated “omics” approaches in the study of plant responses  
to abiotic stress  

To understand the organization principle of cellular functions at different levels, an 
integrative approach to large-scale experiments, so called “omics” data, including genomics, 
transcriptomics, proteomics and metabolomics, is needed. Integration of metabolite 
profiling with other multiple “omics” data (eg transcript profiling) is required to reconstruct 
complex networks that characterize the phenotypes in the cell. However, metabolomics data 
are different from transcriptomics and proteomics data, in which correlated metabolites are 
not always likely to be associated with a common biological function. Although 
comprehensive and systematic comparison of the metabolomic correlations across different 
species, tissues, genotypes and stress treatments is required, a combination of 
transcriptomics data and metabolomic correlations is a promising concept for understanding 
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of the underlying biochemical systems in cellular metabolism and their regulations. The in 
silico analysis of genes and metabolites using publicly available data can further construct 
gene-to-metabolite networks. Such meta-analysis toward systems biology can accelerate the 
studies required to fill in the missing blank spots in our knowledge of cellular processes. 
However, due to technical limitations of metabolome detecting, the set of publicly available 
metabolome data is generally smaller than that of transcriptome data [148]. 
Transcriptomics, metabolomics, bioinformatics and high-through-put DNA sequencing have 
enabled active analyses of regulatory networks that control abiotic stress responses. Such 
analyses have markedly increased our understanding of global plant systems in responses 
and adaptation to stress conditions. Integrated “omics” analyses are necessary to identify the 
broad function of metabolite regulatory networks during responses to abiotic stresses [149]. 
The continued evolution of agrochemistry depends upon the adoption of novel methods to 
target discovery, mode of action and lead compound identification. The use of “omics” 
technologies is a logical approach to expanding the arsenal of tools available in this 
important industry [150]. 

Conclusion 

At present the mankind needs a “second” green revolution to improve the yield of crops 
grown in infertile soils by farmers with little access to fertiliser. Just as the green revolution 
was based on crops responsive to high soil fertility, the “second” green revolution will be 
based on crops tolerant of low soil fertility. Metabolomics offers us the opportunity to gain 
deeper insights into and have better control of the fundamental biochemical basis of food. It 
can significantly contribute to design modified breeding programmes aimed at better quality 
production, optimised food processing strategies and, ultimately, improved (micro)nutrient 
bioavailability and bioefficacy as well as to better understanding of the pathways 
responsible for biosynthesis of nutritionally relevant metabolites. Such large-scale analyses 
enable obtaining information that can explain and identify the differences between certain 
sets of organisms (eg differences in genotypes) or elucidate factors that influence 
biochemical events. The wider application of available metabolite-profiling technologies is 
likely to increase our understanding of metabolic networks by identifying (often 
unexpected) correlations and links between different metabolites. Metabolomics is suitable 
for examining the effects of organism exposure to xenobiotic or environmental stressors, 
and plant responses to different abiotic stresses reflected in altered metabolomes can be 
useful for better understanding of physiological and biochemical processes in stressed 
plants.  Comprehensive metabolic control analysis can contribute to expansion of metabolic 
engineering and to generation of predictive models of plant metabolism. 

Acknowledgements 

This publication is the result of implementation of the following project: “Research and 
development of novel technologies of chemical analysis for metabonomics/metabolomics” 
(“Výskum a vývoj nových technológií chemickej analýzy pre metabonomiku/ 
metabolomiku”) ITMS: 26240220007 supported by the Research & Development 
Operational Programme funded by the ERDF and it was partially financially supported by 
Sanofi Aventis Pharma Slovakia. 



Katarína Kráľová, Josef Jampílek and Ivan Ostrovský 

 

156 

References 
[1] Fiehn O. Plant Mol Biol. 2002;48:155-171. DOI: 10.1023/A:1013713905833. 
[2] Dunn WB, Ellis DI. Trends Anal Chem. 2005;24:285-294. DOI: 10.1016/j.trac.2004.11.021. 
[3] Dixon RA., Gang DR., Charlton AJ., Fiehn O, Kuiper HA, Reynolds TL, Tjeerdema RS, Jeffery EH, 

German JB, Ridley WP, Seiber JN. J Agric Food Chem. 2006;54:8984-8994. DOI: 10.1021/jf061218t. 
[4] Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR. Nat Protoc. 2006;1:387-396. DOI: 

10.1038/nprot.2006.59. 
[5] Kim S, Shin MH, Hossain MA, Yun EJ, Lee H, Kim KH. Anal Bioanal Chem. 2011;399:3519-3528. DOI: 

10.1007/s00216-011-4693-0. 
[6] Chen GD, Pramanik BN, Liu YH, Mirza UA. J. Mass Spectrom. 2007;42:279-287. DOI: 10.1002/jms.1184. 
[7] De Vos CHR, Moco S, Lommen A, Keurentjes JJB, Bino RJ, Hall RD. Nat Protoc. 2007;2:778-791. DOI: 

10.1038/nprot.2007.95. 
[8] Vorst O, De Vos CHR, Lommen A, Staps RV, Visser RGF, Bino RJ, Hall RD. Metabolomics.  

2005;1:169-180. DOI: 10.1007/s11306-005-4432-7. 
[9] Huhman DV, Sumner LW. Phytochemistry. 2002;59:347-360. DOI: 10.1016/S0031-9422(01)00432-0. 
[10] Sato S, Soga T, Nishioka T, Tomita M. Plant J. 2004;40:151-163. DOI: 10.1111/j.1365-

313X.2004.02187.x. 
[11] Harada K, Fukusaki E. Plant Biotechnol. 2009;26:47-52. DOI: 10.5511/plantbiotechnology.26.47. 
[12] Takahashi H, Munemura I, Nakatsuka T, Nishihara M, Uchimiya H. J Horticult Sci Biotechn.  

2009;84:312-318. 
[13] Oikawa A, Nakamura Y, Ogura T, Kimura A, Suzuki H, Sakurai N, Shinbo Y, Shibata D, Kanaya S, Ohta 

D. Plant Physiol. 2006;142:398-413. DOI: 10.1104/pp.106.080317. 
[14] Ward JL, Harris C, Lewis J, Beale MH. Phytochemistry. 2003;62:949-957. DOI: 10.1016/S0031-

9422(02)00705-7. 
[15] Kim HK, Choi YH, Erkelens C, Lefeber AWM, Verpoorte R. Chem Pharm Bull. 2005;53:105-109.  

DOI: 10.1248/cpb.53.105. 
[16] Krishnan P, Kruger NJ, Ratcliff RG. J Exp Bot. 2005;56:255-265. DOI: 10.1093/jxb/eri010. 
[17] Pichersky E, Gang DR. Trends Plant Sci. 2000;5:439-445. DOI: 10.1016/S1360-1385(00)01741-6. 
[18] Bino RJ, Hall RD, Fiehn O, Kopka J, Saito K, Draper J, Nikolau BJ, Mendes P, Roessner-Tunali U, Beale 

MH, Trethewey RN, Lange BM, Wurtele ES, Sumner LW. Trend Plant Sci. 2004;9:418-425.  
DOI: 10.1016/j.tplants.2004.07.004. 

[19] Fiehn O, Sumner LW, Rhee SY, Ward J, Dickerson J, Lange BM, Lane G, Roessner U, Last R, Nikolau B. 
Metabolomics. 2007;3:195-201. DOI: 10.1007/s11306-007-0068-0. 

[20] Bais P, Moon S, He K, Leitao R, Dreher K, Walk T, Sucaet Y, Barkan L, Wohlgemuth G, Roth MR, 
Wurtele ES, Dixon P, Fiehn O, Lange BM, Shulaev V, Sumner LW, Welti R, Nikolau BJ, Rhee SY, 
Dickerson JA. Plant Physiol. 2010;152:1807-1816. DOI: 10.1104/pp.109.151027. 

[21] Fiehn O, Kopka J, Dormann P, Altmann T, Trethewey RN, Willmitzer L. Nat Biotechnol.  
2000;18:1157-1161. DOI: 10.1038/81137. 

[22] Roessner U, Willmitzer L, Fernie AR. Plant Cell Rep. 2002;21:189-196. DOI: 10.1007/s00299-002-0510-8. 
[23] Goodacre R, York EV, Heald JK, Scott IM. Phytochemistry. 2003;62:859-863. DOI: 10.1016/S0031-

9422(02)00718-5. 
[24] Tolstikov VV, Lommen A, Nakanishi K, Tanaka N, Fiehn O. Anal Chem. 2003;75:6737-6740.  

DOI: 10.1021/ac034716z. 
[25] Moco S, Bino RJ, Vorst O, Verhoeven HA, de Groot J, van Beek TA, Vervoort J, De Vos RCH. Plant 

Physiol. 2006;141:1205-1218. DOI: 10.1104/pp.106.078428. 
[26] Le Gall G, Colquhoun IJ, Davis AL, Collins GJ, Verhoeyen ME. J Agric Food Chem. 2003;51:2447-2456. 

DOI: 10.1021/jf0259967. 
[27] Hall RD. New Phytologist. 2006;169:453-468. DOI: 10.1111/j.1469-8137.2005.01632.x. 
[28] Breitling R, Pitt AR, Barrett MP. Trend Biotechnol. 2006;24:543-548. DOI: 10.1016/j.tibtech.2006.10.006. 
[29] Peterman SM, Duczak N, Kalgutkar AS, Lame ME, Soglia JR. J Amer Soc Mass Spectr. 2006;17:363-375. 

DOI: 10.1016/j.jasms.2005.11.014. 
[30] Exarchou V, Krucker M, van Beek TA, Vervoort J, Gerothanassis IP, Albert K. Magn Reson Chem. 

2005;43:681-687. DOI: 10.1002/mrc.1632. 
[31] Wilson ID, Brinkman UAT. J Chromatogr A. 2003;1000:325-356. DOI: 10.1016/S0021-9673(03)00504-1. 



Metabolomics - useful tool for study of plant responses to abiotic stresses 

 

157 

[32] Laaksonen R, Katajamaa M, Paiva H, Sysi-Aho M, Saarinen L, Junni P, Lutjohann D, Smet J, Van Coster 
R, Seppanen-Laakso T, Lehtimaki T, Soini J, Oresic M. PLoS ONE. 2006;1:e97.  
DOI: 10.1371/journal.pone.0000097. 

[33] Nordström A, O’Maille G, Qin C, Siuzdak G. Anal Chem. 2006;78:3289-3295. DOI: 10.1021/ac060245f. 
[34] Rischer H, Oresic M, Seppanen-Laakso T, Katajamaa M, Lammertyn F, Ardiles-Diaz W, Van Montagu 

MCE, Inze D, Oksman-Caldentey KM, Goossens A. Proc Natl Acad Sci USA. 2006;103:5614-5619.  
DOI: 10.1073/pnas.0601027103. 

[35] Ratcliffe RG. Adv Bot Res. 1994;20:43-123. DOI: 10.1016/S0065-2296(08)60215-3.  
[36] Ratcliffe RG, Shachar-Hill Y. Annu Rev Plant Physiol. 2001;52:499-526.  

DOI: 10.1146/annurev.arplant.52.1.499. 
[37] Sumner LW, Mendes P, Dixon RA. Phytochemistry. 2003;62:817-836. DOI: 10.1016/S0031-

9422(02)00708-2. 
[38] Viant MR. Biochem Biophys Res Commun 2003;310:943-948. DOI: 10.1016/j.bbrc.2003.09.092. 
[39] Reynolds WF, Enriquez RG. J Nat Prod. 2002;65:221-224. DOI: 10.1021/np010444o. 
[40] Scholz M, Kaplan F, Guy CL, Kopka J, Selbig J. Bioinformatics. 2005;21:3887-3895.  

DOI: 10.1093/bioinformatics/bti634. 
[41] Masoum S, Bouveresse DJR, Vercauteren J, Jalali-Heravi M, Rutledge DN. Anal Chim Acta.  

2006;558:144-149. DOI: 10.1016/j.aca.2005.11.015. 
[42] Moco S, Bino RJ, De Vos RCH, Vervoort J. TRAC-Trend Anal Chem. 2007;26:855-866.  

DOI: 10.1016/j.trac.2007.08.003. 
[43] Levitt J. Responses of Plants to Environmental Stresses. New York: Academic Press; 1972. 
[44] Guy C. J Mol Microbiol Biotechnol. 1999;12:231-242. 
[45] Kaplan F, Kopka J, Haskell DW, Zhao W, Schiller KC, Gatzke N, Sung DY, Guy CL. Plant Physiol. 

2004;136:4159-4168. DOI: 10.1104/pp.104.052142. 
[46] Cook D, Fowler S, Fiehn O, Thomashow MF. Proc Natl Acad Sci USA. 2004;101:15243-15248.  

DOI: 10.1073/pnas.0406069101. 
[47] Rizhsky L, Liang HJ, Shuman J, Shulaev V, Davletova S, Mittler R. Plant Physiol. 2004;134:1683-1696. 

DOI: 10.1104/pp.103.033431. 
[48] Shulaev V, Cortes D, Miller G., Mittler R. Physiol Plant. 2008;132:199-208. DOI: 10.1111/j.1399-

3054.2007.01025.x. 
[49] Genga A, Mattana M, Coraggio I, Locatelli F, Piffanelli P, Consonni R. Plant Metabolomics: 

A characterisation of plant responses to abiotic stresses. In: Shanker A, Venkateswarlu B, editors. Abiotic 
Stress in Plants - Mechanisms and Adaptations. Rijeka: InTech; 2011:309-350. 

[50] Iba K. Annu Rev Plant Biol. 2002;53:225-245. DOI: 10.1146/annurev.arplant.53.100201.160729. 
[51] Suzuki N, Mittler R. Physiol Plant. 2006;126:45-51. DOI: 10.1146/annurev.arplant.53.100201.160729. 
[52] Fitter AH, Hay RKM. Environmental Physiology of Plants, 3rd edition. London: Academic Press; 2001. 
[53] Guy C, Kaplan F, Kopka J, Selbig J, Hincha DK. Physiol Plant. 2008;132:220-235. DOI: 10.1111/j.1399-

3054.2007.00999.x. 
[54] Wang XM, Li WQ, Li MY, Welti R. Physiol Plant. 2006;126:90-96. DOI: 10.1111/j.1399-

3054.2006.00622.x. 
[55] Welti R, Li WQ, Li MY, Sang YM, Biesiada H, Zhou HE, Rajashekar CB, Williams TD, Wang XM. J Biol 

Chem. 2002;277:31994-32002. DOI: 10.1074/jbc.M205375200. 
[56] Gray GR, Heath D. Physiol Plant. 2005;124:236-248. DOI: 10.1111/j.1399-3054.2005.00507.x. 
[57] Korn M, Gaertner T, Erban A, Kopka J, Selbig J, Hincha DK. Mol Plant. 2010;3:224-235.  

DOI: 10.1093/mp/ssp105. 
[58] Davey MP, Woodward FI, Quick WP. Metabolomics. 2009;5:138-149. DOI: 10.1007/s11306-008-0127-1. 
[59] Gavaghan CL, Li JV, Hadfield ST, Hole S, Nicholson JK, Wilson ID, Howe PWA, Stanley PD, Holmes E. 

Phytochem Anal. 2011;22:214-224. DOI: 10.1002/pca.1268. 
[60] Zhang JT, Zhang Y, Du YY, Chen SY, Tang HR. J Proteome Res. 2011;10:1904-1914.  

DOI: 10.1021/pr101140n. 
[61] Ghosh N, Adak MK, Ghosh PD, Gupta S, Sen Gupta DN, Mandal C. Plant Biotech Rep. 2011;5:89-103. 

DOI: 10.1007/s11816-010-0163-y. 
[62] Lugan R, Niogret MF, Leport L, Guegan JP, Larher FR, Savoure A, Kopka J, Bouchereau A. Plant J. 

2010;64:215-229. DOI: 10.1111/j.1365-313X.2010.04323.x. 
[63] Arbona V, Argamasilla R, Gomez-Cadenas A. J Plant Physiol. 2010;16:1342-1350.  

DOI: 10.1016/j.jplph.2010.05.012. 



Katarína Kráľová, Josef Jampílek and Ivan Ostrovský 

 

158 

[64] Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R, Gepstein S, Blumwald E. Proc Natl Acad Sci 
USA. 2007;104:19631-19636. DOI: 10.1073/pnas.0709453104. 

[65] Kozlowski TT, Pallardy SG. Bot Rev 2002;68:270-334. DOI: 10.1663/0006-
8101(2002)068[0270:AAAROW]2.0.CO;2. 

[66] Barnabas B, Jaeger K, Feher A. Plant Cell Environ. 2008;31:11-38. DOI: 10.1111/j.1365-
3040.2007.01727.x. 

[67] Sziderics AH, Oufir M, Trognitz F, Kopecky D, Matusikova I, Hausman JF, Wilhelm E. Plant Cell Rep. 
2010;29:295-305. DOI: 10.1007/s00299-010-0822-z. 

[68] Chen Z, Cuin TA, Zhou M, Twomey A, Naidu BP, Shabala S. J Exp Bot. 2007;58:4545-4255.  
DOI: 10.1093/jxb/erm284. 

[69] Widodo, Patterson JH, Newbigin E, Tester M, Bacic A, Roessner U. J Exp Bot. 2009;60:4089-4103.  
DOI: 10.1093/jxb/erp243. 

[70] Sanchez DH, Schwabe F, Erban A, Udvardi MK, Kopka J. J Plant Cell Environ. 2012;136-149.  
DOI: 10.1111/j.1365-3040.2011.02423.x. 

[71] Sanchez DH, Redestig H, Krämer U, Udvardi MK, Kopka J. Plant Signal Behav. 2008;3:598-600.  
DOI: 10.1111/j.1365-313X.2007.03381.x. 

[72] Warren CR, Aranda I, Cano FJ. Metabolomics. 2012;8:186-200. DOI: 10.1007/s11306-011-0299-y. 
[73] Charlton AJ, Donarski JA, Harrison M, Jones SA, Godward J, Oehlschlager S, Arques JL, Ambrose M, 

Chinoy C, Mullineaux PM, Domoney C. Metabolomics. 2008;4:312-327. DOI: 10.1007/s11306-008-0128-
0. 

[74] Bernstein L, Bosch P, Canziani O, Chen ZL, Christ R, Davidson O, Hare W, Huq S, Karoly D, Kattsov V, 
Kundzewicz Z, Liu J, Lohmann U, Manning M, Matsuno T, Menne B, Metz B, Mirza M, Nicholls N,  
Nurse L, Pachauri R, Palutikof J, Parry M, Qin D, Ravindranath N, Reisinger A, Ren JW, Riahi K, 
Rosenzweig C, Rusticucci M, Schneider S, Sokona Y, Solomon S, Stott P, Stouffer R, Sugiyama T,  
Swart R, Tirpak D, Vogel C, Yohe G. Contribution of working groups I, II and III to the fourth assessment 
report of the intergovernmental panel on climate change - Synthesis report. In: Pachauri RK, Reisinger A, 
editors. IPCC - Climate Change 2007. Geneva: IPCC; 2007. 

[75] Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE. Contribution of working group II to 
the fourth assessment report of the intergovernmental panel on climate change. Climate change 2007: 
Impacts, adaptation and vulnerability. Cambridge: Cambridge University Press/IPCC; 2007. 

[76] Shao HB, Chu LY, Jaleel CA, Manivannan P, Panneerselvam R., Shao MA. Crit Rev Biotechnol. 
2009;29:131-151. DOI: 10.1080/07388550902869792. 

[77] Jackson MB, Ishizawa K, Ito O. Ann Bot. 2009;103:137-142. DOI: 10.1093/aob/mcn242. 
[78] Komatsu S, Yamamoto A, Nakamura T, Nouri MZ, Nanjo Y, Nishizawa K, Furukawa K. J Proteome Res. 

2011;10:3993-4004. DOI: 10.1021/pr2001918. 
[79] Jansen MAK, Hectors K, O'Brien NM, Guisez Y, Potters G. Plant Sci. 2008;175:449-458.  

DOI: 10.1016/j.plantsci.2008.04.010. 
[80] Kusano M, Tohge T, Fukushima A, Kobayashi M, Hayashi N, Otsuki H, Kondou Y, Goto H, Kawashima 

M, Matsuda F, Niida R, Matsui M, Saito K, Fernie AR. Plant J. 2011;67:354-369. DOI: 10.1111/j.1365-
313X.2011.04599.x. 

[81] Marangoni R, Paris D, Melck D, Fulgentini L, Colombetti G, Motta A. Biophys J. 2011;100:215-224.  
DOI: 10.1016/j.bpj.2010.10.050. 

[82] Rudell DR, Mattheis JR. Postharvest Biol Tec. 2009;51:174-182. DOI: 10.1016/j.postharvbio.2008.07.008. 
[83] Ku KM, Choi JN, Kim J, Kim JK, Yoo LG, Lee SJ, Hong YS, Lee CH. J Agric Food Chem. 2010;58:418-

426. DOI: 10.1021/jf902929h. 
[84] Miyagi A, Takahara K, Takahashi H, Kawai-Yamada M, Uchimiya H. Metabolomics. 2010;6:497-510. 

DOI: 10.1007/s11306-010-0220-0. 
[85] D’Haese D, Horemans N, De Coen W., Guisez Y. Physiol Plant. 2006;128:70-79. DOI: 10.1111/j.1399-

3054.2006.00711.x. 
[86] Cho K, Shibato J, Agrawal GK, Jung YH, Kubo A, Jwa NS, Tamogami S, Satoh K, Kikuchi S, Higashi T, 

Kimura S, Saji H, Tanaka Y, Iwahashi H, Masuo Y, Rakwal R. J Proteome Res. 2008;7:2980-2998. DOI: 
10.1021/pr800128q. 

[87] Kontunen-Soppela S, Ossipov V, Ossipova S, Oksanen E. Global Change Biol. 2007;13:1053-1067.  
DOI: 10.1111/j.1365-2486.2007.01332.x. 

[88] Ossipov V, Ossipova S, Bykov V, Oksanen E, Koricheva J, Haukioja E. Metabolomics. 2008;4:39-51.  
DOI: 10.1007/s11306-007-0097-8. 



Metabolomics - useful tool for study of plant responses to abiotic stresses 

 

159 

[89] Galindo FG, Dejmek P, Lundgren K, Rasmusson AG, Vicente A, Moritz T. Planta. 2009;230:469-479.  
DOI: 10.1007/s00425-009-0950-2. 

[90] Ceoldo S, Toffali K, Mantovani S, Baldan G, Levi M, Guzzo F. Plant Sci. 2009;176:553-565.  
DOI: 10.1016/j.plantsci.2009.01.011. 

[91] Strazzer P, Guzzo F, Levi M. J Plant Physiol. 2011;168:288-293. DOI: 10.1016/j.jplph.2010.07.020. 
[92] Renberg L, Johansson AI, Shutova T, Stenlund H, Aksmann A, Raven JA, Gardestrom P, Moritz T, 

Samuelsson G. Plant Physiol. 2010;154:187-196. DOI: 10.1104/pp.110.157651. 
[93] Miyagi A, Takahara K, Kasajima I, Takahashi H, Kawai-Yamada M, Uchimiya H. Metabolomics. 

2011;7:524-535. DOI: 10.1007/s11306-010-0272-1. 
[94] Levine LH, Kasahara H, Kopka J, Erban A, Fehrl I, Kaplan F, Zhao W, Littell RC, Guy C, Wheeler R, Sager 

J, Mills A, Levine HG. Adv Space Res. 2008;42:1917-1928. DOI: 10.1016/j.asr.2008.07.014. 
[95] Pedreschi R, Franck C, Lammertyn J, Erban A, Kopka J, Hertog M, Verlinden B, Nicolai B. Postharvest 

Biol Tec. 2009;51:123-130. DOI: 10.1016/j.postharvbio.2008.05.019. 
[96] Baxter CJ, Redestig H, Schauer N, Repsilber D, Patil KR, Nielsen J, Selbig J, Liu JL, Fernie AR, Sweetlove 

LJ. Plant Physiol. 2007;143:312-325. DOI: 10.1104/pp.106.090431. 
[97] Lehmann M, Schwarzländer M, Obata T, Sirikantaramas S, Burow M, Olsen CE, Tohge T, Mark D, Fricker 

MD, Möller BL, Fernie AR, Sweetlove LJ, Laxa M. Mol. Plant. 2009;2:390-406. DOI: 10.1093/mp/ssn080. 
[98] Marschner H. Mineral nutrition of higher plants, 2nd edition. London: Academic Press; 1995. 
[99] Kusano M, Fukushima A, Redestig H, Saito K. J Exp Bot. 2011;62:1439-1453. DOI: 10.1093/jxb/erq417. 
[100] Lubbe A, Choi YH, Vreeburg P, Verpoorte R. J Agric Food Chem. 2011;59:3155-3161.  

DOI: 10.1021/jf104422m. 
[101] Hirai MY, Yano M, Goodenowe DB, Kanaya S, Kimura T, Awazuhara M, Arita M, Fujiwara T, Saito K. 

Proc Natl Acad Sci USA. 2004;101:10205-10210. DOI: 10.1073/pnas.0403218101. 
[102] Kusano M, Tabuchi M, Fukushima A, Funayama K, Diaz C, Kobayashi M, Hayashi N, Tsuchiya YN, 

Takahashi H, Kamata A, Yamaya T, Saito K. Plant J. 2011;66:456-466. DOI: 10.1111/j.1365-
313X.2011.04506.x. 

[103] Hirai MY, Saito K. Mol Biosys. 2008;4:967-973. DOI: 10.1039/b802911n. 
[104] Hoefgen R, Nikiforova VJ. Physiol Plant. 2008;132:190-198. DOI: 10.1111/j.1399-3054.2007.01012.x. 
[105] Howarth JR, Parmar S, Jones J, Shepherd CE, Corol DI, Galster AM, Hawkins ND, Miller SJ, Baker JM, 

Verrier PJ, Ward JL, Beale MH, Barraclough PB, Hawkesford MJ. J Exp Bot. 2008;59:3675-3689.  
DOI: 10.1093/jxb/ern218. 

[106] Ghannoum O, Paul MJ, Ward JL, Beale MH, Corol DI, Conroy JP. Funct Plant Biol. 2008;35:213-221. 
DOI: 10.1071/FP07256. 

[107] Bolling C, Fiehn O. Plant Physiol. 2005;139:1995-2005. DOI: 10.1104/pp.105.071589. 
[108] Cevallos-Cevallos JM, Garcia-Torres R, Etxeberria E, Reyes-De-Corcuera JI. Phytochem Anal. 

2011;22:236-246. DOI: 10.1002/pca.1271. 
[109] Jiménez S, Ollat N, Deborde C, Maucourt M, Rellán-Alvarez R, Moreno MA, Gorgocena Y. J Plant 

Physiol. 2011;168:415-423. DOI: 10.1016/j.jplph.2010.08.010. 
[110] Rellan-Alvarez R, Andaluz S, Rodriguez-Celma J, Wohlgemuth G, Zocchi G, Alvarez-Fernandez A, Fiehn 

O, Lopez-Millan AF, Abadia J. BMC Plant Biol. 2010;10:Article Number 120. DOI: 10.1186/1471-2229-
10-120. 

[111] McCaskill A, Turgeon R. Proc Natl Acad Sci USA. 2007;104:19619-19624.  
DOI: 10.1073/pnas.0707368104. 

[112] Bachmann M, Matile P, Keller F. Plant Physiol. 1994;105:1335-1345. 
[113] Taji T, Ohsumi C, Iuchi S, Seki M, Kasuga M, Kobayashi M, Yamaguchi-Shinozaki K, Shinozaki K. Plant 

J. 2002;29:417-426. DOI: 10.1046/j.0960-7412.2001.01227.x. 
[114] López-Millán AF, Morales F, Andaluz S, Gogorcena Y, Abadía A, de las Rivas J, Abadía J. Plant Physiol. 

2000;124:885-897. DOI: 10.1104/pp.124.2.885. 
[115] Aliferis KA, Chrysayi-Tokousbalides M. Metabolomics. 2011;7:35-53. DOI: 10.1007/s11306-010-0231-x. 
[116] Aranibar N, Singh BK, Stockton GW, Ott KH. Biochem Biophys Res Commun. 2001;286:150-155. DOI: 

10.1006/bbrc.2001.5350. 
[117] Sauter H, Lauer M, Fritsch H. ACS Symposium Series. 1991;443:288-299. 
[118] Aliferis KA, Chrysayi-Tokousbalides M. J Agric Food Chem. 2006;54:1687-1692.  

DOI: 10.1021/jf0527798. 
[119] Lange BM, Ketchum REB, Croteau RB. Plant Physiol. 2001;127:305-314. DOI: 10.1104/pp.127.1.305. 
[120] Grossmann K, Niggeweg R, Christiansen N, Looser R, Ehrhardt T. Weed Sci. 2010;58:1-9.  

DOI: 10.1614/WS-D-09-00004.1. 



Katarína Kráľová, Josef Jampílek and Ivan Ostrovský 

 

160 

[121] Ott KH, Aranibar N, Singh BJ, Stockton GW. Phytochemistry. 2003;62:971-985. DOI: 10.1016/S0031-
9422(02)00717-3. 

[122] Trenkamp S, Eckes P, Busch M, Fernie AR. Metabolomics. 2009;5:277-291. DOI: 10.1007/s11306-008-
0149-8. 

[123] Zhou W, Yasuor H, Fischer AJ, Tolstikov VV. LC-GC North America. 2011;29:739. 
[124] Kissoudis C, Axarli A, Labrou NE, Madesis P, Tsaftaris A and Nianiou-Obeidat I. Effect of alachlor on the 

metabolome of wild type and GmGSTU4 overexpressing transgenic tobacco plants (Nicotiana tabacum L.). 
8th Southeast European Congress on Xenobiotic Metabolism and Toxicity (XEMET) 2010 - Front 
Pharmacol Conference Abstract Book 2010. DOI: 10.3389/conf.fphar.2010.60.00144. 

[125] Grossmann K. Pest Manage Sci. 2005;61:423-431. DOI: 10.1002/ps.1016. 
[126] Swaminathan MS. Environ Pollut. 2003;126:287-291. DOI: 10.1016/S0269-7491(03)00241-0. 
[127] Yadav SK. S Afr J Bot 2010;76:167-179. DOI: 10.1016/j.sajb.2009.10.007. 
[128] Bailey NJC, Oven M, Holmes E, Zenk MH, Nicholson JK. Spectrosc-Int J. 2004;18: 279-287. 
[129] Li X, Gao P, Gjetvaj B, Westcott N, Gruber MY. Plant Sci. 2009;177:68-80.  

DOI: 10.1016/j.plantsci.2009.03.013. 
[130] Zoghlami LB, Djebali W, Abbes Z, Hediji H, Maucourt M, Moing A, Brouquisse R, Chaïbi W. Afr J 

Biotechnol. 2011;10:567-579. 
[131] Roessner U, Patterson JH, Forbes MG, Fincher GB, Langridge P, Bacic A. Plant Physiol. 2006;142:1087-

1101. DOI: 10.1104/pp.106.084053. 
[132] Callahan DL, Roessner U, Dumontet V, Perrier N, Wedd AG, O’Hair RAJ, Baker AJM, Kolev SD. 

Phytochemistry. 2008;69:240-251. DOI: 10.1016/j.phytochem.2007.07.001. 
[133] Hédiji H, Djebali W, Cabasson C, Maucourt M, Baldet P, Bertrand A, Zoghlami LB, Deborde C, Moing A, 

Brouquisse R, Chaibi W, Gallusci P. Ecotox Environ Saf. 2010; 73:1965-1974.  
DOI: 10.1016/j.ecoenv.2010.08.014. 

[134] Sun XM, Zhang JX, Zhang HJ, Ni YW, Zhang Q, Chen JP, Guan YF. Chemosphere. 2010;78:840-845. 
DOI: 10.1016/j.chemosphere.2009.11.045. 

[135] Dubey S, Misra P, Dwivedi S, Chatterjee S, Bag SK, Mantri S, Asif MH, Rai A, Kumar S, Shri M, Tripathi 
P, Tripathi RD, Trivedi PK, Chakrabarty D, Tuli R. BMC Genomics. 2010;11:article number 648. 
DOI:10.1186/1471-2164-11-648. 

[136] Jahangir M, Abdel-Farid IB, Choi YH, Verpoorte R. J Plant Physiol. 2008;165:1429-1437.  
DOI: 10.1016/j.jplph.2008.04.011. 

[137] Le Lay P, Isaure MP, Sarry JE, Kuhn L, Fayard B, Le Bail JL, Bastien O, Garin J, Roby C, Bourguignon J. 
Biochemie. 2006;88:1533-1547. DOI: 10.1016/j.biochi.2006.03.013. 

[138] Agarwal M, Zhu JK. Integration of abiotic stress signalling pathways. In: Jenks MA, Hasegasa PM, editors, 
Plant Abiotic Stress. Oxford: Blackwell Publishing; 2005:215-247. 

[139] Holopainen JK, Gershenzon J. Trend Plant Sci. 2010;15:176-184. DOI: 10.1016/j.tplants.2010.01.006. 
[140] Savin R, Nicolas ME. Aust J Plant Physiol. 1996;23:201-210. DOI:10.1071/PP9960201. 
[141] Wang ZL, Huang BR. Crop Sci. 2004;44:1729-1736. DOI:10.2135/cropsci2004.1729. 
[142] Fumagalli E, Baldoni E, Abbruscato P, Piffanelli P, Genga A, Lamanna R, Consonni R. J Agron Crop Sci. 

2009;195:77-88. DOI: 10.1111/j.1439-037X.2008.00344.x. 
[143] Cramer GR, Ergul A, Grimplet J, Tillett RL, Tattersall EAR, Bohlman MC, Vincent D, Sonderegger J, 

Evans J, Osborne C, Quilici D, Schlauch KA, Schooley DA, Cushman JC. Funct Integr Genomics. 
2007;7:111-134. DOI: 10.1007/s10142-006-0039-y. 

[144] Kanani H, Dutta B, Klapa MI. BMC Syst Biol. 2010;4: article number 177. DOI:10.1186/1752-0509-4-
177. 

[145] Pérez-López U, Robredo A, Lacuesta M, Sgherri C, Muñoz-Rueda A, Navari-Izzo F, Mena-Petite A. 
Physiol Plant. 2009;135:29-42. DOI: 10.1111/j.1399-3054.2008.01174.x. 

[146] Sgherri CLM, Quartacci MF, Menconi M, Raschi A, Navari-Izzo F. J Plant Physiol. 1998;152:118-124. 
DOI: 10.1016/S0176-1617(98)80110-7. 

[147] Schwanz P, Polle A. J Exp Bot. 2001;52:133-143. DOI: 10.1093/jexbot/52.354.133. 
[148] Fukushima A, Kusano M, Redestig H, Arita M, Saito K. Curr Opin Chem Biol. 2009; 13:532-538.  

DOI: 10.1016/j.cbpa.2009.09.022. 
[149] Urano K, Kurihara Y, Seki M, Shinozaki K. Curr Opin Plant Biol. 2010;13:132-138.  

DOI: 10.1016/j.pbi.2009.12.006. 
[150] Wheelock CE, Miyagawa H. J Pestic Sci. 2006;31:240-244. DOI: 10.1584/jpestics.31.240. 



Metabolomics - useful tool for study of plant responses to abiotic stresses 

 

161 

METABOLOMIKA - U ŻYTECZNE NARZ ĘDZIE DO OCENY 
WPŁYWU CZYNNIKÓW ABIOTYCZNYCH NA RO ŚLINY 

Abstrakt: Stres abiotyczny wywołany przez niewłaściwe poziomy fizycznych komponentów środowiska 
powoduje zmiany w roślinach i poprzez specyficzne mechanizmy prowadzi do określonych odpowiedzi. 
Metabolomika jest stosunkowo nowym podejściem mającym na celu lepsze zrozumienie szlaków metabolicznych 
oraz skutków biochemicznych w składzie roślin i innych organizmów biologicznych. Artykuł skupia się na 
wykorzystaniu metabolomiki, profilowania metabolicznego i „fingerprintingu” metabolicznego do badania reakcji 
roślin na niektóre stresy środowiskowe (np. podwyższoną temperaturę, chłodzenie i zamrażanie, suszę, wysokie 
zasolenie, promieniowanie UV, duże stężenie ozonu, niedobór substancji odżywczych, stres oksydacyjny, 
herbicydy i wpływ metali ciężkich). Zwrócono także uwagę na wpływ niektórych czynników środowiskowych na 
rośliny, takich jak: wysokie lub niskie poziomy CO2 lub różne poziomy natężenia oświetlenia. Przeanalizowano 
również zmiany związane z kombinacjami abiotycznych czynników stresujących (susza - upał, susza - zasolenie, 
podwyższone stężenie CO2  - zasolenie). Omówiono też metabolomiczne podejście do badania reakcji roślin na 
stresy abiotyczne wywołane niektórymi sztucznymi czynnikami, stresem mechanicznym lub impulsowym polem 
elektrycznym. Zaprezentowano najważniejsze metody analityczne stosowane w metabolomice oraz nakreślono 
perspektywy wykorzystania metabolomiki. 

Słowa kluczowe: stresowe czynniki abiotyczne, stres środowiskowy, metaboliczne odciski palców, profilowanie 
metaboliczne, metabolomika 


