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METABOLOMICS - USEFUL TOOL FOR STUDY
OF PLANT RESPONSES TO ABIOTIC STRESSES

METABOLOMIKA - U ZYTECZNE NARZ EDZIE DO OCENY
WPLYWU CZYNNIKOW ABIOTYCZNYCH NA RO  SLINY

Abstract: Abiotic stresses are produced by inappropriateléesf physical components of the environment and
cause plant injury through unique mechanisms tsilt in specific responses. Metabolomics is aively new
approach aimed at improved understanding of mdtabetworks and the subsequent biochemical coniposit
of plants and other biological organisms. The pagpdocused on the use of metabolomics, metababfiling
and metabolic fingerprinting to study plant respEn$o some environmental stresses (eg elevatecetatope,
chilling and freezing, drought, high salinity, Us(diation, high ozone levels, nutrient deficiencyidative stress,
herbicides and heavy metals). Attention is alsootE) to the effects of some environmental factorplants
such as high or low levels of Gor different levels of irradiance. Alterations dépts metabolites due to multiple
abiotic stresses (drought-heat, drought-salinitievaded CQ@-salinity) are analysed as well. In addition,
metabolomic approach to study plant responses rite sartificial abiotic stresses, mechanical strespuised
electric field-induced stress is discussed. Thetnmportant analytical methods applied in metabatsmare
presented and perspectives of metabolomics expitan the future are outlinetho.

Keywords: abiotic stress factors, environmental stress, badia fingerprinting, metabolic profiling,
metabolomics

Introduction to metabolomics

Metabolites are the end products of cellular regmaprocesses and their levels can be
regarded as the ultimate response of biologicatesys to genetic or environmental
changes. The set of metabolites synthesized by cdodital system constitute its
“metabolome” [1]. The metabolome has been definedha qualitative and quantitative
collection of all low molecular weight molecules gtabolites) present in a cell that are
participants in general metabolic reactions antddharequired for the maintenance, growth
and normal function of a cell [2].
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Metabolomics is a relatively new approach aimedinaproved understanding of
metabolic networks and the subsequent biochemioatposition of plants and other
biological organisms. It represents a non-biaseghtification and quantification of all
metabolites in a biological system, and consequeh# selectivity and sensitivity of the
analytical techniqgue must be high [2]. Analyticabls within metabolomics includingass
spectrometry (MS) andnuclear magnetic resonance (NMR) spectroscopy can determine the
impact of time, stress, nutritional status and emrental perturbation on hundreds of
metabolites simultaneously resulting in massivenmex data sets [3]. The most widely
used methods for plant metabolite analysis gas chromatography coupled tomass
spectrometry (GC-MS) [4, 5] andliquid chromatography coupled tomass spectrometry
(LC-MS) [6-8], further important analytical techuigs includeliquid 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 identéition and quantification of
a selected number of pre-defined metabolites, gdlgerelated to a specific metabolic
pathway(s). On the other hand, metabolic fingetprinrepresents a high-throughput, rapid,
global analysis of samples to provide sample diaasion, in which quantification and
metabolic identification are generally not employdslit such screening enables to
discriminate between samples of different biologistatus or origin. Qualitative and
guantitative analysis of one or a few metabolitelated to a specific metabolic reaction
employed when low limits of detection are requiiedcalled metabolite target analysis
(MTA) [2].

The plant kingdom has been estimated to produde 200,000 metabolites in total [1,
17]. The plant metabolome contains organic specissch as amino acids, fatty acids,
carbohydrates, organic acids and lipids and elemheahd inorganic speciesThe
differences in the concentration of componentshim metabolome are estimated to vary
from picomol to milimol [2]. For example, leaves ohe of the most studied plants
Arabidopsis thaliana have been estimated to contain approximately 50@&eht primary
andsecondary metabolites [18].

Plant biologists routinely use comprehensive amslys plant metabolites to discover
new responses to genetic or environmental pertorbat to validate initial hypotheses on
the function andn vivo action of gene products. Fiehn et al [19] suggkateninimum of
parameters to be reported in order to define detdilexperimental study designs in plant
metabolomics studies. PlantMetabolomics.org (PM)aisveb portal and database for
exploring, visualizing and downloading plant metapdcs data. PM integrates
metabolomics data generated from different analtatforms from multiple laboratories
along with the key visualization tools such asoratnd error plots. Each metabolite is linked
to relevant experimental data and information fr@rious annotation databases (for details
see Bais et al [20]).

Analytical methods used in plant metabolomics

Plants contain a wide spectrum of chemically digensetabolites which are usually
present in a large range of concentrations, arfdrsextracting and detecting all metabolites
no single analytical method is sufficient. For kargcale analysis and comparison of
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metabolites in plant extracts several methods @itatde, such as GC-MS [4, 21, 22], direct
flow injection mass spectrometry [23], LC-MS [24]2CE-MS [10] and NMR [14, 26].

Many semi-polar compounds in plants (involved ot movolved in the primary
metabolism), including key secondary metaboliteugsy can be best separated and detected
by LC-MS approaches [3, 24, 25, 27].

LC preceding MS enables the detection of isomemenmounds, and LC in
combination withhigh resolution mass spectrometry (HRMS), egTOF-MS, FT-ICR-MS,
Orbitrap, enables the detection of several hundofdsompounds in a single crude plant
extract [8, 25]. Further improvement of the potaintd identify metabolites and to provide
an even more detailed metabolite profile of platitaets could be obtained by combining
LC with ultra-HRMS such as FT-ICR-MS [28, 29] or {MMR-MS [30, 31] orultra
performance LC (UPLC) coupled to MS [32, 33].

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

A suitable method for analysing semi-polar metabslis LC-MS with a soft-ionisation
technique, such aslectrospray ionisation (ESI) or atmospheric pressure chemical
ionisation (APCI), resulting in protonated (in the positiveoae) or deprotonated (in the
negative mode) molecular masses. Using this megiteat secondary metabolites such as
alkaloids, saponins, phenolic acids, phenylpropds)oi flavonoids, glucosinolates,
polyamines and all kinds of derivatives thereoflddae detectel4, 25, 34].

Different metabolomics approaches can be applieénwhsing NMR. Using this
method high-throughput metabolite analyses couldoédormed. Sample preparation is
relatively simple, the analysis is non-destructiaegd spectra can be recordedsivo from
cultured cells and tissues and even whole plafis38]. On the other hand, the sensitivity
of NMR is relatively low, about 106-109-fold lesgan that of chromatography-coupled MS
[37]. However, at high metabolite concentrations RHlased metabolic fingerprinting is
usually effective, as it can provide both strudtarad quantitative data and does not require
much pre-analytical preparation as mass spectrgmegds.

For most bioorganic compounds, the # NMR spectrum is not sufficient for full
structural elucidation. Two-dimensional (2D) NMRea advantage of interactions between
detectable nuclei within a molecule and can be useithcrease the spectral resolution.
Homonuclear NMR examines correlations between nucfethe same type (usually
protons), whereas heteronuclear NMR reveals cdivak between two different nuclei
(eg™H and™*C). A variation of 2D NMR used in metabolomicslisesolved spectroscopy
providing 1D spectra simplified by the absencerotgn-proton coupling [38].

Homonuclear'H-2D spectra, egorrelation spectroscopy (COSY), total correlation
spectroscopy (TOCSY) andnuclear Overhauser effect spectroscopy (NOESY) are very
informative about the 3D position of the protonsainmolecule, and heteronuclear 2D
spectra can be acquired for detecting dirdt¢t"°C bonds byheteronuclear multiple
guantum coherence spectroscopy (HMQC) or, over a longer range, Hyeteronuclear
multiple bond correlation spectroscopy (HMBC). Heteronuclear 2D-NMR data acquisition
is extremely useful for identification of unknowrohacules [39].
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One of the characteristics of metabolomics datachlgnsures that the dataset is
inherently complex is multidimensionality. Widelypglied supervised and unsupervised
tests in metabolomics includ&incipal component analysis (PCA), hierarchical cluster
analysis (HCA), andpartial least squares (PLS) anddiscriminant analysis (DA) [40-42].
These methods not only simplify the data by redyidimensionality but also provide visual
representation of the data. The development ofnfoainatics tools will facilitate the
management of large amounts of data, help to iategdifferent datasets by sieving the
metabolite information from the instrumental chréoggaphs and spectra and improve the
description of metabolic networks and cellular piraena in general [42].

Abiotic stresses

Environmental stresses arise from conditions that umfavourable for the optimal
growth and development of organisms [43, 44]. Abiostresses are produced by
inappropriate levels of physical components of éngironment and cause injury through
uniqgue mechanisms that result in specific respof@s45]. Global metabolite profiling
analysis permits simultaneous monitoring of preatss intermediates and products of
metabolic pathways. Stress responses of plantkeatmetabolite and metabolome levels
were studied by several researchers, eg [46, 4aht Pesponses to abiotic stresses were
comprehensively summarised in review papers of&wet al [48] and Genga et al [49].
This paper is aimed at the use of metabolomics,alnadit profiling and metabolic
fingerprinting to study plant responses to envirental stresses such as elevated
temperature, chilling and freezing, drought, highnity, UV radiation, high ozone levels,
nutrient deficiency, oxidative stress, herbicided heavy metals. The article also deals with
some environmental factors such as high or lowl$egB CG; or different irradiance levels
as well as multiple stresses, eg drought-heat, giiitesalinity, elevated C@Gsalinity. In
addition, metabolomic approach to study of plargpomses to some artificial abiotic
stresses, mechanical stress or putdedtric field-induced stress is discussed.

Temperature stress

Temperature stresses experienced by plants catabsified into three types: those
occurring at ) temperatures below freezindy) (ow temperatures above freezing aajl (
high temperatures [50]. Temperature stress can lmwdevastating effect on plant
metabolism, disrupting cellular homeostasis andupting major physiological processes.
Cellular homeostasis is achieved by a delicatenoalebetween multiple pathways that
reside in different organelles. However, it maydisupted by temperature stress, because
different pathways within cells have a differenifeerature optimum [51]. Higher plants
exposed to excess heat, at least 5°C above théimalpgrowing conditions, exhibit
a characteristic set of cellular and metabolic oesps required for the plants to survive
under the high-temperature conditions [44]. Onthefconsequences of high temperature in
plants is oxidative damage caused by the heat-gdlimbalance of photosynthesis and
respiration [52]. Due to temperature acclimatiorargfes in membrane structure and
function, tissue water content, global gene exjpwassprotein, lipid and primary and
secondary metabolite composition occur [43, 45].

Several metabolites that could functionally conttébto induced stress tolerance have
been associated with stress responses and theretamet metabolite-profiling studies have
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refocused attention on these and other potentiallyortant components found in the

“temperature-stress metabolome”. Such metabolotudies have demonstrated that active
reconfiguration of the metabolome is regulated @ty changes in gene expression
initiated by temperature-stress-activated signgliimd stress-related transcription factors
and central carbohydrate metabolism seems to bajar fieature of the reprogramming of

the metabolome during temperature stress [53].

Changes in membrane lipid composition play multipies in plant adaptation and
survival in the face of chilling and freezing darmagjvang et al [54] used an ESI-tandem
MS (MS/MS)-based approach to quantitatively profilembrane lipid molecular species in
plant response to low temperatures, and the prgfiknalysis revealed significant and
distinct lipid changes during cold acclimation afidezing. Welti et al [55] profiled
membrane lipid molecular species Amabidopsis undergoing cold and freezing stresses
using ESI-MS/MS and found that freezing at a stialetemperature induced a decline in
many molecular species of phosphatidylcholine, phatidylethanolamine and
phosphatidylglycerol but induced an increase insphatidic acid and lysophospholipids,
what resulted in destabilizing membrane bilayaicitre.

Gray et al [56] examined the effects of cold acalion on the Arabidopsis
metabolome using a non-targeted metabolic fingetipg approach and found that a global
reprogramming of metabolism occurs as a resultadl @cclimation. They determined
a comprehensive, unbiased assessment of metalotiegses relative to cold acclimation
by measuring an entire spectrum of putative metmsobased on mass-to-charge (m/z)
ratios, vs an individual or group of metabolite(s). The leashifted to low temperature
presented metabolic profiles that were constantignging but leaves developed at low
temperature demonstrated a stable complement gi@oamts.

Kaplan et al [45] explored the temperature-stregtabolome ofArabidopsis and
found that cold shock influenced metabolism far enprofoundly than heat shock. The
steady-state pool sizes of 143 and 311 metabdditemass spectral tags were altered in
response to heat and cold shock, respectively, camparison of heat- and cold-shock
response patterns revealed that the majority of-$tezck responses were shared with
cold-shock responses. Coordinate increases indbégizes of amino acids derived from
pyruvate and oxaloacetate, polyamine precursors camipatible solutes were observed
during both heat and cold shocks. However, it cdoéd highlighted that many of the
metabolites that showed increases in responsetiohieat and cold shocks were previously
unlinked with temperature stress. Similar resukserobtained by Korn et al [57] who used
metabolic profiling to discover combinations of afstlites that predict freezing tolerance
and its heterosis irArabidopsis thaliana. They identified compatible solutes and, in
particular, the pathway leading to raffinose asciaustatistical predictors for freezing
tolerance and its heterosis, while soinecarboxylic acid (TCA) cycle intermediates
contributed only to prediction of the heterotic pbg/pe.

Davey et al [58] used seeds @fabidopsis lyrata ssp. petraea obtained from
populations along a latitudinal gradient, namelyl&aSweden and Iceland and grown in
a controlled cabinet environment to study whetheoggaphically separated marginal
populations ofA. lyrata have distinct metabolic phenotypes associated aiftosure to
cold temperatures. Mannose, glucose, fructosepsacand raffinose concentrations were
different between cold treatments and populatiespecially in the Welsh population, but
polyhydric alcohol concentrations were ndEree amino acid compositions were
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population-specific, with fold differences in maanino acids, especially in the Icelandic
populations, with gross changes in amino acidgjquéarly those associated with glutamine
metabolism.

Salt stress

High salinity caused by either natural (eg climatimnges) or anthropogenic factors
(eg agriculture) is a widespread environmentalsstie that can affect development and
growth of salt-sensitive plants, leading to watefiait, the inhibition of intake of essential
ions and metabolic disorders. Application of NMRséd metabolomics to the investigation
of salt stress in 2, 4 and 6 days old maiZea(mays) plants exposed to 0, 50 or
150 mmol/dm saline solution was performed Bavaghan et al [59]. The shoot and root
extracts were analysed and a clear dose-depentfent, esuperimposed on the growth
effect, was observed for saline treated shoot aod extracts. This was correlated with
increased levels of alanine, glutamate, asparagihgine-betaine and sucrose and
decreased levels of malic acidans-aconitic acid and glucose in shoots. Correlatiati w
salt-load shown in roots included elevated levelsalanine, y-amino-N-butyric acid
(GABA), malic acid, succinate and sucrose and degl&evels of acetoacetate and glucose.
The metabolic effect of high salinity was predomitiya consistent with osmotic stress and
was found to be stronger in the shoots than imdbgs.

Zhang et al [60]analyzed the metabonome (the complete set of nlegibally
regulated elements in cells) of tobacco plants imdynamic responses to salt treatments
using NMR spectroscopy in combination with multieée data analysis in order to
understand the dosage and duration dependencdirifysaffects on plant metabolisms.
The tobacco metabonome was dominated by 40 meteddticluding organic acids/bases,
amino acids, carbohydrates and choline, pyrimidind purine metabolites. A dynamic
trajectory was clearly observable for the tobac@tamonomic responses to the dosage of
salinity. Short-term low-dose salt stress (50 mdmi/NaCl, 1 day) caused metabolic shifts
toward gluconeogenesis with depletion of pyrimidered purine metabolites. Prolonged
salinity with high-dose salt (500 mmol/dn\aCl) induced progressive accumulation of
osmolytes, such as proline and myo-inositol as wslichanges in GABA shunt. Such
treatments also promoted the shikimate-mediatednslscy metabolisms with enhanced
biosynthesis of aromatic amino acids. Salinity eausystems alterations in widespread
metabolic networks involving transamination, TCAclky gluconeogenesis/glycolysis,
glutamate-mediated proline biosynthesis, shikinmggliated secondary metabolisms and
the metabolisms of choline, pyrimidine and purine.

Ghosh et al [61] investigated the responses of tiwe varieties (Nonabokra and
Pokkali) to salinity in terms of some physiologi@ld biochemical attributes. During the
exposure to salinity (200 mmol/driNaCl for 24, 48 and 72 h), a significant increase
sodium was recorded which was also concomitant with changes of other metabolic
profiles like proline, phenol, polyamine, etc. Tlpeotein oxidation was significantly
increased and also varied between the two cultiand the changes in activities of anti-
oxidative enzymes under stress were significantiffe@nt from the control. The
detrimental effects of salinity were also evidentérms of lipid peroxidation, chlorophyll
content, protein profiles and generation of fredicqals, and these were more pronounced in
Pokkali than in Nonabokra.
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Lugan et al [62] studied the relationships betwst&gass tolerance, the metabolome,
water homeostasis and growth performance usingsprezies - a halophytehellungiella
salsuginea and Arabidopsis thaliana which were exposed to osmotic stress. They analysed
a broad range of metabolites by metabolic fingetpryy and profiling and the results
showed that, despite a few notable differencesffinose and secondary metabolites, the
same metabolic pathways were regulated by saltssstin both species. However,
Thellungiella had much higher levels of most metabolites tAaabidopsis whatever the
treatment. Comprehensive quantification of orgamd mineral solutes showed a relative
stability of the total solute content regardlesshef species or treatment, meaning that little
or no osmotic adjustment occurred under stress,thadreduction in osmotic potential
observed in plants under stress was found to résuft a passive loss of water. Differences
were observed in shoot water content of studiedhtpkpecies.Thellungiella shoots
contained less water thamabidopsis shoots and had the ability to lose more waterchvhi
could contribute to maintenance of a water potegtiadient between soil and the plant.
Osmotic stress was also found to impact the mebat®l properties in both species,
increasing the overall polarity. In general, el lungiella metabolome appears to be more
compatible with dehydration. Under salt stré@wllungiella plants accumulated lower
amounts of Cl ions thakrabidopsis but exhibited a similar proline response [63]. Bnd
these conditions abietic acid and jasmonic aci@l&eincreased irabidopsis, whereas
minimal changes in both hormone concentrations wecerded inThellungiella. It was
found that the impact of salt stress on metabplitdiles was higher iiThellungiella than in
Arabidopsis, and obtained data indicated that physiologicapoases irArabidopsis are
induced after stress imposition through hormonagulaion whereasThellungiella has
a basal metabolic configuration better prepareshtture environmental cues.

Water stress

Drought, the most prominent threat to agricultyyedduction worldwide, accelerates
leaf senescence, leading to a decrease in cropsle&s in photosynthesis and reduced
yields, and it is the most serious environmentaitdia limiting the productivity of
agricultural crops worldwide with devastating ecancal and sociological impact [64].

Water deficits and nutrient deficiencies promoteeader relative allocation of
photosynthate to root growth, ultimately resultinglants that have higher root:shoot ratios
and greater capacity to absorb water and mineedgive to the shoots that must be
supported. Plants experience drought stress wheer wapply to roots is decreased and
transpiration rate is higher than water uptake.aNdeficit causes many adverse effects on
plants, eg disruption of water potential gradiefdss of turgor, denaturation of proteins or
disruption of membranes [65]. Drought is one of tmajor factors that limit crop
production. Plants respond to drought stress amtbkecular, cellular and physiological
levels, whereby the response depends on the spmmiegenotype, the length and severity
of water loss, the age and stage of developmempripan and cell type and the sub-cellular
compartment [66].

Sziderics et al [67] observed that drought redugietti of pepper plantsGapsicum
annuum L) cultivated in a greenhouse which were stressedithholding water for 1 week.
This indicated that plants adapted to the decrgasater content of the soil by adjustment
of their osmotic potential in root tissue. As a sequence of drought, strong accumulation
of raffinose, glucose, galactinol and proline a8l &e reduced concentration of polyamines
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in the roots was determined. On the other hantkawmes of pepper plants the water deficit
led to increased levels of fructose, sucrose, tjatzlc cadaverine, putrescine, spermidine
and spermine. Sensitive cultivars of barley accatedl more proline, glycine betaine and
other compatible solutes than tolerant cultiva& EB].

The accumulation of small molecules which functas) compatible solutes has long
been implicated in the acquisition of drought tatere. Sanchez et al [70] used
a non-targeted metabolomic approach to exploretiplagstems responses to non-lethal
drought in model and forage legume species of theuglotus. In Lotus japonicus
increased water stress caused gradual increasewdif of the soluble small molecules
profiled, reflecting a global and progressive repamming of metabolic pathways. The
comparative metabolomic approach betwketus species revealed conserved and unique
metabolic responses to drought stress. As a genebolic trend in response to water
deficit, significant increases of organic acidggans and polyols were determined. Organic
acids included the TCA cycle intermediates succiai@ malic acid, while fructose,
glucose, galactose and maltose and arabitol, arlanid galactitol were amongst the most
accumulated sugars and polyols, respectively. Tmeentration of glutamic, aspartic and
phosphoric acids decreased during drought. On ther chand, amino acids showed
a variable response: the content of proline, leu@ind isoleucine increased, while serine,
glycine and threonine decreased and some aming éegfasparagine, lysine and valine)
showed no significant change. In general, tolepalants accumulate higher levels of
compatible solute and the level of accumulatedtseland primary metabolites may reflect
a gradual global metabolic rearrangement which afgp® be adjusted to the stress-dose
perceived by the plants [71].

Warren et al [72] used GC-MS metabolite profiligyexamine the response of leaf
metabolites to a long (2 months) and severe watesssin two species of the perennial trees
of the genus Eucalyptus (the mesiacalyptus pauciflora and the semi-arideucalyptus
dumosa). Water stress led to more negative osmotic piaterand increased total
osmotically active solutes in leaves of both spgohereby it affected around 30-40% of
measured metabolites iB. dumosa and 10-15% inE. pauciflora. There were many
metabolites that were affected B dumosa but not in E. pauciflora. For example,
in E. dumosa there were increases in five acyclic sugar al®lamld four low abundance
carbohydrates that were unaffected by water sire§s pauciflora. In E. dumosa water
stress increased the levels of galactose, fructiigepse, monosaccharides, sugar acids and
acyclic sugar alcohols derived from galactose, tirse, glucose, however reduction of
compounds that are part of the raffinose/stachybgsynthetic pathway, galactinol
(threefold decrease), myo-inositol (1.7-fold dessaand raffinose (2.5-fold decrease), was
determined. However, notable increase was shownyblphexanepentols: vibo-quercitol
(23-fold increase) and proto-quercitol (1.5-foldriease).

Charlton et al [73] profiled leaf metabolome Ritum sativum L (pea) using 1D and
2D NMR spectroscopy, to monitor the changes indubgddrought-stress, under both
glasshouse and simulated field conditions. Thejbated significant changes in resonances
to a range of compounds, identified as both prinzeny secondary metabolites, highlighting
metabolic pathways that are stress-responsive. mMe&bolites that were present at
significantly higher concentrations in drought-sted plants under all growth conditions
included proline, valine, threonine, homoserine,omgsitol, GABA and trigonelline
(nicotinic acid betaine).
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The increase of the content of greenhouse gaseshén atmosphere due to
anthropogenic activity is connected with the inegedn global temperature, altered
precipitation and increased GQoncentrations [74, 75]. Productive and sustamabl
agriculture requires growing plants (crops) in aitd semiarid regions with less input of
precious resources such as fresh water. Shao pt6hlin their review paper discuss
physiological and molecular insights and effects lmasic plant metabolism, drought
tolerance strategies under drought conditionsghéni plants for sustainable agriculture and
ecoenvironment in arid and semiarid areas of thédwo

Flooding

Flooding imposes a severe selection pressure amsplarincipally because excess
water in their surroundings can deprive them ofaierbasic needs, notably of oxygen and
of CO, and light for photosynthesis [77]. Flooding is erigsus problem for soybeans
because it reduces growth and grain yield. Proteaand metabolomic techniques were
used to examine whether mitochondrial functionlierad in soybeans by flooding stress
[78]. Proteins and metabolites related to the TCycle and GABA shunt were
up-regulated, the amounts of NADH and NAD were éased, but ATP was significantly
decreased by flooding stress.

UV light

Because of ever-increasing environmental detef@rait is likely that the influx of
ultraviolet B (UV-B) radiation § = 280+320 nm) will increase as a result of thelekym
of stratospheric ozone. The UV-B radiation impaats the levels of a broad range of
metabolites, including phenolic, terpenoid and laiikacompounds. The levels of some of
these metabolites increase following UV-B exposuttdle those of others decrease, change
transiently or are differently affected by low ahijh UV-doses [79]. Kusano et al [80]
compared the metabolic responses of wild-tgpabidopsis with that of mutants impaired
in flavonoid or sinapoyl-malate biosynthesis, exgmbso a short (24 h) or a longer (96 h)
exposure to photo-oxidative stress using UV-B lightom evaluation of the dynamic
response of metabolites including flavonoids, siydymalate precursors and ascorbate
(which are well known to play a role in cellularopection from UV-B stress) as well as
a broader range of primary metabolites it couldcbacluded that short-term responses
occur only at the level of primary metabolites, gesting that these effectively prime the
cell to facilitate the later production of UV-B-alybing secondary metabolites.

By means ofn vivo NMR spectroscopy Marangoni et al [81] determirtesl metabolic
profile of living Fabrea salina cells exposed to visible light and to polychromati
UV-B + UV-A + VIS radiation for several differentxposure timesind discovered some
metabolites whose concentration changed specificahon UV exposure and in
a dose-dependent manner. In the first step theeoration of formate, acetate and
saturated fatty-acid metabolites was altered, védsernhe osmoprotection modified the
activity of betaine moieties and other functionakyated metabolites. In the latter pathway,
alanine, proline and sugars suggested a possiblpiént protein synthesis as defence
and/or degeneration mechanisms.

Global metabolic profiling of 'Granny Smith' apgleel was employed for evaluating
metabolomic alterations resulting from prestoragadiation by UV-white light. The
profile, including more than 200 components, 78bich were identified, revealed changes
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in the metabolome provoked by UV-white light irration and cold storage, distinct

temporal changes, before and after cold storagetetk to prestorage irradiation in

a diverse set of primary and secondary metabolibweys. The results demonstrated that
metabolic pathways associated with ethylene syigthasid metabolism, flavonoid pigment

synthesis and fruit texture were altered by presterirradiation, whereby many of the

alterations were detectable after 6 months of stddage in air [82].

Excessive or low irradiance

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

Ku et al [83] investigated the metabolome changegreen tea and shade cultured
green tea (tencha) by LC-MS and GC-MS coupled witiultivariate data set and found
that green tea clearly showed higher levels of ogljuinic acid, epigallocatechin,
epicatechin, succinic acid and fructose togetheth ibwer levels of gallocatechin,
strictinin, apigenin glucosyl arabinoside, quemtetp-coumaroylglucosylrhamnosyl-
galactoside, kaempferolp-coumaroylglucosylrhamnosylgalactoside, malic acahd
pyroglutamic acid than tencha. In addition, greesm showed stronger antioxidant activity
than tencha, indicating that the antioxidant attiaf green tea samples were significantly
correlated with their total phenol and total flae@hcontents.

Miyagi et al [84] analyzed the metabolic pathwayRofmex obtusifolius L, destructive
weed worldwide, which accumulates major organidds@uch as oxalate in leaves and
citrate in stems, in relation to major environméfaators (light and temperature). Light or
dark experiments showed that in the case of thiateaccumulation, the major or the most
dominated pathway was found to be the citrate-ismte-oxalate shunt. Furthermore, under
the dark and/or low temperature (5°C) leaves showgstainable growth with normal
accumulation of TCA metabolites but there was afeddht pattern of metabolite
accumulation in stems and other metabolites (egh@naicids) also showed the organ
specific alterations under the different ambientigmments.

Ozone

Ozone (Q), a serious air pollutant, is known to signifidgnteduce photosynthesis,
growth and yield and to cause foliar injury andessrence. D’Haese et al [85] reported that
2-day Q treatment significantly upregulated synthesis ¢dvdnoid (anthocyanin),
thioredoxin, salicylic acid, auxin and gibberelimArabidopsis thaliana whereas synthesis
of alkyl cinnamates, ethylene and jasmonate wasndegulated. Cho et al [86] applied
integrated transcriptomics, proteomics and metahig® approaches to investigate the
molecular responses to; @ the leaves of 2-week-old rice seedlings expdsdti2 ppm Q
for a period of 24 h.Capillary electrophoresis-mass spectrometry-basetalmlomic
profiling revealed accumulation of amino acigsgminobutyric acid and glutathione i, O
exposed leaves until 24 h over control. The resstiswed that ozone triggers a chain
reaction of altered gene, protein and metabolifgressions involved in multiple cellular
processes in rice.

Metabolomics studies focused on the effects of ezpollution on plant tissues,
specifically on white birchRetula pendula) in field conditions showed that 98 from out of
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339 metabolites determined by GC-MS and HPLC-UV ewassociated with ozone
treatments. The main ozone-caused changes inclirdases in quercetin-phenolic
compounds and compounds related to leaf cuticutex layer, whereas several compounds
related to carbohydrate metabolism and functiortdbroplast membranes and pigments
(such as chlorophyll-related phytol derivativesyevdecreasing [87].

Ossipov et al [88] performed an experiment with tvireh genotypes (GT 2 and GT 5)
that have been grown over seven years on the tvem diglds and for the study of
biochemical responses of the GT 2 to elevatedXJambient) concentration of ozone they
used metabolomics based on the analyses of ligophild polar compounds of birch
leaves. The metabolome database included 331 chkemnats and was analyzed with
descriptive and multivariate statistics. Applicatiof cluster and principle component
analyses clearly discriminated genetically différdsirch trees whereby biochemical
discrimination between phenotypes of control andneztreated birch trees of GT 2 was
found. Elevated concentration of ozone increaseeldeof some lipophilic compounds such
as l-dotriacontanol, squalene, octadecanoic acitvadiee and pentacyclic triterpenoid
20,24-epoxy-dammaran-3-ol and decreased levelsetfinethyl-2-hexadecen-1-ol. In
contrast, levels of polar compounds, such as ocgagids (malic and quinic) and
carbohydrates (arabinose, fructose and galactoseg wecreased in response to ozone
exposure. It was confirmed that treatment of biregies by ozone increased the levels of
chlorogenic acid and of three flavonoid-glycosiddewever, the total content of flavonoid-
glycosides and the content of chlorogenic acid weedefold higher in the leaves of the
genotype sensitive to ozone (GT 5) than in thedsaf the ozone-tolerant genotype GT 2.

Pulsed electric field-induced stress

Metabolite profiling was used to characterize stresponses of potato tissue subjected
to reversible electroporation, usipglsed electric fields (PEF), which is an artificial stress.
Wounded potato tissue was subjected to field sthesngranging from 200
to 400 V/cm, with a single rectangular pulse of 4. mlectroporation was demonstrated by
propidium iodide staining of the cell nuclei. Metdib profiling of data obtained through
GC-(TOF)-MS and UPLC-(TOF)-MS complemented withhogonal projections to latent
structures clustering analysis showed that 24 dr #fie application of pulsed electric fields
potato (PEF)-specific responses in the potato noditath were characterized by the changes
in the hexose pool that may involve starch andrcacid degradation [89].

Mechanical stress

Ceoldo et al [90] applied a metabolomic approadlovdieed by principal components
and partial least square analysis for investigatiimgeffect of environmental factors on two
Daucus carota L cv. Flakkese cell lines (R3M and R4G), which redallity to produce
anthocyanins in the light and the dark, respedtivAl positive correlation between total
anthocyanin, hydroxycinnamic and hydroxybenzoid amtcumulation was found in both
lines. Moreover, mechanical stress (obtained byreeming flask agitation) induced
overproduction of all anthocyanins, hydroxycinnanaied hydroxybenzoic acids except
sinapic acid derivatives, whose accumulation whibited.

Strazzer et al [91] used a red bagicimum basilicum) cell line (T2b) rich in
rosmarinic acid for the stable production of antfamins in the dark. They subjected cell
suspension cultures to mechanical stress througredsed agitation (switch from 90
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to 150 rpm) and analyzed the cell extracts by HRir@ LC-MS. It was found that
mechanical stress increased the total anthocyamirr@marinic acid contents, but reduced
biomass accumulation. Whereas many metabolites weheced by mechanical stress,
including rosmarinic acid and some of its derivasivmost anthocyanins, hydroxycinnamic
acids and flavonoids, the abundance of some roeinatid dimers was reduced

High and low levels of CQ

Renberg et al [92] used GC-MS-TOF technique tordgtee major metabolite changes
during induction of the carbon-concentrating medtranin the unicellular green alga
Chlamydomonas reinhardtii. In total, 128 metabolites with significant diféerces between
high- and low-C@grown cells were detected, of which 82 were whally partially
identified, including amino acids, lipids and canlgdrates. It was shown that in a 24h time
course experiment the concentration of amino asiEtine and phenylalanine increased
transiently, while the content of aspartate andaghate decreased after transfer to low,.CO
Metabolomic examination comparing low-g@reatment to high-COcontrol that was
performed at the 3 h time point showed that theslewf five metabolites involved in
photorespiration, 11 amino acids and one lipidéased, while the levels of six amino acids
and, interestingly, 21 lipids were significantlyler. The results showed that the metabolic
pattern during early induction of the carbon-coni@ing mechanism fitted a model where
photorespiration was increasing.

Miyagi et al [93]studied conversion of fixed carbon to oxalate usimgw leaves”, ie,
leaves removed from 2-month-olBumex obtusifolius L plants grown under different
environmental conditions. The results showed thbilization of metabolites from stems to
new leaves, where active TCA cycle and oxalatevgagh occurred. These authors found
significant changes in metabolite accumulatiorRinobtusifolius plants exposed to high
carbon dioxide level (1000 ppm) and nutrients (Haad's formulation). The accumulation
of most abundant metabolite oxalate in leaves fastad by both higlCO, as the carbon
source and nutrients and the results indichse the common weeR. obtusifolius may
proliferate in cultivated lands under high £iével, a potential cause of global warming.

Levine et al [94] employed non-targeted and tadjetetabolite profiing by GC-MS
and LC-MS to examine primary and secondary mettgsoin wheatTriticum aestivum, cv
Yocoro rojo) continuously exposed to suboptimald(4pm), near-optimal (1500 ppm) and
supra-optimal (10,000 ppm) atmospheric ;d€vels for 14, 21 and 28 days. They found
that metabolite profile was altered by both &dd physiological age. Plants grown under
high CQ, exhibited a metabolite profile characteristic tdey plants under ambient GO
and elevated COresulted in higher levels of phosphorylated suggrmediates. Whereas
the percentage increase of starch content resuttimg CO, enrichment declined as plants
developed, elevated G@romoted the accumulation of secondary metaba(ftagonoids)
progressively to a greater extent as plants becaatere.

Pears Pyrus communis L cv. Conference) when stored under low oxygerlevated
carbon dioxide conditions may develop brown spote do oxidation of phenolic
compounds and eventually, cavities in the centrtheffruit. Based on metabolic profiling
using GC-(EI-TOF)-MS it was found that brown tissuas clearly characterized by
a distinctive pattern in changes which includedeardase of malic acid and an increase in
fumaric acid and GABA, which indicated a reducedabelic activity at the level of the
Krebs cycle and a putative block of the GABA shpathway [95]. On the other hand,
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increased gluconic acid concentration might betedl@ao ascorbic acid degradation due to
insufficient reducing equivalents or to an impaigeehtose phosphate pathway. Similarly,
the concentrations of other compounds which areewed to be related to hypoxic stress
response (eg trehalose and putrescine) were atsidewvably higher in brown tissue than in
sound tissue. The increased concentration of sargars found in xyloglucans during
brown development possibly indicates cell wall kosavn due to enzymatic processes or
chemical reactions of hydroxyl radicals.

Oxidative stress

Baxter et al [96] investigated the metabolic resmof heterotrophidrabidopsis
thaliana cells treated with menadione to oxidative stré@$ee stress had a profound effect
on the central metabolic pathways and caused ew&emetabolic inhibition of the
tricarboxylic acid cycle. Oxidative stress also leddecreases in amino acids such as
glycine, serine and alanine that are not direailynected to the TCA cycle.

Lehmann et al [97] investigated the responseArdbidopsis roots to menadione
treatment, analyzing the transcriptome, metabolantekey metabolic fluxes with focus on
both primary and secondary metabolism. It was alsown that menadione (used for
induction of oxidative stress) caused redox pedtiol, not just in the mitochondrion but
also in the cytosol and plastids of roots, andhi@ first 30 min of treatment there was
a decrease in metabolites of the TCA cycle and amaid biosynthesis. After 2 and 6 h of
treatment metabolite levels in the root did notaendepressed, but instead recovered and,
in the case of pyruvate, some amino acids and aliplglucosinolates showed a steady
increase above control levels. However, no majangks in fluxes of central carbon
metabolism were observed. These results suggdsiédabt tissues can recover metabolic
activity after oxidative inhibition and highlightgubtentially important roles of glycolysis
and the oxidative pentose phosphate pathway.

Nutrient deficiency

Mineral nutrients are essential for plant growthl alevelopment because they affect
and regulate fundamental processes of plant plogioland biochemistry, such
as photosynthesis and respiration. Depending on tp@at the growth requirement for
a given nutrient, the nutrient is referred to akegi macronutrient (eg nitrogen, phosphorus,
potassium, sulphur, magnesium) or micronutrient i(eg, zinc, etc). Limited supply of
nutrients is unfavourable for plant growth and depment and such abiotic stress can
significantly affect plant metabolism [98].

Nitrogen

Plants can assimilate inorganic nitrogen sourcesrt@nic nitrogen such as amino
acids. Nitrogen is the most important of the mihenatrients required by plants and its
metabolism is tightly coordinated with carbon metam in the fundamental processes that
permit plant growth. Metabolomics is a biochemiapproach useful for study of nitrogen
metabolism, because metabolites not only refleetuttimate phenotypes (traits), but can
mediate transcript levels as well as protein led#lsctly and/or indirectly under different
nitrogen conditions [99].
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Lubbe et al [100] investigated the effect of fézdél on galanthamine production in
Narcissus bulbs in a field study using aH NMR metabolite profiling approach.
Galanthamine was quantitated and major metaboaiitethe bulbs were identified. The
application of standard fertilization levels ofroijen and potassium caused a significant
increase in galanthamine as compared with a corittoltivariate data analysis of tHel
NMR data revealed that applying double the stantkarel of nitrogen fertilizer resulted in
production of more amino acids and citric acid eydhtermediates, but not more
galanthamine.

Hirai et al [101] integrated metabolomics and tcaipgomics in investigation
of gene-to-metabolite networks regulating sulphod aitrogen nutrition and secondary
metabolism inArabidopsis. Mathematical analyses, including principal comguranalysis
and batch-learning self-organizing map analysigrahscriptome and metabolome data
suggested that beside general responses to sudptturitrogen deficienciespecific
responses to either sulphur or nitrogen deficiemogurred in several metabolic pathways:
in particular, the genes and metabolites involvedlucosinolate metabolism were shown to
be coordinately modulated.

Rice plants grown in paddy fields preferentiallyeuammonium as a source of
inorganic nitrogen. The conversion of ammonium latagnine is catalysed bglutamine
synthetase (GS). Kusano et al [102] performed quantitativenparative analyses between
the metabolite profiles of a rice mutant lacking334 ;1 gene (gene encoding cytosolic GS
in rice which is critical for normal growth and grafilling) and its wild type. They
observed severe retardation of shoot growth ofrtiant in the presence of ammonium (in
comparison to the wild type) and overaccumulatibfree ammonium in the leaf sheath and
roots. The mutant plants exhibited severe retavdadif shoot growth in the presence of
ammonium compared with the wild type. Overaccunitabf free ammonium in the leaf
sheath and roots of the mutant indicated the impog of OsGS1;1 for ammonium
assimilation in both organs. The metabolite prefilef the mutant line revealed:
(1) an imbalance in levels of sugars, amino acits metabolites in the tricarboxylic acid
cycle and (2) overaccumulation of secondary metedsolparticularly in the roots under
a continuous supply of ammonium. Metabolite-to-rbetiie correlation analysis revealed
the presence of mutant-specific networks betwegnamine and other primary metabolites
in the roots.

Sulphur

Sulphur assimilation by plants plays a key rolethe sulphur cycle in nature, and
metabolism of the assimilated sulphur provides owggi compounds that are useful for
animals and human population [103]. At the timgetrtory of sulphur stress response, two
system states can be distinguished. The first staghort-term responses is characterized
by the development of enhanced lateral roots ekgjahe space in search for the lacking
nutrient. When this physiological reaction cannetazcomplished by bringing the system
back to the initial state of sulphur sufficiencypew program is toggled aiming at saving the
organism resources for vital seed production [1NJIR metabolite profiling revealed
significant effects of suboptimal nitrogen or sulpisupply in leaves but not in developing
grains. The analysis of amino acid pools in théngaad leaves revealed a strategy whereby
amino acid biosynthesis switches to the productidnglutamine during grain filling.
Glutamine accumulated in the first 7 days of gdenelopment, prior to conversion to other
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amino acids and protein in the subsequent 21 ddigogen deficiency resulted in much
slower accumulation of grain nitrogen and sulphurd dower final concentrations,
indicating that vegetative tissue nitrogen haseagr control of the timing and extent of
nutrient remobilization than sulphur [105].

Phosphorus

Phosphorus is an important determinant of proditgtiof C-3 and C-4 plants.
Ghannoum et al [106] examined dynamic responsehtisghorus deficiency in tropical
grasses Kanicum laxum (C-3) andPanicum coloratum, Cenchrus ciliaris and Panicum
maximum belonging to the C-4 subtypes) which were growdeurcontrasting phosphorus
supplies, including phosphorus withdrawal from gm@wing medium. They compared
changes in photosynthesis and growth with leaf afaytirate contents and metabolic
fingerprints obtained usingH NMR. The response of GOassimilation rates to leaf
contents of inorganic phosphate was linear in tHedtass, but asymptotic for the three C-4
grasses. Principal component analysis of thé\MR spectra revealed distinctive profiles
of carbohydrates and amino acids for the four §e@nd photosynthesis of the three C-4
grasses had a higher phosphate use efficiencycaver inorganic phosphate requirement
Although each of the four grass species showethdiiste ‘H NMR fingerprints, there were
no differences in response that could be attribtddgtie C-4 subtypes.

Wild-type cells ofC. reinhardtii strain CC-125 subjected to nitrogen-, phosphorus-,
sulphur-, or iron-depleted growth conditions depelighly distinctive metabolite profiles.
Individual metabolites undergone marked changethéir steady-state levels. Compared
with control conditions, sulphur-depleted cells woalated 4-hydroxyproline more than
50-fold, whereas the amount of 2-ketovaline wasuced to 2% of control levels and
phosphorus-depleted conditions induced a deficiesyeydrome quite different from the
response to nitrogen, sulphur, or iron starvativ].

Zinc

Citrus Huanglongbing (HLB) is considered the mosstductive citrus disease
worldwide, however, symptoms-based detection of Hd Bifficult due to similarities with
zinc deficiency. Cevallos-Cevallos et al [108] us&L-MS methods for untargeted
metabolite analysis in extracts from healthy, ziledicient or HLB-infected sweet orange
leaves. Significant (p < 0.05) differences in oxdamedioic acid, arabitol and neo-inositol
were exclusively detected in samples from plantk ginc deficiency.

Iron

Jiménez et al [109] evaluated the metabolic char@fethree Prunus rootstocks
submitted to iron chlorosis and their differentpesses for tolerance using measurements
of metabolites and enzymatic activities. Sugaranig and amino acid concentrations of
root tips were determined after two weeks of irbarsage by proton NMR spectroscopy of
extracts;complementary analyses of organic acids were padgdrby LC-MS.The major
soluble sugars found were glucose and sucrosem#jer organic acids were malic and
citric acids, and the major amino acid was aspagaghfter two weeks of iron deficiency
root sucrose, total organic and amino acid cona#aotrs andphosphoenolpyruvate
carboxylase (PEPC) activity increased; the malic, citric anttanic acid concentrations
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increased in three rootstocks. Whereas the tolemistock Adesoto showddgher total
organic and amino acid concentrations, the suddeptotstock Barrier showed lower total
amino acid concentration and PEPC activity valuesom these results it could be
concluded that the induction of this enzyme agtivinder iron deficiency indicates the
tolerance level of rootstocks to iron chlorosis.

Rellan-Alvarez et al [110] investigated changethin proteomic and metabolic profiles
of Beta vulgaris root tips in response to iron deficiency and re@dupdron deficiency and/or
resupply caused significant changes (p < 0.05)ha levels of 62 out of 77 identified
metabolites and in the response ratios of 26 métabolLarge (> 4-fold) increases were
found for some organic acids (citric and aconittiddy some sugars (sucrose, myo-inositol
and those of theaffinose family of oligosaccharides (RFO), namely galactinol and
raffinose), nicotianamine and 2-aminoadipic aciche Tresponse ratio of oxalic acid
decreased markedly in iron deficient conditions,exmglas those of other amino acids,
nitrogen compounds, lipid metabolites and othets rit show large (> 4-fold) changes
when compared with the iron-sufficient controls. rAajor change in carbohydrate
metabolism was the large increase in RFO compoy8ds to 16-fold changes in the
response ratios of galactinol and raffinose, retbpeyg) that occurred in roots with Fe
deficiency. This increase was higher than that dofian sucrose (5-foldRFOs have diverse
roles in plants, including transport and storagearbon [111] and acting as compatible
solutes for protection in abiotic stresses [113]10ther explanation for the large increase
in the relative amounts of RFOs could be the ahittfunction as antioxidants. Metabolite
studies revealed large increases in organic atidijding a 20-fold citric acid increase.
These increases in TCA cycle organic acids wittd&&ciency are coupled with increases
in glycolysis [114] and root carbon fixation by REP

Herbicides

In regards to the study of agroecosystems, metaiicdo enables monitoring of
metabolic changes in association with biotic orotibi agents such as agrochemicals.
Focusing on crop protection chemicals, a greatreffmas been given towards the
development of crop protection agents safer foisaorers and the environment and more
efficient than theexisting ones. Metabolomics has been so far a kkdutol for high-
throughput screening of bioactive substances inerorh discover those with high
selectivity, unique modes of action and accepta@goletoxicological/toxicological profiles
[115].

Rapid classification and identification of the moafeaction of bioactive compounds
applied to plants can be achieved by a robust asg-®-use metabolic-profiling method.
This method uses artificial neural network analggi4¢D 'H NMR spectra of aqueous plant
extracts to classify rapidly changes in the totaetaholic profile caused by application of
crop protection chemicals [116].

Sauter et al [117], using GC, quantified a largaeeg of common plant metabolites in
a single chromatogram and compared peak intengititse profiles obtained with barley
seedlings treated with various herbicides (at shbledoses) and with bioregulators with
those from untreated plant profiles. Computer gadigvaluation of the resulting data
revealed that, generally, the treatments give dymible “response patterns” characteristic
of the respective treatment and showed that metalpodfiling is useful in classifying
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compounds of known or unknown modes of action om Ilasis of the characteristic
response patterns.

Aliferis and Chrysayi-Tokousbalides [118] investiggdithe biochemical mode of action
of (5S 8R, 135 16R)-(-)-pyrenophorol isolated from @rechsera avenae pathotype using
metabolic fingerprinting. For rapid screening of/faioxic substances for metabolic effects
the researchers compardd NMR spectra of crude leaf extracts from untreateena
sterilis seedlings and\. sterilis seedlings treated with pyrenophorol with thoseait#d
from treatment with the herbicides diuron, glyptiesanesotrione, norflurazon, oxadiazon
and paraquat. The results of multivariate analysigealed that none of the herbicide
treatments fitted the pyrenophorol model and ingidghat the effect of the phytotoxin on
A. derilis differs from the effects caused by glyphosate, ateme, norflurazon,
oxadiazon, paraquat and diuron, which inhibit Slpyvylshikimate-3-phosphate
synthase, 4-hydroxyphenyl-pyruvate-dioxygenasetqane desaturase, protoporphyrinogen
oxidase, photosystem | and photosystem II, resgygti

Lange et al [119] used isolated peppermMeértha piperita) oil gland secretory cells
as an experimental model system to study the sffettthe herbicides fosmido-mycin,
phosphonothrixin, methyl viologen, benzyl viologetiomazone, 2-(dimethylamino)ethyl
diphosphate, alendronate and pamidronate on thds pob metabolites related to
monoterpene biosynthesiga the mevalonate-independent pathway and found tiatyn
developed isolation protocol for polar metaboliiggether with an improved separation and
detection method based on liquid chromatographysmsgectrometry have allowed
assessment of the enzyme targets for a numbeesé tierbicides.

Saflufenacil (Kixor™) is a protoporphyrinogen IX idase (PPO)-inhibiting, new
peroxidizing herbicide of the pyrimidinedione cheaiiclass for preplant burndown and
selective preemergence dicot weed control in meltguops, including corn. With the use
of treated duckweed plants Grossmann et al [128ppaed metabolite profiling based on
guantification of metabolite changes, relative tatreated controls. Physiological and
metabolite profiling suggested a mode of actionilainto inhibitors of PPO in tetrapyrrole
biosynthetic pathway. Saflufenacil inhibited PPOzyame activity in vitro with 50%
inhibition of 0.4 nmol/dr for the enzymes isolated from black nightshadéyetteaf and
corn, while PPO inhibition by saflufenacil causectwanulations of protoporphyrin IX
(Proto) and hydrogen peroxide B}) in leaf tissue of black nightshade and velvetleaf

Ott et al [121] subjected crude isolates from m&giZzea mays) plants treated with
various herbicides such as imazethapyr, glyphosathpxydim and diuron, which represent
various biochemicalmodes of action (MOA) such as inhibition of specific enzymes
(acetohydroxy acid synthase, PPO, 5-enolpyruvyistake-3-phosphate synthase, acetyl
CoA carboxylase, etc), or protein complexes (phatesns | and 1), or major biological
processes such as oxidative phosphorylation, atreinsport, microtubule growth and
mitosis to '"H NMR spectroscopy, and the spectra were classifigdartificial neural
network analysis to discriminate the herbicide nsodeaction. For the study 27 herbicidal
compounds representing inhibitors for 19 differstf®As were used. The authors showed
the feasibility of'H NMR spectroscopy of plant extracts in combinatisith artificial
neural network analysis to distinguish treated dasfsom untreated (control) samples and
discriminate, with high reliability, the modes oftian of many different, commercially
important herbicides. NMR was shown to be sensitv®ugh to produce fingerprint
information that enables the researcher to disbetween related MOAs, and about twenty
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MOA classes have been discerned by the automatdé@riparecognition approach.
Compounds affecting the same target enzyme arsifdakby their metabolic profile to the
corresponding MOA, even if only one reference coumgbis used to create the signature
for that MOA. Detailed analysis also highlightedfeliences between compounds of a series
that affect the same target but that are beinglmétad differently.

Trenkamp et al [122] conducted a comprehensive métaphenotyping of primary
metabolism of photosynthetic tissueAvfbidopsis thaliana following spray treatment with
a number of commercially used herbicides (glufasinasulcotrione, foramsulfuron,
benfuresate, AE944Nf-(1-ethyl-3-phenylpropyl)-6-(1-fluoro-1-methylethyl,3,5-triazine-
2,4-diamine] and glyphosate) using a well establisticC-MS profiling method. They
identified and quantified in excess of 80 polar abelites and a similar number of
lipophilic components and determined causal charigeshe metabolite profiles by
following their time-dependent changes using aasesampling strategy. The resultant
profiles were compared both by looking at the latgdanges in a metabolite by metabolite
manner and by performance of statistical analyses.

Zou et al [123] reported a novel approach to detectnalysis and characterization of
low-abundant metabolites using herbicide clomazdineir methodology derived from the
predictive multiple reaction monitoring (PMRM) mode available orriple-quadrupole
linear ion trap (QQQ-LIT)-MS systems offered the highest sengitivémong various
acquisition modes for studying trace levels of rhelites of the herbicide clomazone in
plants and allowed the identification of positionabmers of metabolites. Unknown
metabolites were further identified and validatgdobtaining 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 oyaession of GmGSTU4 isoenzyme
from transgenic tobacco plants confers increasddraioce to the chloroacetanilide
herbicide alachlor. Kissoudis et al [124] studikd effect of alachlor treatment (3 mgRjm
on the metabolome dh vitro grown wild type and GmGSTU4 overexpressing tobacco
plants of cv. Basmasand for identification of metabolitegas chromatography/mass
spectrometry (GC/MS) was usedAlachlor treatment had a significant effect on kel of
several metabolites in the wild-type plants comgaséh the controlsignificant decrease
was observed mainly in the relative concentratibpyouvate, succinate, maltose, melibiose
and tryptophan.On the other hand, mannitol, hydroquinone and peolievels were
significantly increased. Comparing the metabolonfiewidd type and transgenic plants
treated with alachlor, several metabolites werentifled as differentially altered.
Transgenic plants exhibited significantly increakmaebls of acetyl-serine (a precursor in the
biosynthetic pathway of glutathione, a major deiaemt of alachlor detoxification);
an increase was also observed in tryptophan, grofiraltose, melibiose and hydroquinone
levels. On the other hand, compared to wild-tymentd, a significantly decreased level of
metabolites was determined for glucose, fructogk rmannitol. The results indicated that
increased tolerance to alachlor of transgenic tofbgdants is an outcome of sustained
metabolic homoeostasis and enhanced detoxificatibantial that leads to the continuation
of growth in the presence of the herbicide.

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

Heavy metals

Since the beginning of the industrial revolutionlgtion of the biosphere with toxic
metals has accelerated dramatically [126], andacoimation of agricultural soil by heavy
metals has become a critical environmental condeento their potential adverse ecological
effects. Plants grown in soil containing high levef heavy metals show visible symptoms
of injury reflected in terms of chlorosis, growifhibition, browning of root tips, hindered
transfer of micronutrients from root to shoot, gatien of oxidative stress aneactive
oxygen species (ROS), alterations in the germination process,ugiton of biomembrane
lipids as well as in deleterious effects on plartygiological processes such as
photosynthesis, water relations and mineral natrifL27].

Bailey et al [128] used high fieldH NMR spectroscopy in conjunction with
chemometric analysis to obtain information regagdinctuations in endogenous metabolic
profiles for Crotalaria cobalticola plant cells following exposure to cobalt chloride.
Branched chain amino acids, succinate and secomdetgbolite precursors phenylalanine
and tyrosine were all higher in the control samplesilst choline, glutamate, alanine and
lactate were higher in the dosed samples. Li Et28] exposedrassica carinata seedlings
to increasing concentrations of the non-physiolalgion lithium and found significant
effects on the germination rate, root length, abpdiyll content and fresh weight
in brown-seeded and yellow-seeded near-isogenies.liMetal content analysis and
phytochemical profiling indicated that lithium wagper-accumulated, and the lipid and
phenolic composition dramatically changed in bresgeded seedlings. Here, sinapic acid
esters and chloroplast lipids were replaced by detez derivatives, resveratrol and
oxylipins after lithium exposure. In contrast, yalow-seeded plants maintained the same
phenolic and lipid composition before and afterasyre to lithium and did not tolerate the
high metal concentrations tolerated by the broweded line.

The exposure of tomato plants to various cadmiumcentrations resulted in
significant changes in primary metabolism compouredpecially in the accumulation of
some amino and organic acids involved in celluampartmentation and detoxification of
cadmium [130]. Roessner et al [131] used a metahiokapproach to compare metabolite
profiles in root and leaf tissues of an intoleracbmmercial cultivar (cv Clipper) and
a boron-toleranflgerian landrace (cv Sahara) exposed to elevated boron concentgatio
(200 and 100Qmol/dnT). They found that the number and amplitude of tmaltee changes
in roots was greater in Clipper than in Saharati@nother hand, leaf metabolites of both
cultivars responded only after treatment with higheron concentration, at which boron
toxicity symptoms (necrosis) were visible. Overdtlere were always greater differences
between tissue types (roots and leaves) than betihegwo cultivars.

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

The response of tomato plants to long-term cadméwgposure was evaluated after
a 90-days long culture in hydroponic conditions 20, and 10Qumol/dn? CdCh) [133].
Cadmium preferentially accumulated in roots and tower extent in upper parts of plants.
Absolute quantification of 28 metabolites was afedi throughtH NMR, HPLC-PDA and
colorimetric methods. The principal component asialghowed a clear separation between
the control and cadmium treated samples. Prolidet@tal ascorbate amounts were reduced
in cadmium-treated leaves, whereagocopherol, asparagine and tyrosine accumulation
increased, principally in 100mol/dn? cadmium-treated leaves. Carotenoid and chlorophyll
contents decreased only in 1ifhol/dn? cadmium-mature leaves, which correlates with
a reduced expression of genes essential for isojgrend carotenoid accumulations. The
results of Hediji et al [133] showed that tomat@amis acclimatized during long-term
exposure to 2Qmol/dnT cadmium. On the contrary, 1Q@mol/dn? cadmium treatment
resulted in drastic physiological and metabolic tyrdrations leading to plant growth
limitation and fruit set abortion.

The metabolic responses dfrabidopsis thaliana to cadmium exposure was
characterized by Sun et al [134] who cultivated #hethaliana plants in the medium
contaminated with different cadmium concentrati¢®s5 and 5Qumol/dn?, respectively)
for 2 weeks. Metabolite analyses were performedgu€C-MS. More than 80 metabolites
characterized by retention time indices and specifass fragments were identified. The
levels of carbohydrates, organic acids, amino aaids other stress-responsive metabolites
changed under cadmium stress. Treated plants shomedased levels of alanine,
B-alanine, proline, serine, putrescine, sucroseadner metabolites with compatible solute-
like properties, notably 4-aminobutyric acid, glsae raffinose and trehalose, compared
with the control (untreated) plants. Studies intidathat concentrations of antioxidants
(a-tocopherol, campesterd;sitosterol and isoflavone) also increased sigaifity. These
results confirm the important role of antioxidargfehces in the mechanisms of plant
resistance to cadmium stress and suggested thabofiet profiling is a powerful tool that
can help to rapidly classify environmentally moelifi plants and simplify the process of
cadmium stress responses.

Rice root metabolome analysis was also carriedomutlate differential transcriptome
data to biological processes affected by Cr(VIgsgrin rice. The findings clearly suggested
that a complex network of regulatory pathways matasd chromium-response of rice. The
integrated matrix of both transcriptome and metainal data after suitable normalization
and initial calculations provided a visual pictwokthe correlations between components.
Predominance of different motifs in the subsetsgefies suggested the involvement of
motif-specific transcription modulating proteinsdnromium stress [135].

In order to investigate the metabolomic changesidad by metal ions iBrassica,
plants were subjected to concentrations 50, 100,828 50Qumol/dn? of copper, iron and
manganese in separate treatmeiitdNMR and 2D*H NMR spectra coupled witprincipal
component analysis (PCA) andpartial least square-discriminant analysis (PLS-DA) were
applied to investigate the metabolic chang®iiassica rapa (var. Raapstelen) [136]. The
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'H NMR analysis followed by the application of chemeiric methods revealed a number
of metabolic consequences. Among the metabolitas showed variation, glucosinolates
and hydroxycinnamic acids conjugated with malatesewfound to be the discriminating
metabolites as were primary metabolites like caydodtes and amino acids. This study
shows that the effects of copper and iron on ptaetabolism were larger than those of
manganese and that the metabolomic changes variezhly according to the type of metal
but also according to its concentration.

Le Lay et al [137] investigated the incorporatiamddocalisation of**Cs in a plant
cellular model, and the metabolic response indweasl analysed as a function of external
potassium concentration. The cellular responsehéocaesium stress was analysed using
metabolic profiling.*C and®P NMR analysis of acid extracts showed that theabmome
impact of the caesium stress was a function of gsiden nutrition. These analyses
suggested that sugar metabolism and glycolyticeBuwere affected in a way depending
upon the medium content in"Kons.

Multiple stresses

Usually one kind of stress is accompanied or foldvlby another stress. For example,
heat stress can be accompanied by drought stressodphysical loss of water, and cold
stress can be followed by drought stress due tsiplogical unavailability of water. When
two or more stresses co-occur, their effects aneetimes additive, while in other cases the
influence of one stress has priority. The effedta combination of stress-factors on crops
might be more severe than the effects of the sdarasses applied separately. Whereas the
effects of different single-stress factors to mawnkere thoroughly investigated for a long
time, the bioinformatics tools for analyzing thenguex data generated by experiments
under multiple stressing conditions was developdy @cently [138, 139].

Drought-heat stress

The combination of drought and heat stress reptesam excellent example of two
different abiotic stress conditions that occurha field simultaneously. The combination of
drought and heat stress results in significantgatgr detrimental effect on the growth and
productivity of these crops compared with eachhefdifferent stresses applied individually
[140, 141].The response éfabidopsis plants to a combination of drought and heat stress
was found to be distinct from that of plants sutgdcto drought or heat stress [47].
Metabolic profiling of plants subjected to drougintheat stress or a combination of drought
and heat stresses revealed that plants subjeceddmbination of drought and heat stress
accumulated sucrose and other sugars such as enaltabs glucose. In contrast, proline
accumulated in plants subjected to drought did aotumulate in plants exposed to
a combination of drought and heat stress. Headsstsas found to ameliorate the toxicity of
proline to cells, suggesting that during the expegno a combination of drought and heat
stress sucrose replaces proline in plants as tfgr wsmoprotectant.

Drought-salinity stress

Rice Oryza sativa L) is one of the most important crops in the wpddd its growth is
influenced by several environmental stresses, aaarought and high salinity. Fumagalli et
al. [142] investigated the metabolic profile in stand roots of two rice cultivars (Arborio
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and Nipponbare) using'H-high-resolution magic angle spinning (HR MAS)
and liquid-state NMR experiments. They found thiadbat and root growth of Arborio
seedling was more sensitive to drought and sadsstthan those of Nipponbare. They
determined a significant accumulation of amino sa@dd sugars in shoots and roots under
stress conditionsvith clear differences between the two analysed dualtivars, whereby
Arborio seedlings accumulated a higher concentrattb amino acids and sugars than
Nipponbare seedlings.

Cramer et al [143] performed metabolite profiliogdefine metabolic pathways Vfitis
vinifera cv. Cabernet Sauvignon exposed to a graduallyieppind long-term (16 days)
water-deficit stress and equivalent salinity stré@$gey found that water deficit caused more
rapid and greater inhibition of shoot growth thad dalinity at equivalent stem water
potentials. Metabolite profiling revealed reductmfrsucrose, aspartic, succinic and fumaric
acids and the accumulation of proline, asparagiradic acid and fructose under salt stress,
but there were higher concentrations of glucosdatmand proline in water-deficit-treated
plants as compared with salinized plants. The naditabdifferences were linked to
differences in transcript abundance of many geneslved in energy metabolism and
nitrogen assimilation, particularly photosynthesifijconeogenesis and photorespiration.
Water-deficit-treated plants appear to have a higleenand than salinized plants to adjust
osmotically,detoxify free radicals (ROS) and cope with photoinhibition.

Elevated COy-salinity

Kanani et al [144] investigated the combined eftdatlevated C@conditions and salt
(NaCl) stress on metabolic physiology Af thaliana hydroponic cultures over the first
30 hours of continuous perturbation. It was foumat het holistic effect of the salinity stress
was stronger at metabolic levels than that of tlewated CQ conditions, the combined
effect of the elevated G&onditions and salinity stress on the metaboligsfgtogy of the
plants was milder than that of the salinity strakme. Differences in the acute and the
longer-term responses of the plants to any of ttesses during the first 30 h of treatment
were observed as well. Mitigation of the oxidatisieess induced by increased salinity
through the application of elevated £@as determined also with two barley cultivars
[145], and the protective role of elevated Ofas 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 celidlanctions at different levels, an
integrative approach to large-scale experimentsafied “omics” data, including genomics,
transcriptomics, proteomics and metabolomics, i®ded. Integration of metabolite
profiling with other multiple “omics” data (eg tracript profiling) is required to reconstruct
complex networks that characterize the phenotypdése cell. However, metabolomics data
are different from transcriptomics and proteomiasadin which correlated metabolites are
not always likely to be associated with a commomwldgical function. Although
comprehensive and systematic comparison of theholetaic correlations across different
species, tissues, genotypes and stress treatmentsequired, a combination of
transcriptomics data and metabolomic correlatisres promising concept for understanding
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of the underlying biochemical systems in cellulatabolism and their regulations. Tire
silico analysis of genes and metabolites using publigdilable data can further construct
gene-to-metabolite networks. Such meta-analysiatdwystems biology can accelerate the
studies required to fill in the missing blank spitsour knowledge of cellular processes.
However, due to technical limitations of metabolodetecting, the set of publicly available
metabolome data is generally smaller than that ainscriptome data [148].
Transcriptomics, metabolomics, bioinformatics aighfthrough-put DNA sequencing have
enabled active analyses of regulatory networks ¢batrol abiotic stress responses. Such
analyses have markedly increased our understamdigipbal plant systems in responses
and adaptation to stress conditions. Integratedc¢®hanalyses are necessary to identify the
broad function of metabolite regulatory networksig responses to abiotic stresses [149].
The continued evolution of agrochemistry dependsnufpe adoption of novel methods to
target discovery, mode of action and lead compodedtification. The use of “omics”
technologies is a logical approach to expanding ahgenal of tools available in this
important industry [150].

Conclusion

At present the mankind needs a “second” green uéieol to improve the yield of crops
grown in infertile soils by farmers with little agss to fertiliser. Just as the green revolution
was based on crops responsive to high soil fertilite “second” green revolution will be
based on crops tolerant of low soil fertility. Miethomics offers us the opportunity to gain
deeper insights into and have better control ofttheamental biochemical basis of food. It
can significantly contribute to design modified é&dng programmes aimed at better quality
production, optimised food processing strategia attimately, improved (micro)nutrient
bioavailability and bioefficacy as well as to bettanderstanding of the pathways
responsible for biosynthesis of nutritionally redev metabolites. Such large-scale analyses
enable obtaining information that can explain agehtify the differences between certain
sets of organisms (eg differences in genotypes)elocidate factors that influence
biochemical events. The wider application of add#éametabolite-profiling technologies is
likely to increase our understanding of metabolietworks by identifying (often
unexpected) correlations and links between diffeneetabolites. Metabolomics is suitable
for examining the effects of organism exposure éoobiotic or environmental stressors,
and plant responses to different abiotic stressflected in altered metabolomes can be
useful for better understanding of physiologicad amochemical processes in stressed
plants. Comprehensive metabolic control analyais antribute to expansion of metabolic
engineering and to generation of predictive modéfgant metabolism.
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METABOLOMIKA - U ZYTECZNE NARZ EDZIE DO OCENY
WPLYWU CZYNNIKOW ABIOTYCZNYCH NA RO  SLINY

Abstrakt: Stres abiotyczny wywotany przez niewdave poziomy fizycznych komponentéwrodowiska
powoduje zmiany w rdinach i poprzez specyficzne mechanizmy prowadzi akoeslonych odpowiedzi.
Metabolomika jest stosunkowo nowym paaém magcym na celu lepsze zrozumienie szlakéw metaboliczny
oraz skutkéw biochemicznych w sktadzieslim i innych organizméw biologicznych. Artykut skigp sk na
wykorzystaniu metabolomiki, profilowania metaboliego i ,fingerprintingu” metabolicznego do badareakciji
roslin na niektére stresyrodowiskowe (np. podwgzory temperatwy, chtodzenie i zameanie, susg, wysokie
zasolenie, promieniowanie UV, #kl stzenie ozonu, niedob6r substancji zgdczych, stres oksydacyjny,
herbicydy i wptyw metali eizkich). Zwrécono take uwag na wptyw niektérych czynnikéérodowiskowych na
rosliny, takich jak: wysokie lub niskie poziomy GQub r&ne poziomy natenia dwietlenia. Przeanalizowano
réwniez zmiany zwjzane z kombinacjami abiotycznych czynnikéw strgsygh (susza - upal, susza - zasolenie,
podwyzszone sfzenie CQ - zasolenie). Omoéwiono zemetabolomiczne podgjie do badania reakcji iin na
stresy abiotyczne wywotane niektérymi sztucznymincikami, stresem mechanicznym lub impulsowym polem
elektrycznym. Zaprezentowano napméejsze metody analityczne stosowane w metabolomiae nakrédono
perspektywy wykorzystania metabolomiki.

Stowa kluczowe:stresowe czynniki abiotyczne, str@sdowiskowy, metaboliczne odciski palcéw, profilavia
metaboliczne, metabolomika



