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   Abstract     Plant metabolomics is the study of metabolic pathways and processes to 
understand how plants grow and carry out functions. Over the past years, there has 
been a switch to a more holistic view of metabolomes. Instead of looking at indi-
vidual pathways and metabolites, scientists are looking at interactions, broad pic-
tures, and regulations. Combination of spectrometry-based technology database 
with (un)supervised multivariate statistical methodologies reveals a deep insight 
into complex metabolite patterns of plant derived samples. The ambitious goal of 
identifying the structure of all metabolites and hence all metabolic pathways is 
almost becoming within reach as MS- and NMR-based technologies and data min-
ing approaches are rapidly evolving.  
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1       Introduction 

 Recent development in technologies on DNA sequencing (genomics), gene expres-
sion analysis (transcriptomics), and protein analysis (proteomics) were not enough 
to identify different metabolic pathway in plants. The missing link in functional 
genomics strategies might fi ll by metabolomics studies. Metabolomics is the term 
used for high-throughput analysis of complex metabolite mixtures in plant extracts. 
Metabolic data outputs reveal a completely different level of information from 
genomic source, which does not necessarily show collinearity with genome sequenc-
ing (Saito and Matsuda  2010 ). The total number of the metabolites of a single plant 
is very speculative and is expected to exceed the number of currently known metab-
olites multiple times. Roessner et al. ( 2001 ) and von Roepenack-Lahaye et al. 
( 2004 ) estimated that Arabidopsis comprise approximately 5000 metabolites of 
which 1015 have been identifi ed today. For the plant kingdom, almost 100,000 
(mainly secondary) metabolites have been identifi ed to date (Oksman-Caldenty 
et al.  2004 ). Many important crops have already been targeted for their metabolo-
mics profi ling such as rice (Hall et al.  2008 ), wheat (Graham et al.  2009 ), tomato 
(Moco et al.  2006 ), melon (Moing et al.  2011 ), coffee (Lindinger et al.  2009 ), and 
potato (Beckman et al.  2007 ). 

 The metabolome consist of a variety of metabolites with different physic- 
chemical properties (polarity, acidity, molecular weight, extractability, affi nity.). It 
also extends over an estimated nine magnitudes of concentration (pM-mM) (Dunn 
and Ellis  2005 ). This complexity, in combination with the technical limits of ana-
lytic instruments, makes it currently impossible to get overview of the entire metab-
olome in one single or small number of analyses. All current extraction and detection 
techniques, irrespective of their level of sophistication, have an unavoidable intrin-
sic bias toward certain metabolite groups (Hall  2006 ). 

 Based on objectives of the study on the one hand and technical limits and capaci-
ties on the other hand, metabolite analysis is divided into four classes (Fiehn  2001 ).

    1.    Metabolome targeted analysis. By means of this type of analysis, quantitative 
information on one or selected group of metabolites is congregate. Extensive 
extraction and separation are commonly obliged to avoid interfering metabolites. 
Mostly, a high sensitive detector is used (e.g., fl uorescence and single ion moni-
toring (SIM-MS)). This techniques is needed when low detection limits are 
required such as detection of phytohormones (Prinsen et al.  2000 )   

   2.    Metabolic profi ling. This approach aims at detecting several predefi ned targets 
that are typically metabolites of specifi c pathways or with related chemical struc-
tures such as amino acids. The techniques comprise both sensitive and specifi c 
instruments. Gas chromatography (GC), liquid chromatography (LC), and capil-
lary electrophoresis (CE) are generally used in combination with common detec-
tor such as mass spectrometry (MS) and photodiode array (PDA) (Theodoridis 
et al.  2012 ).   

   3.    Metabolomics. This class is rather theoretical since it refers to the identifi cation 
and quantifi cation of whole metabolome. Because this is practically impossible, 
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the term “metabolomics” is commonly used when the metabolome is studied in 
unbiased way, even if only a fraction of it is revealed. Generally same chromato-
graphic tools are used as in metabolic profi ling, commonly combined with 
MS-detection.   

   4.    Metabolic fi ngerprinting. This is a high-throughput qualitative screening of met-
abolic composition with primary aim of sample comparison and classifi cation. 
Although in general no attempt is made to identify the metabolites, these fi nger-
prints can provide information on functional groups or compound classes. 
Typical tools are Fourier transformation cyclotron resonance mass spectrometry 
(FT-ICR/MS) (Johnson et al.  2003 ), NMR (Reo  2002 ; Ratcliffe and Shachar-Hill 
 2005 ), and direct injection mass spectroscopy (DIMS) (Dunn and Ellis  2005 ; 
Aharoni et al.  2004 )    

2       Recent Development on Plant Metabolomics 

 As stated before, a remarkably broad metabolic profi le can be achieved in single 
analysis (Kikuchi et al.  2004 ; von Roepenack-Lahaye et al.  2004 ; Tohge et al. 
 2005 ), but not one single technique is able to measure the complete metabolome. 
Multiple parallel chromatographic techniques are often required to gain desired 
broad metabolic picture (Hirai et al.  2004 ). For instance, untargeted (GC-MS) and 
targeted (HPLC-MS) metabolic profi ling analyses were performed on strawberry 
fruits (Zhang et al.  2011 ). 

 The techniques that come closest to the defi nition of metabolomics are generally 
hyphenated techniques. Among these are LC/MS, GC/MS, and CE/MS. LC/MS is 
the most used with reversed phase for detection of secondary metabolites (Murch 
et al.  2004 ). However, LC/MS with hydrophilic interaction chromatography (HILIC) 
was also used for detection of oligosaccharides and sugar nucleotides (Tolstikov 
and Fiehn  2002 ). GC/MS is the gold standard to detect sugars, sugar alcohols, 
amino acids, volatile compounds, small organic acids, and lignin monomers (G 
type, S type, and H type oligolignols (Roessner et al.  2001 )). 

 In order to perform performing in vivo metabolomics in plants Laser Ablation 
Electrospray Ionization-Mass Spectrometry Imaging (LAESI-MSI) has been suc-
cessfully applied (Etalo et al.  2015 ). These recent fi nding results indicate LAESI- 
based imaging approaches have a potential of as a reliable and fast way to perform 
metabolomics analyses on living tissues (Etalo et al.  2015 ).  

3     LC-MS 

 LC/MS is the mostly used with reverse phase and gradient elution in metabolite 
profi ling of plants. This makes it possible to separate rather less polar metabolites, 
usually secondary metabolites. Highly polar compounds (e.g., sugars) do not show 
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affi nity for the hydrophobic stationary phase and will coelute in a cluttered and use-
less front. Change of the pH and the polarity of the mobile phase determine mostly 
which metabolites could be separated and thus detected. The most frequently used 
ionization sources in LC/MS are atmospheric pressure chemical ionization (APCI) 
and electrospray (ESI) to ionize molecules with acid and/or base functionalities. 

 A new generation of mass spectrometers such as FT-ICR/MS and Orbitrap show 
a dramatic improvement of scan rate, sensitivity, resolution, and accuracy (Hirai 
et al.  2004 ; Hu et al.  2005 ; Zubarev and Makarov  2013 ). These technical improve-
ments might increase the number of the compounds that can be measured in one 
chromatographic separation and has become a powerful addition to mass spectro-
metric techniques for increasing selectivity and confi dence of routine analyses.  

4     GC/MS 

 GC/MS is valuable tool to detect a variety compounds simultaneously, such as sug-
ars, sugar alcohols, amino acids and small organic acid. However, it is limited in 
detection of organic diphosphates, cofactors, and metabolites larger than trisaccha-
rides (Weckwerth and Fiehn  2002 ). The method is claimed to be sensitive, qualita-
tive, reproducible, and relatively fast (one separation takes approximately 1 h). 
Besides, GC/MS is suitable for automation (Roessner et al.  2000 ). 

 Biological variation of plant metabolites measured by GC/MS has been shown to 
be substantial and to surpass the technical variation severalfold (Roessner et al.  2000 ; 
Hall  2006 ; Kose et al.  2001 ). These points to the remarkably high fl exibility of the 
metabolome, without affecting the visual phenotype. Moreover, it also illustrates the 
need to analyze enough biological replicates to estimate the biological variation within 
the system whereas technical repeats are less important. In case of a typical metabolic 
profi ling, it is advised to work with approximately 12 biological replicates. (Fuzfai et 
al.  2004 ; Kaiser and Benner  2012 ; Pitthard and Finch  2001 ; Ratsimba et al.  1999 ) 

 GC/MS can be applied to detect volatile metabolites (e.g., alcohols and monoter-
penes). However, the technology is more broadly applicable to group of nonvolatile, 
polar (mainly primary) metabolites, such as amino acid, organic acids and sugars, by 
converting them into volatile and thermostable compounds through chemical 
derivatization. Derivatization reduces the polarity of the functional groups thereby 
facilitating their separation by GC. Carbonyl functions are generally converted to the 
methoxime and acidic protons, which are replaced by silyl-group (such as trimethylsilyl- 
TMS) (Gulberg et al.  2004 ; Halket et al.  2005 ). Despite the big advantages of derivatiza-
tion, it has some drawback as well. The presence of sterically hindered groups can lead 
to partial derivatization, especially in case of sterical trimethylsilyl groups. Consequently 
multiple products are formed from a single metabolite, hereby complicating the chro-
matogram (Halket et al.  2005 ). Furthermore, derivatised products are relatively labile, 
which result in concentration changes over time. However, these drawbacks could be 
complemented by preparing samples in daily batches, with a common reference 
throughout the measurement period (Tikunov et al.  2005 ).  
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5     NMR 

 NMR based metabolomics studies is an important tool for biological system 
and have been applied in various organism including animals, plants, and bac-
teria.  1 H NMR has been predominant profiling method since it fast, simple and 
could be used for different purposes in plant metabolomics such as quality 
control (Rasmussen et al.  2006 ), chemotaxonomy (Roos et al.  2004 ; Le Gall 
et al.  2004 ), and analysis of transgenic plants (Le Gall et al.  2004 ; Colquhoun 
 2007 ). Up to now, a plethora of applications of NMR based metabolomics 
have been reported. Generally, some 30–150 metabolites are identified (Kim 
et al.  2011 ). 

 The major advantages of high-throughput analysis of NMR analysis are the ease 
of quantifi cation and simple sample preparation (not at al in certain cases). NMR 
could also provide information on the absolute quality of metabolites, and thus the 
ratio and amount of components in a mixture can be determined (Kim and Ralph 
 2014 ). Furthermore, NMR also provides a data about molecules stereochemical 
details (Seger and Sturm  2007 ). Compared to MS, the weakness point of NMR is its 
low sensitivity, although recent fi ndings have led to a considerable increase in sen-
sitivity of NMR (Grivet and Delort  2009 ).  

6     Metabolite Identifi cation 

 One of the challenges in metabolomics is the identifi cation of unknown metabo-
lites. Because of the huge discrepancy between the amount of sample needed to 
detect unknown peaks with very low abundance and the amount of sample 
required for structural elucidation of unknown compounds, only a fraction of the 
measured peaks could be assigned to known compounds. In GC/MS typically 
could detect metabolites are known and numbers in LC/MS are comparable. 
Depending on used method, different strategies are possible to unveil the identity 
of unnamed peak. Interpretation of mass spectral data is often an intricate and 
time-consuming task. The use of MS-libraries in combination with the retention 
time or retention indices (RI) is a powerful tool to identify metabolites (Roessner 
et al.  2001 ). These MS libraries could be constructed based on chemically syn-
thesized standards. If the molecule is not present in a library, classical analytic 
chemical tools can be considered (for instance purifi cation and spectroscopic 
analysis, e.g., NMR, UV, IR). 

 The current generation of high resolution mass spectrometers such as FT-ICR/
MS, LC-PDA-SPE-NMR/MS, and Orbitrap might simplify the identifi cation of 
unknown peaks based on the MS n  spectra. Different techniques were applied will 
lead to further development of plant metabolomics have been reviewed by 
Nakabayashi and Saito ( 2013 ). Moreover, the high sensitivity of this spectrometer 
allows us to detect lowly abundant metabolites.  
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7     Processing of Metabolic Data 

 Manual processing of small metabolite screening dataset is feasible but its time 
consuming and only dramatic changes could be observed. In practice, datasets are 
often too big to look at the metabolites one by one and in addition subtle changes 
are informative as well. Therefore, thigh-throughput data processing methods are 
required for metabolomics. One of the elegant ways of this high-throughput system 
is a candidate substrate–product pair (CSPP) system, which has been developed by 
Morreel et al. ( 2014 ). Morreel et al. ( 2014 ) developed an algorithm in which liquid 
chromatography-mass spectrometry profi les are searched for pairs of peaks that 
have mass and retention time differences corresponding with those of substrates and 
products from well-known enzymatic reactions. This method allows the annotation 
of low-abundance compounds that are otherwise not amenable to isolation and puri-
fi cation. This method will greatly advance the value of metabolomics in systems 
biology (Morreel et al.  2014 ).  

8     Conclusion and Future Perspective 

 Metabolomics is a tool to improve our understanding of the metabolic pathways and 
biochemistry of organisms. It is certain that plant metabolomics is in its infancy and 
still in a dynamic phase of development. To get a deeper biological meaning of liv-
ing organisms, metabolic studies need more data about known metabolites. In order 
to increase the number of known compounds, deeper technologies for identifi cation 
of unknown compounds are certainly necessary. Recent technological improve-
ments in both metabolite identifi cation and data interpretation revealed that there 
are still lots of things to do.     
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