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Abstract

Background Until recently, plant metabolomics have provided a deep understanding on the metabolic regulation in indi-
vidual plants as experimental units. The application of these techniques to agricultural systems subjected to more complex
interactions is a step towards the implementation of translational metabolomics in crop breeding.

Aim of Review We present here a review paper discussing advances in the knowledge reached in the last years derived from
the application of metabolomic techniques that evolved from biomarker discovery to improve crop yield and quality.

Key Scientific Concepts of Review Translational metabolomics applied to crop breeding programs.

Keywords Crop plant breeding - Metabolic traits - Mass spectrometry - Nuclear magnetic resonance spectroscopy -

Translational metabolomics

1 Introduction

The ideal conditions to maximize crop yield is the adjust-
ment of all plant cell metabolic events with the environ-
mental conditions. Although optimization of plant architec-
ture has been suggested as a focus to maximize impact on
yield (Jiang et al. 2013; Schauer et al. 2006, 2008; Cai et al.
2016), the capacity of a crop to produce and redistribute
biomass is a direct consequence of the relationship between
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the nutrient availability with the source-sink metabolic
activity. The ability to manipulate this complex signalling
network is limited by our knowledge of the metabolic path-
ways involved in these processes (reviewed by Rossi et al.
2015 and; Sonnewald and Fernie 2018). The integration of
different metabolomic platforms allowing the identifica-
tion and quantification of known and unknown metabolites
remains a non-trivial step in deciphering complete metabo-
lomes (Alseekh and Fernie 2018). However, knowing and
understanding the control of plant metabolism is not only
critical for maximizing crop yield but more importantly for
attending human nutrition aspects which have, to date, been
disregarded in crop plant breeding programs. In this review
we discuss knowledge advances reached in the last years that
tackle the above aspects of crop yield and quality derived
from the application of metabolomic techniques, based on
mass spectrometry (MS) and nuclear magnetic resonance
(1H NMR). Furthermore, we discuss how the obtained data
when analyzed with bioinformatic tools is facilitating the
development of metabolomics beyond applications in bio-
marker discovery towards meaningful contributions to the
improvement of crops. The illustrative figure shown in panel
1 summarizes all topics covered in this minireview and is
intended to guide the reader throughout the paper (Fig. 1).
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Fig. 1 Overview of the boarded
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2 Elucidation and discovery of metabolic
pathways

The dynamism of plant metabolism across plant pheno-
logical stages led to put efforts in developing sophisti-
cated integration methods of plant metabolomics data with
metabolic networks (Topfer et al. 2015). Without requiring
a priori knowledge of biochemical reactions, correlation
based network analyses represent an attractive approach
to study the mode of interaction of known metabolites,
to propose unknown candidates for pathways elucidation
(Sonawane et al. 2016) and to identify association between
metabolites and yield related traits (Schauer et al. 2006;
Lisec et al. 2011).

The biosynthesis and endogenous turnover of dhur-
rin in developing sorghum grains was recently studied by
metabolite profiling (LC-MS/MS) and time-resolved tran-
scriptome analyses (Nielsen et al. 2016). The results pre-
sented in this article reveal the existence of two endoge-
nous dhurrin turnover pathways in sorghum, identify genes
putatively involved in these transformations and show that
dhurrin, in addition to its insect deterrent properties, may
serve as a storage form of reduced nitrogen (N).

GC-MS-based sterol profiling recently led to discover
the entire route of cholesterol biosynthesis in plants,
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specifically in tomato where the pathway is a key precur-
sor for thousands of bioactive plant metabolites, including
the well-known Solanum steroidal glycoalkaloids (Son-
awane et al. 2016). Despite the importance of this work
for understanding plant metabolism evolution; the finding
brings a new dimension for the economic exploitation of
the plant secondary metabolism derived compounds. More
recently, combining metabolomics with multi-omics tools
Zhu et al. (2018) have identified alleles of genes associ-
ated with reduction of anti-nutritional steroidal glycoal-
kaloids during the processes of tomato domestication and
improvement. The widespread adoption of tomato for
plant metabolomics (Tohge and Fernie 2015) coupled to
the diversity of the Solanum genus and the availability of
hundreds of genome sequences from cultivars, landraces
and wild species (TGSC 2012, Bolger et al. 2014; Lin
et al. 2014; Aflitos et al. 2014) embrace a largely untapped
resource that harbor a tremendous potential impact to
improve this species. The collection of similar scales of
data for rice and maize are already available (Kusano et al.
2015; Venkatesh et al. 2016) and it seems reasonable to
anticipate many more will shortly be released, rendering
this an approach which will soon be available for many of
our crops.

Returning to tomato, Tieman et al. (2017) combining tast-
ing panels with the identification of a large list of volatile
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organic compounds in a diverse set of modern and ancient
tomato varieties identified flavorful components that have
been lost along tomato breeding, paving the way for their
recovery. In this study they were able to classify tomato heir-
loom varieties by their contents of nutritionally important
molecules and based on their genetic background. Such vari-
ability is suitable to harness association mapping for meta-
bolic quality traits using this germplasm as an experimental
population and facilitate breeding for quality-related com-
pounds in tomato fruits (Baldina et al. 2016). The applica-
tion of metabolomic techniques to identify and reintroduce
the lost diversity into elite varieties provides an opportunity
to revert the genetic bottleneck enforced by domestication
and breeding in this species (Lopez et al. 2015; Cortina et al.
2018; D’Angelo et al. 2018).

3 Primary metabolite profiling in crop
breeding and management

Carbon/nitrogen (C/N) status regulates, through a complex
signalling network, the source-sink relationship that end-
up in biomass partitioning, ultimately impacting yield (see
reviews from Fukushima and Kusano 2014 and; Rossi et al.
2015). The consequences of primary metabolism manipula-
tion on biomass partitioning have been reported decades ago
(Stitt and Schulze 1994). Furthermore, metabolic markers
diagnostic of the plant N status are commonly used for the
sustainable fertilization in wheat, barley and maize crops
(Justes et al. 1997; Uddling et al. 2008). However, this prac-
tice is not straightforward since metabolite traits are associ-
ated with the genotype, the environment, the interactions
between them and other traits. These properties, however,
render metabolic markers ideal tools for identifying metabo-
lite quantitative trait loci (mQTLs) and finding the under-
lying causal genes (Schauer et al. 2006, 2008; Gong et al.
2013, see the recent review of; Kumar et al. 2017).

Optimizing N-application in agriculture is especially rel-
evant both from an economic and environmental perspec-
tive. Application of post-genomic tools in combination with
network analysis studies, have been largely used to eluci-
date the regulation of N metabolism and its coordination
with C metabolism in crop species, such as rice (Li et al.
2016a), tomato (Benard et al. 2015), maize (Wen et al. 2015,
2018), legumes (Ramalingam et al. 2015), soybean (Yang
et al. 2017) and forest trees (Gargallo-Garriga et al. 2017).
Beyond this, Beatty et al. (2016) applied the metabolic pro-
filing and introduced a theoretical framework for a whole
plant model of N use efficiency, describing the complex flow
of N in a real world agricultural setting using metabolomic
data, such as isotope labeling rates and analyses of nutrient
uptake, to refine the proposed model.

N-use efficiency becomes especially relevant for those
crops requiring large amount of fertilizer to obtain maximum
yield (Raun et al. 2002). Basic knowledge concerning the
response of the plants to various growth and environmental
conditions are needed. Amiour et al. (2012) conducted a
metabolomic analysis in maize leaves subjected to long-term
N deprivation. Their results showed that N availability plays
an important role by controlling both primary and second-
ary leaf C metabolism during vegetative development. A
similar response has been reported for several other abiotic
stresses (Stoop et al. 1996) such as high and low temperature
(Kaplan et al. 2004). Furthermore, the N limitation showed
a direct effect on plant cell wall biosynthesis intermediates
(arabinose and galactose) and the amount of starch were
severely affected in leaves. Thus, these results have direct
applications when deciding crop cultural practices such as
production destiny: grain or forage (Amiour et al. 2012). On
the other hand, the excess apply of N fertilizer in attempts
to boost yield by farmers led to superfluous N lost from the
plant-soil system, causing environmental damage, and the
inhibition of K* uptake. Kong et al. (2017) used metabolic
data to demonstrate that excessive N application in wheat
caused less accumulation of many non-enzymatic antioxi-
dants, which associated with less N remobilization, lower
resistance to pathogen attacks, decreased resistance to heat
stress led to reduced grain yield.

Partitioning to sink organs during developmental leaf
senesce was studied from transcriptomics and metabolomics
angles. Mitochondrial pathways were revealed as essential
in providing the C backbone for N remobilization, a process
of utmost importance not only to ensure the quality of grain
in crop species, but also representing a valuable target for
minimizing the negative ecological impact of the current
fertilization practices (Chrobok et al. 2016).

The glutamine/glutamate synthases (GS/GOGAT) cycle
is the almost exclusive pathway by which ammonium is
assimilated by plants (Lancien et al. 2000). However, the
regulatory role of this cycle in the C/N balance under crop
cultivation conditions is not well understood. Yang et al.
(2016), by combining mutant analyses with metabolic profil-
ing, reported a rice ferredoxin-dependent-GOGAT essential
for plant growth and development by modulating N assimila-
tion and C/N balance, pointing this enzyme as a breeding
target. A similar study also conducted in rice observed that
the levels of glutamate and aspartate are the best indicator
of stresses related to N limitation and high plant density
conditions (Misyura et al. 2014). The shuttling of 2-oxoglu-
tarate into the production of these amino acids is one of the
key indicators of biomass accumulation as opposed to ATP
production (Sweetlove et al. 2010).

A comparison between glycine and nitrate as N supply in
lettuce showed that glycine treatment decreased the growth
and final biomass of the plants. Metabolite profile analyses
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showed that pyruvic acid content was lower in glycine-
treated lettuce than in the control. However, glycine sup-
ply increased the accumulation of glycosylated flavonoids,
ascorbate and most amino acids but reduced the levels of
phenolic acids and tricarboxylic acid (TCA) cycle intermedi-
ates (Yang et al. 2018). Thus, this fertilization practice can
be used as a potential strategy to obtain vegetable products
of higher nutraceutical value.

In maize, Rao et al. (2014) generated a comprehensive
metabolic map by integrating transcriptomic, proteomic
and metabolomic data providing a unique tool for maize
breeding towards improved kernel quality and yield. Inter-
estingly, the detection of two anti-nutrient compounds,
inositol hexaphosphate (IP6) and sorbitol in high quanti-
ties were reported. These finding could be used to improve
kernel quality and yield either by screening for mutants or by
engineering these pathways. Another recent metabolomics
approach determined a clear relationship between certain
primary metabolites (such as sucrose, arabitol and histidine)
and maize yield by quantifying the phloem sap composition
of a diverse panel of maize inbred lines (Yesbergenova-Cuny
et al. 2016). In a similar vein, the role of primary metabo-
lites in stomatal movement has been hypothesized for many
years. A metabolomic study (Misra et al. 2015) has shown
that sugars such as sucrose, glucose and fructose, do not
exert an apoplastic osmotic effect on these cells, but rather
are sensed by hexokinase to stimulate stomatal closure, thus
coordinating photosynthesis and sugar levels with transpira-
tion (Kelly et al. 2013). These studies highlighted the impor-
tance of selecting genotypes with cool leaf temperature
which in some species is associated with longer stomatal
opening and higher yield.

Light regimes (quality and photoperiod) are inductive
for production of desirable metabolites, allowing plausible
manipulation targets to enhance nutritional capacity of crop
plants. Lakshmanan et al. (2015) combining transcript and
metabolite profiles with constraint-based modeling showed
the feasibility of metabolism modulation by increasing the
accumulation of molecules of high nutritional value, such
as terpenoids and phenolic compounds, under different light
conditions.

Many attempts have been made to link primary metabo-
lites abundance to the mechanistic relationships that regu-
late fruit quality (see for examples; Chambers et al. 2014;
Desnoues et al. 2014; Tohge et al. 2015; Vimolmangkang
et al. 2016). Li et al. (2016b) have recently reported pro-
teomic and metabolomics analyses in apple showing that
both sorbitol and sucrose are synthesized in leaves and
then metabolized in fruits where at least 80% of the total C
flux goes through fructose resulting in higher organoleptic
quality.

Lipid profiles of plant crop species has been delayed
mainly for technical reasons. MS and MS/MS spectral
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information obtained as lipidomic data is being of primary
importance to elucidate biosynthetic mechanisms of lipid
production and metabolism. Examples of this are the reports
of Okazaki et al. (2013) and Shimojima et al. (2015). The
first one applied lipidomic analyses to a series of mutants
subjected to phosphorous (P) starvation. This allowed the
elucidation of a new plastidial biosynthetic pathway which
results in the accumulation of a novel class of plant lipid:
glucuronosyldiacylglycerol. The second paper also showed
that P-starvation induced oil accumulation in vegetative
tissues without activating transcription of triacylglyceride
(TAG) biosynthetic genes.

Lipid metabolism has been reported to be affected by N
deficiency. In tea plants (Camellia sinensis L.), as in many
other volatile-producing species, lipids are precursors of
flavor/aroma compounds. A recent lipidomic report by Liu
et al. (2017) shows that under low N levels tea plants can
remobilize the C stored in TAG to maintain C/N balance,
with the consequent impact on tea quality. Conclusions from
this report highlight the importance of appropriate appli-
cation of N fertilizer to balance lipid metabolism and the
formation of flavor/aroma origin compounds. Another link
between lipid metabolism and quality has been recently
reported in tomato. A combination of QTL mapping, meta-
bolic and transcriptomic data led to the identification and
cloning of novel lipid—genes with major effects on the pro-
duction of multiple fatty-acid-derived flavor volatiles. These
compounds are positively correlated with consumer liking
and crucial for key agronomical traits to improve the quality
of this crop (Garbowicz et al. 2018).

4 Metabolomics and stress responses
in crop plant species

A very prolific field for plant metabolomic applications is
stress response-related studies; a plethora of works have
been published in the last years boarding both plant biotic
and abiotic stresses. However, most of them are focused in
the discovery of new biomarkers and have been reviewed
recently by Nakabayashi and Saito (2015), Abdelrahman
et al. (2017) and Ahmad et al. (2017). Even more, a com-
prehensive compendium of abiotic stress responses, at least
for primary metabolism, was published years ago by Obata
and Fernie (2012).

Anyhow, here below we briefly discuss the latest
advances that link metabolomics with stress responses which
may point out important pathways to be boarded in crop
breeding.

Kim et al. (2017) reported an essential drought-respon-
sive network in which plants trigger a dynamic metabolic
flux conversion from glycolysis into acetate synthesis to
stimulate the jasmonate (JA) signalling pathway conferring
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drought tolerance. This novel acetate function is evolution-
arily conserved across different plant species as a survival
strategy against environmental changes. The findings high-
light the role of acetate as orchestrator connecting primary
metabolism, epigenetic regulation and hormone signal-
ling by which plants adapt to drought. Another integrative
approach was taken by Moschen et al. (2017) in sunflower to
reveals hub transcription factors involved in drought stress
response. Vital et al. (2017) described a novel phospho and
redox proteomic analyses, combined with metabolomics
data that revealed the importance of posttranslational regu-
lation mechanisms in sugarcane under drought stress. The
shift to soluble sugar, secondary metabolite production
and activation of ROS eliminating processes in response to
drought were the most noticeable results of this work. In
the non-model plant, Phoenix dactylifera (date palm), heat
and drought stresses induced carbohydrate metabolism and
cell wall biogenesis (Safronov et al. 2017). Drought stress
response and photorespiration was also studied by metabo-
lomic approaches in maize (Obata et al. 2015) and in sor-
ghum (Ogbaga et al. 2016). Variations in soluble sugars
and amino acids in roots of salt-tolerant barley plants under
stress was reported by Shelden et al. (2016). In rice, flavone-
glycosides profiles were surveyed for protectants of abiotic
stress and herbivores (Matsuda et al. 2012; Peng et al. 2017).

Wild species of Tibetan barley were screened for salt
tolerance by applying ionic, metabolomics and proteomics
approaches (Shen et al. 2016). Accessions differed greatly
in salt tolerance and the stress caused significant reduction
in glycolysis metabolites and elevated levels of TCA cycle
intermediates. More recently, Quan et al. (2017) by using
an ionomic strategy reported that microelement contents
in shoots of Tibetan barley species decreased under low N
stress being Fe and Cu the most dramatically affected. In
soybean seedlings were also found metabolic differences
when comparing wild and cultivated genotypes under salt
stress conditions (Zhang et al. 2016). Results suggested that
the energy generation from p-oxidation, glycolysis and the
TCA cycle plays important roles under alkali-salt stress.
Also in soybean, metabolic profiles were applied to flooding-
tolerant mutants and found that accumulated fructose might
play a role in initial flooding tolerance through regulation
of hexokinase and phosphofructokinase (Wang et al. 2017).

Biotic stresses triggers metabolic responses that vary
depending on the kind of interactions established between
the plant cell and the pathogen. Results are extremely dif-
ficult to interpret mainly due to technical limitations iden-
tifying the source of the metabolites being measured. Nev-
ertheless, the detection of altered host metabolic factors is
contributing to highlight those pathways suitable for the
design of engineered disease resistance. Bellow, we discuss
few recent papers where metabolic processes associated to
the plant pathogen responses were described.

Metabolic variations in citrus rootstock cultivars asso-
ciated with different responses to Huanglongbing (HLB)
showed that tolerance did not appear to be associated with
accumulation of higher amounts of protective metabolites
in response to infection (Albrecht et al. 2016). However,
the study revealed that lower availability of specific sugars
necessary for survival of the pathogen may be a contributing
factor in the decreased disease severity observed in the toler-
ant cultivars. A comprehensive metabolomic investigation
combining GC- and UHPLC-HR-MS profiles was applied
to leaf rust infection in barley, rice and wheat to understand
durable anti-fungal resistance in cereals provided by L134 (a
leaf rust resistance gene) (Bucher et al. 2017). An integrated
RNAseq 'H-NMR approach identified candidate genes and
metabolites that can be used in soybean breeding for resist-
ance to Rizoctonia solani AG1-IA infection. Additionally, it
was found that alcohol and its associated gene product alco-
hol dehydrogenase (ADH) may have important roles in plant
resistance to this pathogen (Copley et al. 2017). Another
metabolomics approach was used to study the impacts of
Rhizobium infection on seed productivity and protection of
Pisum sativum upon disease caused by Didymella pinodes.
This work showed increased redox, cell wall associated-
metabolites and secondary metabolites such as the seed trit-
erpenoid soyasapogenol (Ranjbar Sistani et al. 2017).

5 Advances in implementing translational
metabolomics in crop yield and quality

Metabolomic techniques were proven to be useful tools for
revealing mechanisms associated to biomass accumulation,
photosynthesis and yield performance in many agricultural
important plants (Hu et al. 2014). There are two ways to
meet the projected increased demand for food production:
allocate more land for crops and/or increase the yield of
existing planted areas (Pretty and Bharucha 2014). The latter
is considered a more sustainable option to feed the growing
population (FAO 2009, 2017). However, the required yield
improvements and timeframe can no longer be achieved
using traditional means because of changing weather pat-
terns (Powell and Reinhard 2016). Under this section we
highlight recent papers showing direct links between basic
metabolism knowledge with the understanding of two very
complex traits such as yield and quality.

Recent studies combined metabolite profiling and genetic
analyses in crop species identified dozens of genomic
regions associated with variations in the contents of Bras-
sica seeds glucosinolates (Feng et al. 2012), rice seed lipids
(Ying et al. 2012), maize grain carotenoids (Owens et al.
2014) and tocochromanols (Lipka et al. 2013; Diepenbrock
et al. 2017; Wang et al. 2018) and hundreds of not linked
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loci for variations in the contents of intermediate compounds
from primary and secondary metabolic pathways.

Metabolomic studies have also afforded greater insights
in fruit biology specially related to ripening and quality in
tomato (Tohge and Fernie 2015; Upadhyaya et al. 2017;
Perez-Fons et al. 2014; Quadrana et al. 2014; Di Paola;
Naranjo et al. 2016), apple (Cebulj et al. 2017; Hatoum
et al. 2014, 2016), kiwifruit (Nardozza et al. 2013; Ainalidou
et al. 2016), orange (Pan et al. 2012), grape (Domingos
et al. 2016; Son et al. 2009; Cuadros-Inostroza et al. 2010;
Flamini et al. 2015), pear (Oikawa et al. 2015) and straw-
berry (Mikulic-Petkovsek et al. 2013; Nagpala et al. 2016).
Metabolite profiling coupled with Genome-wide associa-
tion studies (GWASs) allowed the identification of 44 SNP
loci associated to 19 metabolic traits and provided candi-
date genes involved in the genetic architecture of tomato
fruit metabolic traits (Sauvage et al. 2014). A combination
of 'H-NMR and GC-MS methods allowed the selection of
tomato elite recombinant lines by linking metabolites and
agronomic traits and by calculating their heritability values
(Lopez et al. 2015). A broader metabolome-based GWAS
(mGWAS) have recently identified those molecules which
were negatively selected during the history of breeding (Zhu
et al. 2018), providing major insights into how this process
changed the tomato metabolome, a knowledge base for fruit
quality improvement.

In legume, metabolomics studies remain limited to model
species. The influence of rhizobial node factor in Medicago
was investigated and a significant effect on the level of
oxylipins was reported, suggesting that this pathway facili-
tates Nod factor signalling during the early stages of sym-
biosis (Zhang et al. 2012).

In cereals, various authors reported on natural metabolic
variations in rice (Kusano et al. 2007, 2015; Redestig et al.
2011; Gong et al. 2013; Hu et al. 2014, 2016; Chen et al.
2014; Okazaki and Saito 2016) and in maize (Matsuda et al.
2012; Wen et al. 2015, 2018; Venkatesh et al. 2016). Chen
et al. (2014) have presented a comparative mQTL fine map-
ping between rice and maize. Moreover, this work provides
evidences on metabotype-phenotype linkage in rice grain
and discovers novel relationships between pathways, struc-
tural genes and agronomically important phenotypes. A
non-targeted metabolomic analysis of Sorghum bicolor leaf
tissue showed that 956 of 1,181 metabolites varied among
different inbred lines. Both univariate and multivariate
analyses determined relationships between metabolites and
morpho-physiological traits, and 384 metabolites correlated
with at least one trait, including many secondary metabolites
such as glycosylated flavonoids and chlorogenate. The later
and shikimate showed to be associated with photosynthesis,
early plant growth and final biomass accumulation (Turner
et al. 2016). Chlorogenate contents were also found to be
associated with larger kernels in a study with maize lines
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by Canas et al. (2017). This study combines metabolomic,
biochemical, fluxomic and metabolic modelling approaches
to identify maize ideotypes with high grain yield potential.

Combining genomic data (SNPs) with leaf metabolomic
data, Riedelsheimer et al. (2012a, b) showed that metabolic
profiles of diverse maize inbred lines allow prediction of
their testcross performance in multi-location field trials,
which provides a reliable screening of large collections of
diverse inbred lines for their potential to create superior
hybrids. Moreover, mGWAS explained up to 32.0% of the
observed genetic variance. Remarkably, the use of metabo-
lites as yield predictor variables showed only 6.7% lower
accuracy than SNPs. By contrast, in wheat, Zhao et al.
(2015) failed to improve prediction of hybrid performance
by using metabolome data. The authors explain this fail-
ure due to the sampling of flag leafs under field conditions.
Thus, further research is needed to investigate the option
of improving prediction accuracy through metabolite pro-
filing under strictly controlled conditions. In rice, hybrid
yield prediction was assessed by means of a LC/UFLC-MS/
MS metabolomic platform and the identification of 76 sig-
nificant metabolites with high predictive values (Xu et al.
2016). Authors hypothesize that each metabolite represents
a biologically built-in genetic network for yield. The fact that
metabolomic prediction is better, in this case, than genomic
prediction for yield of hybrid rice is surprising, considering:
(i) the small number of metabolites relative to the large num-
ber of SNPs; and (ii) the metabolic profile being a snapshot
at a specific development stage.

Determine whether the rate of biomass accumulation
correlates with metabolic composition was a matter of
significant efforts at the onset of metabolomics applied to
plant crop species, especially in grasses as possible biomass
energy crops (Meyer et al. 2007). More recently, Ghaffari
et al. (2016) pointed the metabolites and enzymes involved
in central metabolism that determine biomass accumulation
at the vegetative and reproductive stages.

This body of knowledge encouraged and allowed the
application of metabolomic techniques to less known plant
crop species. An example is the paper from Tuttle et al.
(2015) in cotton fiber; where 206 compounds were detected
by applying ion-optimized GC-MS. The glutathione pathway
related to amino acids and ROS management, as well as
galactose pathway were remarked as critical points for qual-
ity of the fibers. It is also shown that enhanced ascorbate bio-
synthesis and recycling contributes to extend the fiber elon-
gation period and thus, results in longer final length. Another
example of metabolomic applications to even more exotic
crop species is given in the paper published by Price et al.
(2017). Yam (Dioscorea spp.) production has doubled in the
last years, particularly in low income food deficit countries.
Combined analysis on leaf and tuber tissues identified a sub-
set of metabolites which allow accurate species classification
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and highlighted the potential of predicting tuber composition
from leaf profiles.

6 The importance of metabolomics for plant
engineering

C4 crops have higher photosynthetic efficiency, greater bio-
mass, and better tolerance to abiotic stress than C3 plants.
Great efforts are being made in transferring C4 metabolic
pathways to C3 plants. Qi et al. (2017) used transgenic wheat
lines (C3) containing the maize (C4) phosphoenolpyruvate
carboxylase (PEPC) gene to study the effects of high tem-
perature on their photosynthetic physiological character-
istics and related metabolic responses. Transgenic plants
showed lower rate of superoxide anion production, H,0,
and malondialdehyde content and higher photosynthetic rate
under high temperatures. Overall, the results of this report
indicate that the maize PEPC gene enhances photochemical
and antioxidant enzyme activity, upregulates the expression
of photosynthesis-related genes, delays degradation of chlo-
rophyll, changes contents of proline and other metabolites
and ultimately improves wheat heat tolerance.

Metabolomic analyses have been recognized as a valu-
able tool in risk assessment of genetically modified plants
(Harrigan et al. 2016). Recently, Benevenuto et al. (2017)
challenged the presumption of molecular stability of com-
mercially approved GM maize cultivars through a proteomic
and metabolomic approach under different environmental
conditions.

Plant-based vaccines is a technology that involves the
introduction of genes encoding antigen proteins into the
plant genome. Recombinant antigen protein expressed in
transgenic plants is expected to induce specific immune
responses when the plant material is consumed. A broad
profiling analysis indicated that hydrophilic primary metabo-
lite and lipid contents are able to separate transgenic rice
lines expressing a modified cholera toxin B (CTB) from their
corresponding wild type control, suggesting that the expres-
sion of modified CTB affected rice seed metabolic activity
(Ogawa et al. 2017). This result is particularly important
in cases were safety assessment are needed in substantial
equivalence analyses (Llorente et al. 2011).

Translational metabolomics in crop plants has success-
fully rendered to the production of multifarious nutritional
metabolites that have important role in human diet (Tatsis
and O’Connor 2016). Metabolic engineering of plant path-
ways for improved human health and diet is a focus of many
current plant biotechnology programmes, and there are some
progress made in to engineering secondary metabolites
for human health (reviewed by Davies and Espley 2013).
A well-known and successful example is the Golden Rice
that accumulates higher levels of pro-vitamin A, in which

three carotenoid biosynthetic enzymes were engineered for
simultaneous expression in rice endosperm (Moghissi et al.
2016; Ye and Beyer 2000). Following the Gold Rice suc-
cess, nowadays several crop species have been targeted for
vitamin biofortification such as cassava (Sayre et al. 2011),
maize and potato (Bai et al. 2011). Crop engineering allowed
increasing the levels of antioxidant phenylpropanoids to pro-
mote health properties in fruit and vegetable crops (Korkina
2007). Phenylpropanoid production was substantially
accumulated in tomato fruits by introducing fruit-specific
expression of the transcription factor AtMYB12 (Zhang
et al. 2015). In addition, the accumulation of endogenous
sugars and simple sugar derivatives have been success-
fully increased in sugar-storing sink organs such as fruits,
sugarcane culms and sugarbeet tubers, via plant metabolic
engineering (Patrick et al. 2013). Furthermore, metabolic
engineering approaches resulted in increments if the levels
of lysine in corn, folate in tomatoes and ferritin in lettuce
(Yonekura-Sakakibara and Saito 2006). Despite the con-
troversy associated with genetically modified plants, these
examples prove that the nutrient content of crop plants can
be improved by metabolic engineering. Thus, the application
of translational metabolomics to crop species is a current
challenge for the scientific community, which will impact
on human health and food security.

7 Perspectives

In this paper, we reviewed recent reports demonstrating
the applicability of metabolomic techniques on crop spe-
cies, with trending advances in implementing translational
metabolomics in breeding.

Overall, it is estimated that there are about 200,000 dif-
ferent metabolites in the plant kingdom (Bino et al. 2004)
but, in each experiment, only a few hundred of them can
be measured. It is important to remark that the few works
discussed in this mini-review exemplify that, in some cases,
this small proportion already predicts the yield and allow
assess quality better than genomic data. If we can increase
the number of metabolites to a few thousands, the predict-
ability may be further improved.

New emerging technologies like metabolome-scale
labelling and single-cell metabolomics will surely improve
metabolite annotation, metabolic pathway elucidation and
MS-relative quantification at the very basic level of biologi-
cal organization and overcome limitations associated to the
averaging effect of tissues with mixed cell types (Freund
and Hegeman 2017; Misra et al. 2014). Another technol-
ogy which merits special attention is the single-probe MS
technique that has the potential to allow for near in situ
metabolomic analyses, opening the door to targeted analyses
minimizing cell manipulation and sampling artifacts, while
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preserving metabolic variability at the cellular level (Sun
et al. 2018).
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