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Abstract: Plants continuously produce essential metabolites that regulate their growth and devel-
opment. The enrichment of specific metabolites determines plant interactions with the immediate
environment, and some metabolites become critical in defence responses against biotic and abiotic
stresses. Here, an untargeted UHPLC-qTOF-MS approach was employed to profile metabolites of
wheat cultivars resistant or susceptible to the pathogen Puccinia striiformis f. sp. tritici (Pst) and
Aluminium (A13*) toxicity. Multivariate statistical analysis (MVDA) tools, viz. principal component
analysis (PCA) and hierarchical cluster analysis (HiCA) were used to qualify the correlation between
the identified metabolites and the designated traits. A total of 100 metabolites were identified from pri-
mary and secondary metabolisms, including phenolic compounds, such as flavonoid glycosides and
hydroxycinnamic acid (HCA) derivatives, fatty acids, amino acids, and organic acids. All metabolites
were significantly variable among the five wheat cultivars. The Pst susceptible cultivars demonstrated
elevated concentrations of HCAs compared to their resistant counterparts. In contrast, ‘Koonap’
displayed higher levels of flavonoid glycosides, which could point to its resistant phenotype to Pst
and AI** toxicity. The data provides an insight into the metabolomic profiles and thus the genetic
background of Pst- and Al**-resistant and susceptible wheat varieties. This study demonstrates the
prospects of applied metabolomics for chemotaxonomic classification, phenotyping, and potential
use in plant breeding and crop improvement.

Keywords: metabolomics; multivariate statistical analysis; primary and secondary metabolism;
Puccinia striiformis £. sp. tritici; wheat

1. Introduction

Wheat (Triticum aestivum L.) is a stable dietary supplement for millions of people,
providing nutrition in the form of vitamins, minerals, amino acids, and health-beneficial
phytochemicals (e.g., phenolics) [1,2]. The primary sources of food produced from wheat
include, but are not limited to, bread, pasta products, cereals, and baby food. In addition,
some small quantities of wheat are also used for biofuel, animal feed, and alcohol produc-
tion [3]. Wheat is the third most cultivated crop in the world after maize (Zea mays) and
rice (Oryza sativa) in total production [4]. Though it originated from a natural hybridization
of Triticum urartu and Aegilops speltoides, modern wheat is highly genetically diverse. Culti-
vation of wild ancestors and further hybridization ultimately gave rise to the economically
important progenitor of bread wheat, known as Triticum aestivum L. [5].

Breeding programmes have further contributed to the genetic variability of wheat
cultivars with the quest to enhance agronomic traits (i.e., improved growth, yields, disease

Metabolites 2022, 12, 98. https:/ /doi.org/10.3390 /metabo12020098

https:/ /www.mdpi.com/journal /metabolites


https://doi.org/10.3390/metabo12020098
https://doi.org/10.3390/metabo12020098
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com
https://orcid.org/0000-0002-4029-8054
https://orcid.org/0000-0002-9526-0109
https://orcid.org/0000-0002-4416-6796
https://orcid.org/0000-0002-9079-4769
https://orcid.org/0000-0001-8172-6599
https://doi.org/10.3390/metabo12020098
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com/article/10.3390/metabo12020098?type=check_update&version=3

Metabolites 2022, 12, 98

20f18

resistance and abiotic stress tolerance). In addition, growth conditions and geographical
locations can trigger modifications to the crop’s genome over time, resulting in a range
of wheat cultivars with varying genetic and phenotypic traits [6,7]. Therefore, cultivar
classification and screening for superior traits have been a primary focus in breeding
programmes, especially with the rapid rate of climate change and the emergence of more
virulent and destructive pathogens [8-10]. Furthermore, with rapid population growth
(expected to be 9-10 billion people by 2050), the world has become increasingly urbanised.
The food supply and demand ratio has significantly declined, placing pressure on food
security globally [11]. Intensified and more efficient agricultural practices have coordinated
efforts to close the gap and meet these ever-growing demands. However, food insecurity
remains a significant concern for the world. More significantly, in Sub-Saharan African
(SSA) nations, more than 240 million people live in extreme poverty and are subject
to malnutrition and/or starvation [12,13]. The situation is further exacerbated by the
prevalence of biotic and abiotic environmental stressors, such as stripe rust (Pst) and
Aluminium (AI%*) toxicity that have ravaged primary crops in SSA.

Pst and AI%* toxicity are especially concerning stressors on dryland wheat varieties
due to high soil acidity, poor fertility, and nutrient stratification, as observed over the
years [4,14]. Wheat stripe rust (Pst) is an economically important disease caused by the
fungus Puccinia striiformis £. sp. tritici (Pst). The fungus poses a significant threat to wheat
cultivations, resulting in 10 to 70% yield losses globally [15,16]. AI®* toxicity also poses
limitations on plant stress tolerance, resistance and development. Elevated concentrations
of the toxic AI** produce reactive oxygen species (ROS). Subsequently, ROSs interfere with
plant physiological processes, cell division, root elongation, nutrient and water uptake,
plant growth, and overall crop production [17].

According to the Ref. [6], in recent years, agricultural and breeding experts from or-
ganisations such as the Agricultural Research Council for Small Grains (ARC-SG), Sensako
and Pannar have worked on breeding programs to improve wheat cultivar varieties with
regard to stress tolerance and disease resistance. The ARC-5G released improved wheat
cultivars into the private sector for multiplication, leading to improved quality, produc-
tivity and increased yield quantities in the dryland growing region of South Africa [6,7].
Conventionally, plant breeders have relied on phenomics and plant phenotyping for the
assisted selection of desired and superior traits for crop improvement, backed by genomic
and proteomic data [18]. While gene expression profiling highlights differentially expressed
genes, proteomic studies reveal the decrease or increase of proteins related to the expression
of particular genes with little to no biochemical data [19]. However, such practices lack
broader representation of genotype—environment (GxE) interactions. Metabolites are the
most relevant to the phenotype and link the genomic and phenomics representations of
plant responses to the environment [20]. The attraction to metabolomics studies is the abil-
ity to provide a direct link to transcriptomic and proteomic reprogramming and to display
reliable biochemical markers through metabolites that are the immediate representations of
the observable phenotype(s) [21].

The investigation of an organism’s metabolome, comprising non-protein small molecules,
is a recent development in the “omics revolution”. The metabolomics approach qualitatively
and quantitatively provides a rich, real-time source of information about an organism’s
functional state [5,19]. By introducing metabolomics, breeders can decipher the underlying
metabolic pathways, along with important intercellular regulatory biomarkers [22,23]. This
knowledge could allow breeders to pinpoint essential metabolite-associated phenotypes for
crop improvement based on interactions with the immediate environment [24]. In addition,
metabolomic techniques have been used to analyse large-scale metabolic compositions and
regulatory networks in plants, yielding novel biochemical knowledge that may be utilised
in crop breeding and improvement to enhance desired traits.

The main objective of metabolomics in agriculture is to unravel and understand the
metabolic responses of crops to environmental stressors for rapid and accurate phenotyping
and breeding programmes [25]. Furthermore, metabolomics and chemometric tools can
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allow comprehensive grouping (based on similarity and differences) and classification
of cultivars (based on biomarkers responsible for the observed phenotypes) [21,26]. This
study compares the metabolic profiles of selected Pst-resistant and susceptible wheat cul-
tivars. We also aimed to identify the key metabolites and biomarkers responsible for the
differences in observed resistance or susceptibility in the cultivars under investigation. It
was hypothesized that Pst-resistant cultivars would reveal accumulation of metabolites as-
sociated with an enhanced stress response, thus conferring resistance to the environmental
stressors compared to the susceptible cultivars.

2. Results
2.1. Analysis of Chromatographic and Mass Spectrometric Data for Differential Detection of
Metabolites in Wheat Cultivars

Crude methanolic extracts of leaf tissue from five dryland wheat varieties planted
in winter—spring rainfall regions of South Africa (Table S1) were separated on ultra-high
performance liquid chromatography coupled to a quadrupole time-of-flight high-definition
mass spectrometry detector (UHPLC-qTOF-MS). Metabolite profiling was performed in
both positive and negative electron spray ionisation (ESI) modes to allow inclusive, non-
biased coverage and global analysis of the metabolome. The inspection of the extracted LC
chromatograms displaying distinct base peak intensities (BPI) from negative Figure 1A and
positive data Figure 1B showed good chromatographic separation considering the complex-
ity of the multi-dimensional metabolome covering a broad range of polar and non-polar
metabolites. Furthermore, the BPI MS chromatograms revealed differentially populated
peaks (each with unique m/z values, intensities and retention times (Rts), representing
the qualitative (presence/absence) and quantitative (intensity /concentration) detection of
metabolites, thus providing a visual description of the similarities and differences between
the selected wheat varieties.

BPI chromatograms showed better ionisation of metabolites in ESI™ mode, and thus,
overall sensitivity (both qualitatively and quantitatively) of detected compounds as com-
pared to the ESI* mode. For plant phenolics and flavonoids, negative ionisation provides
improved ionisation efficiency and the potential for lower detection limits [27]. However,
both ionisation modes are significant for broad metabolite profiling and fingerprinting.
A study by the Ref. [27] reported that ESI™ ionisation is preferred 46% of the time, generally
by oxygen-based compounds, such as flavonoids and carboxylic acids. These compounds
make up the majority of metabolites detected in this study. In contrast, ionisation of both
oxygen-containing metabolites and nitrogen bases (e.g., amino acids) are more favourable
in ESI* mode, 38% of the time [21,27].

2.2. Chemometric and Statistical Data Analysis for Metabolite Profiling of Wheat Cultivars

Due to the apparent differences observed on BPI MS chromatograms, statistical data
analysis software and chemometric analysis were used to distinctly discriminate between
the wheat varieties and establish a metabolite-based grouping/ classification of the different
cultivars. Data mining was performed through unsupervised principal component analysis
(PCA), followed by multivariate data analysis (MVDA) to obtain PCA score plots with
corresponding hierarchical cluster analysis (HiCA) for chemotaxonomic analysis, as graph-
ically represented in Figure 2. Chemometric data analysis applies pattern recognition and
machine learning algorithms to isolate significant features and trends otherwise not visible
through visual inspections of the BPI MS chromatograms from complex data matrices for
the biochemical systems under investigation, thus representing data in an interpretable
manner [28]. The first and second principal components (PCs), (PC1 and PC2) explain
54.1% and 40.3% of the variation, respectively. The normalisation quality of the data was
evaluated using quality control (QC) groupings to further investigate data reliability and
evaluate the chromatographic and mass detection systems [29].
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Figure 1. UHPLC-MS BPI chromatograms of methanolic extracts of wheat leaves. The chromatograms
show comparative differences between the represented cultivars in the negative (A) and positive
(B) ionisation modes. Visual inspection of the chromatograms clearly shows the quantitative and
qualitative difference in the peak populations (presence/absence).

PCA separated the cultivars into five distinct groups (Figure 2A), showing differential
clustering of the varieties based on their differences in metabolite profiles and distribution.
It is important to note that differential clustering of the cultivars is not solely dependent on
the qualitative composition of metabolites, but rather in combination with the differential
quantitative distribution of each metabolite between the cultivars. The generated PCA score
plot illustrates the similarities or differences within (intra-cultivar variance by PC2) and
between (inter-cultivar variance by PC1) the sample clusters [30,31]. Figure 2A shows the
grouping of Pst-susceptible cultivars together (‘Gariep” and ‘Elands’), while the resistant
cultivars of ‘Koonap” and ‘Senqu’) were distributed further away from the susceptible
cultivars. The "Matlabas’ cultivar is also susceptible to Pst; however, located towards the
middle, separated from the ‘Gariep’ and ‘Elands’. The HiCA plot in Figure 2B complements
this observation. The HiCA further reveals how the groups of cultivars chemically relate
to or are separated from one another. The distinct separation of the five groups directly
mimics the distribution of the groups as observed on the PCA, with ‘Senqu” and ‘Koonap’
showing the most significant separation from ‘Elands’ and ‘Gariep’. The positioning of
the "Matlabas’ cultivar closer to ‘Koonap’ suggests the composition of similar metabolic
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features associated with resistance as with the resistant cultivar, and this phenomenon is
further visualised in the descriptive heatmap discussed below in Figure 3B.
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Figure 2. Unsupervised exploratory data analysis of ESI negative wheat cultivar classification data.
(A) Principal component analysis (PCA) was based on the whole metabolomics dataset retrieved from
the analysed wheat samples. The PCA shows discriminant sample clustering coloured by cultivars.
The PCA was an 18-component model with R2X(cum) of 0.541 and Q?(cum) of 0.403. (B) An HiCA
plot showing the hierarchical relations between the samples corresponding to (A). (C) A 3D PCA
scores plot of the wheat samples; the 3D shows the discriminant clustering of the cultivars based on
susceptibility (circled in blue) and resistance (circled in orange) to Pst. ‘Koonap’ (orange) represents
the only cultivar resistant to both Pst and ARt toxicity, where it is chemically related to ‘Matlabas’, as
seen by the closer clustering in both the PCA and HiCA. Furthermore, ‘Koonap’ is separated from all
the other cultivars, as seen in (C), based on its metabolite profile, which could be a representation of
its resistance to both types of stresses.

The third principal component (PC3) was further evaluated to explore the patterns
in the data with the 3D PCA model illustrated in Figure 2C. PC3 shows the closer group-
ing between the Pst-resistant cultivars (‘Koonap” and ‘Senqu’—in purple demarcation),
distinctively separating them from the Pst-susceptible cultivars (‘Elands’, ‘Matlabas” and
‘Gariep’—in black demarcation). The exploration of data with applied PCA allowed for the
reduction of the multi-dimensional data to a 2D model that was easier to interpret, thus
revealing the underlying distribution patterns of the data. At the same time, the third PC
added to the exposure of features seemingly obscured in the 2D model.
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Figure 3. Distribution of annotated metabolites among five wheat cultivars. (A) The sunburst plot
shows the classification of the annotated, putatively identified metabolites, and the main classifi-
cations of annotated metabolites were phenolics (with flavonoids and HCAs), fatty acids, organic
acids and amino acids. (B-D) The distribution of selected annotated metabolites among five wheat
cultivars according to class. Samples are projected in columns with the metabolites in rows. The data
were log-transformed, and Pareto scaled in the Ref. [32]. Colour-coding indicates abundance (red =
high abundance, green = low abundance). Some metabolites are found in high abundance in some

cultivars, and very low abundance in other cultivars.
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2.3. Evaluation of Differential Metabolic Profiles of Wheat Cultivars

Metabolite annotation and identification were concomitantly carried out using the
BPI, and single-ion extracted chromatograms from samples of all five cultivars. Putative
annotation of metabolites led to the identification of 100 metabolites spanning different
metabolite classes originating from both primary and secondary metabolic pathways.
A profile of these metabolites is graphically illustrated in the sunburst plot in Figure 3A.
Table S2 lists the individual annotated metabolites, either commonly expressed within
the five cultivars or present as unique biomarkers. Metabolite annotation was performed
to level 2 of the Metabolomics Standard Initiative (MSI) based on product ion spectral
information formed by collision-induced dissociation (CID) of selected parent ions [33].
Classes of positively identified metabolites included most phenolic compounds, such as
flavonoids, hydroxycinnamic acid derivatives, and polyphenols. The list also consists of
fatty acids, organic acids, and several amino acids (Figure 3A).

A hierarchical clustering interactive heatmap analysis (Figures 3B and S2) was per-
formed in the Ref. [33] to investigate the variations of the identified metabolites in the
wheat cultivars using the average integrated peak areas of the respective metabolites. The
heatmaps revealed unique diversities between the wheat varieties in terms of metabolite
abundance or enrichment. For instance, the class of fatty acids was highly abundant in the
resistant ‘Senqu’ cultivar, while many flavonoid glycosides were enriched in the resistant
‘Koonap’ variety. In contrast, enrichment of HCAs was observed in all susceptible cultivars
("Matlabas’, ‘Elands’, and ‘Gariep’).

Figure 4 shows box-and-whisker plots representing an in-depth, semi-quantitative vi-
sualisation of the distribution of selected metabolites in the five cultivars. The inter-cultivar
variations in metabolite profiles are illustrated by the increased or relative decrease of the
mentioned metabolites. Figure 4A reveals relatively higher concentrations of flavonoid
glycosides, such as rutin, kaempferol-3-O-glucoside, and luteolin-6-C-hexosyl-hexoside
in the ‘Koonap’ cultivar, followed closely by both the ‘Matlabas” and ‘Gariep’ cultivars.
Surprisingly, ‘Senqu’ displayed a lower concentration of these metabolites, though expected
to be closely related to ‘Koonap’ due to similar degrees of resistance to Pst. ‘Senqu’, how-
ever, has an accumulation of linolenic acid derivatives (Figure 4B). All three susceptible
cultivars showed an interesting trend in the collective accumulation of HCAs, including
feruloyl putrescine, feruloyl agmatine, coumaroyl agmatine and sinapoyl hydroxyagmatine,
compared to their resistant counterparts (Figure 4C). The cultivar-based quantitative and
qualitative metabolite distribution was further evidenced in the group-wise metabolite
selection, biplot-based discrimination analysis, and the variable importance in projection
(VIP) showing metabolic markers contributing to metabolic phenotypes in Figure S1A,B.

The general metabolite distributions observed in the hierarchical clustering interactive
heatmap analysis and the box-and-whisker plots reveal the differential expression of
metabolites per cultivar, thus giving insight into the variations in their metabolite profiles.
Output from an orthogonal projection to latent structures-discriminant analysis (OPLS-
DA), a supervised model for binary classification, displays clear discrimination between
Pst and AI** toxicity-resistant (‘Koonap’) and susceptible (‘Gariep’) cultivars based on
their respective metabolite profiles (Figure S3A). A receiver-operator characteristic (ROC)
plot was used to evaluate the classification ability, sensitivity, and specificity of the OPLS-
DA (Figure S3B), the ROC plot showed 100% sensitivity and specificity of the mode
indicating the model’s high discriminatory power. A selection of features responsible
for the observed cultivar classification was carried out on an OPLS-DA loading S-plot
(Figure S3C), selecting only features with high correlation and covariation, [p(corr) > 0.5,
<-0.5 and (p1) > 0.1, <—0.1] shown in blue and red demarcation, respectively. The
relevance of the selected metabolites was further evaluated with a VIP score plot (Figure
S3D) showing metabolites with VIP scores higher than the cut-off threshold of 1. Following
the OPLS-DA analysis in ‘Koonap’ vs. ‘Gariep’, kaempferol-3-O-glucoside, dirhamnosyl
linolenic acid, 6,8-di-C-glucosyl apigenin, and rutin (majority of flavonoids) were positively
correlated to “‘Koonap’ and negatively correlated to ‘Gariep’. In contrast, examples of HCAs
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and fatty acids including trihydroxyoctadecenoic acid, 9,12,13, triHODE, dihydroferulic
acid 4-O-glucuronide, and 1-O-sinapoyl-f-D-glucose had a positive correlation to ‘Gariep
and negative correlation to ‘Koonap’. The above-mentioned metabolites contribute to
cultivar-specific discrimination and differential metabolite profiles, which can serve as

markers for Pst and AI3* toxicity resistance.
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Figure 4. Box-and-whisker plots showing quantitative differences of metabolites per cultivar ex-
pressed as normalised concentration. The diagrams highlight the differential quantitative variations
in the abundance of metabolites from the selected wheat cultivars per class. Yellow dots on the box
and whiskers diagram represent the mean value and black dots indicate each replicate (single data
points). (A) flavonoid glycosides, (B) fatty acids, and (C) hydroxycinnamic acid derivatives (from left
to right of each plot: Eland = red, ‘Gariep’ = green, ‘Koonap’ = dark blue, ‘Matlabas’ = sky blue, and

‘Senqu’ = pink).
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Chemometrically extracted metabolites in Table S2 were used to perform metabolic
pathway analysis using MetaboAnalyst Pathway Analysis (MetPA) to reveal impactful
metabolic pathways associated with the generated data across all five cultivars (Figure 5A).
The phenylalanine (Phe), TCA cycle, glyoxylate and dicarboxylate metabolism, and pyru-
vate metabolism pathways showed relatively high impact based on matched metabolites
from the data. The most statistically significant pathways were the TCA cycle, glyoxy-
late and dicarboxylate metabolism, pyruvate metabolism and the alanine, and aspartate
and glutamate metabolism pathways listed above from the most significant and the most
impactful pathways.
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Figure 5. MetaboAnalyst-computed pathway analysis. (A) Pathway view of statistically significant
pathways flagged from the metabolome view based on matched metabolites. The figure shows
pathways matched from the annotated metabolites of all five wheat cultivars. The pathways are
arranged based on the p-value (y-axis), which indicates the pathway enrichment analysis, and
pathway impact values (x-axis) representing pathway topology analysis. The node colour of each
pathway is determined by the p-value (red = lowest p-value and highest statistical significance), and
the node radius (size) is based on the pathway impact factor, with the biggest indicating the highest
impact. The phenylalanine metabolism, TCA cycle, and glyoxylate and dicarboxylate metabolism
pathways were the most impactful among the different cultivars and showed the highest statistical
significance (p-value < 0.05). (B) The diagram illustrates the integration and contribution of matched
metabolites in the flagged TCA cycle pathway. The metabolites are matched using KEGG identifiers
(e.g., citrate: C00158). The matched metabolites that function as TCA intermediates in the TCA cycle
overlap with the glyoxylate and dicarboxylate metabolism pathways, which lead to the production
of oxoglutarate. The pie charts indicate the abundance of each of the metabolites in the different
wheat cultivars.

The TCA cycle functions as one of the most important metabolic pathways in plants,
playing a role as the primary source of energy for cellular metabolism and the main
link to almost all metabolic pathways. The metabolism of Phe channels carbon from
photosynthesis to the phenylpropanoid pathway, which is involved in crucial functions,
such as plant growth and development and the mitigation of biotic and abiotic stress. The
TCA cycle intermediates malate, succinate, cis-aconitase, fumarate, citrate, iso-citrate and
oxaloacetate were the most matched metabolites, showing the overlap between the most
statistically significant pathways, the TCA cycle, and the glyoxylate and dicarboxylate
metabolism pathways (Figure 5B). The pie charts illustrate the relative intensities of the
metabolites in the five wheat cultivars.
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3. Discussion

Biotic and abiotic stresses are the most investigated environmental factors associated
with retarded plant growth, development, and, most importantly, commercial crop pro-
duction and yields. Over the years, strategies have been developed and implemented to
mitigate the deleterious effects of environmental stress on crops. Ultimately, agrochemical
applications have been the method of choice for stress control; additionally, plant breeding
has served as an alternative to producing biotic stress-resistant and abiotic stress-tolerant
crops. The work presented herein was based on the hypothesis that genetic individuality
of wheat cultivars/varieties confers uniqueness to metabolite profiles, enabling discrimi-
nation of resistant varieties from genetically distinct susceptible varieties by investigating
individual metabolite variations in the different cultivars. In addition, such uniqueness
in metabolite profiles could further determine the degree of resistance or susceptibility of
wheat varieties to Pst and AI** toxicity.

Wheat is grown throughout heterogeneous areas across the globe, and varieties are
specifically bred for resistance to different pathogens and insects and the adaptation to
various agronomic conditions. Using well-established metabolomics techniques and chemo-
metric statistical analysis tools, the metabolomes of five wheat cultivars were profiled. The
identified metabolites showed variations, both qualitatively and quantitatively, among the
different cultivars.

Secondary metabolites are some of the most ubiquitous metabolites in plants, the
biogenesis of which occurs through the similarly ubiquitous phenylpropanoid pathway.
According to the Refs. [34-36], cinnamic acids are the most common phenolic acids in
wheat, including major derivatives of ferulic-, sinapic and coumaric acids. Amino acids
identified included Phe, which in addition to functioning as building blocks of proteins, Phe
plays a central role as a precursor molecule to several plant metabolites involved in growth
development, reproduction, and defence [37]. Phe is crucial in channelling photosynthetic
carbon to the biosynthesis of phenylpropanoid constituents. HCAs are synthesised early in
the phenylpropanoid pathway through the deamination of Phe to trans-cinnamic acid that
can be converted to p-coumaric acid, a known precursor compound to produce HBAs [37].
Phe was found in low abundance across all five cultivars, possibly indicating a negative
correlation due to high conversion rates to its HCA derivatives.

The functions of phenolic compounds are attributed to their antioxidant properties.
These capabilities span many physiological and adaptive processes in plants, such as mor-
phological adaptations, reproduction, development and defense against biotic and abiotic
environmental factors [38]. The antioxidant properties of phenolic compounds have been
well-documented [21,38]. Flavonoid glycosides and HCAs are shielding compounds that
protect plants from oxidative damage caused by reactive oxygen species (ROSs) by slowing
down oxidative degradation and scavenging free radicals. These bioactive compounds
have also been reported to display antimicrobial activity [39,40]. The mentioned traits
have been attributed to the reducing properties of flavonoids and HCAs. Additionally,
suppression of metal-catalysed free radicals has been reported [41], owing to their capa-
bilities as metal-chelating compounds, particularly iron, copper, and Al**, as measured
in vitro [41,42]. Higher concentrations of flavonoid glycoside in ‘Koonap”’ could point
to the phenotypic resistance of the cultivar to Pst and AI**. Interestingly, the ‘Matlabas’
cultivar, though susceptible to both Pst and Al**, also displayed enhanced concentrations
of flavonoid glycosides. ‘Matlabas’ is a winter wheat variety planted during the June
season. According to the Ref. [43], winter wheat has a high tolerance to low temperatures.
This observation can possibly be attributed to the enhanced levels of flavonoids glycosides
present in the ‘Matlabas’ cultivar.

Further observation of the HCA heatmap shows an accumulation of HCAs in all the
susceptible cultivars. It is important to note that although phenotypically, the cultivars
are classified as either resistant or susceptible, particular metabolic features can be shared
only with quantitative variations. Although suitable for spring cultivation, these cultivars
have been subjected to the winter cultivation season. Hence, the HCA prevalence in these
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Pst and AI** susceptible cultivars may not necessarily be against the stresses mentioned
above, but instead heightened for adaptive tolerance to the low winter temperatures.
Additionally, the complexation behaviour of HCAs, such as caffeic, ferulic and p-coumarinc
acid towards AI** cations have been reported [42]. The stable complex formation between
AP* and HCAs is pH-dependent (pH 3.5 for caffeic acid, and pH 4.5 for both ferulic and
p-coumaric acid) and forms due to the chelating capabilities of the carboxyl groups on the
acids [42]. These reports are consistent with indications of high AI3* toxicity in soils with
high acidity [14], and thus highlight the potential role of HCAs to reverse or reduce effects
of metal toxicity in plants. Furthermore, a study by the Ref. [44] reported that Al** stress
triggers the accumulation of ferulic and p-coumaric acid in monocots such as rice. Results
from the study also showed the roles of HCA compounds in AI** resistance through cell
wall modifications (hemicellulose and lignin cross-linkage), thus disrupting the active
binding of AI**. The studies mentioned above could point to the possible adaptation of
susceptible wheat cultivars to AI** toxicity.

There was also a clear separation between the ‘Koonap” and ‘Senqu’ cultivars on
the PCA and the HiCA plots. Both cultivars are resistant to Pst; however, the apparent
differences in metabolite profiles may result from the differences in the resistance to AI>*
toxicity, which can be indicated by the lower levels of both flavonoid glycosides and HCAs
in the A1**-susceptible ‘Senqu’, as compared to the resistant ‘Koonap’. Besides salinity, AI>*
toxicity is one of the most widespread problems associated with ion toxicity in plants [45].
Phenolic compounds can reverse the effects of AI** toxicity on plants through metal
complexing or chelating, as previously mentioned. These compounds, including flavonoid
derivatives (glycosidic and sulphonate conjugates), form stable complexes with AI3* for
either internal root or shoot detoxification as metal antidotes. The phenolic or flavonoid-
mediated resistance to AI** toxicity has been previously reported in maize [46,47].

According to the Ref. [48], phenolics present in wheat can be constitutive in nature.
The efficiency of the phenolic metabolism was studied in wheat phenotypes resistant and
susceptible to the Karnal bunt pathogen, Neovossia indica. Results showed onset elevation
and activity of phenols in resistant phenotypes, followed by a significant decline by 10 days
post-infection (dpi). In contrast, there was a slow accumulation of phenolics, such as
caffeic acid, tyrosine, and hydroquinone in susceptible phenotypes, indicating delayed
deployment and accumulation of these defence metabolites. The results suggest that both
resistant and susceptible phenotypes can deploy similar defence mechanisms; however,
the delayed deployment of the mechanism by susceptible phenotypes serves little purpose
to prevent pathogen establishment. In this case, susceptible cultivars face early demise.

In contrast, early deployment of defence metabolites by resistant phenotypes ensures
immediate resistance against the pathogen. Moreover, defence metabolites in resistant
phenotypes do not play a role in ultimate resistance in the absence of disease [48,49].
As such, decreased biosynthesis or an accelerated catabolism of defence metabolites can
serve alternative metabolic pathways; this phenomenon could explain the apparent down-
regulation of flavonoid glycosides and HCAs in the ‘Senqu’ cultivar though phenotypically
resistant to Pst. In addition, some of the primary roles of phenolic compounds function as
structural components of plant cell walls. In maturing wheat grains, 75-80% of phenolic
compounds occur in insoluble forms esterified to cell wall polymers, while 20-25% are
esterified to sugars [35]. For instance, ferulic and p-coumaric acids identified in this
study have been reported to esterify, with arabinose units of arabinoxylans functioning
as components of cereal cell walls in wheat [50,51]. Additionally, phenolic acids such as
HCAs and HBA derivatives play a vital role in the formation of secondary cell walls as
precursors of monolignols in lignin biosynthesis [34].

A range of unsaturated fatty acids (UFAs) were identified from the wheat cultivars
under investigation. According to the Ref. [52], the significant components of fatty acids
in wheat include unsaturated oleic (18:1), linoleic (18:2), and linolenic (18:3) acids. UFAs
are essential primary metabolites in cell maintenance as the functional constituents of
the cell membrane and serve as precursors in the biosynthesis of phytohormones such
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as jasmonates, which are essential for plant responses to biotic and abiotic stress as sig-
nalling molecules [27,29]. Additionally, C18 UFAs are essential as signalling and regulatory
molecules in the plant through functioning as hydrophobic hormones that bind to and regu-
late receptor proteins controlling major regulatory networks impacting cellular metabolism
and signal transduction [53,54]. UFAs have been implicated in eliciting rapid stress re-
sponse elements (RSREs), which respond to various kinds of biotic and abiotic stress [54].
For instance, increased levels of both 18:2 and 18:3 unsaturated FAs were found to confer
resistance to Colletotrichum gloeosporioides in avocado and Pseudomonas syringae in toma-
toes [55]. FAs were more enriched in the ‘Senqu’ cultivar, followed by ‘Gariep’, indicating
the possible role of FAs against Pst. Moreover, the Ref. [56] reported the processes of lipid
metabolism as markers for induced resistance in wheat. These findings could explain the
positive correlation of UFAs in the Pst-resistant ‘Senqu’ cultivar.

Organic (carboxylic) acids (OAs) and amino acids were present in different quantities
in the varying wheat cultivars among the identified metabolites. Carboxylic acids and
amino acids are generally constitutive in nature [27,57]. Carboxylic acids are involved in
primary metabolism as intermediates of the TCA cycle responsible for energy production
in the cell, osmoregulation, as well as plant growth and development. Additionally, TCA
intermediates are good signalling molecules; their ability to form complexes and the ease
of metabolism in different cell compartments allow them to reflect the metabolic and re-
dox state of the cell [58]. According to the Ref. [59], organic acids such as malate, citrate,
succinate, acetate, oxalate, and tartrate chelate with active cations of AI>* form inactive
complexes of OA-AI**. The non-toxic OA-A13* complexes are generally formed in the rhizo-
sphere and thus reduce AI** uptake or accumulation, further limiting metal toxicity [59,60].
Furthermore, A13*-induced efflux of OAs has been demonstrated to be a major resistance
mechanism in several plant species, including wheat [61,62]. These activities can span
several metabolic pathways. The identified carboxylic acids are involved in the pyruvate
metabolism and are synthesised as a result of the Ala, Asp and Glu metabolism, further
showing the versatility of the compounds in plant metabolism. Functions of carboxylic
acids can be extended to precursors of amino acid biosynthesis [20,27].

Overall, the outcomes of the study revealed that significant metabolite variations in
organisms could be both qualitative and quantitative, as many metabolites were common
in all five cultivars, with variations in enrichment. Metabolic differences in the wheat
varieties resulted in apparent cultivar-associated differences based on genetic differences
between the cultivars. Genetically related wheat cultivars can vary in metabolite composi-
tions and distribution attributed to the phenotype and functional agronomical properties.
Additionally, some discriminant metabolic markers were identified from the selected wheat
cultivars. For example, quinic acid and valine were identified as metabolic markers for
‘Senqu’, along with linolenic acid and its derivatives. At the same time, iso-orientin and
9,12,13 triHODE were identified as markers for ‘Koonap” and trihydroxy-octadecenoic acid
and (10E,15Z)-9,12,13-trihydroxy-10,15-octadecadienoic acid for ‘Elands’ and ‘Matlabas’,
respectively. The differential regulation and accumulation of these metabolites in the wheat
varieties could ultimately determine their growth parameters and metabolic responses
to environmental factors. Moreover, metabolic markers can be useful for the selection of
functionally favourable phenotypic and agronomical traits for breeding practices.

Plant breeding provides the opportunity to reduce the cost of disease control and
management, as well as losses in crop productivity and yields, thus providing substantial
economic benefits for primary crop producers. Even so, crops showing susceptibility to the
stressors mentioned above are still utilised. The investigation of an organism’s metabolome
is a recent development in the “omics revolution” and provides a rich, real-time source of
information about an organism’s functional cellular state.

This study constitutes an attestation of the ability of metabolite profiling to drive
hypothesis generation through the identification of plant metabolites and potential path-
ways of metabolite biosynthesis that distinguish between wheat cultivars. These findings
support the use of global high-throughput metabolite profiling as a discovery tool capable
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of identifying a specific pattern or “profiles’ responsible for traits of interest in plants under
investigation. This study is only one part of a more significant effort to develop sustainable
wheat production by elucidating the metabolite profiles of wheat cultivars relative to their
traits of resistance and vulnerability to environmental stressors.

4. Materials and Methods
4.1. Wheat Cultivation

Five wheat cultivars (namely, ‘Elands’, ‘Matlabas’, ‘'Koonap’, ‘Senqu’ and ‘Gariep’)
with varying degrees of resistance and susceptibility to Pst were obtained from the Agri-
cultural Research Council for Small Grains (ARC-SG) in Bethlehem, Free State Province,
South Africa (Table S1). The seeds were grown in potted and autoclaved germination mix
(Culterra, Muldersdrift, South Africa) under controlled greenhouse conditions: minimum
temperature 15 °C and maximum temperature of 25 °C. Plants were watered twice a week
with distilled water and fertilizer mixture consisting of 650 mg/L CaNOs3, 400 mg/L KNO3,
300 mg/L MgSOy4, 90 mg/L mono-ammonium phosphates, 90 mg/L mono-potassium
phosphates, 150 mg/L Soluptase, 20 mg/L Microplex, and 40 pL/L Kep-P-Max obtained
from Shiman SA (Olifantsfontein, South Africa). Cultivar variants were grown in three
biological replicates (three separate pots per cultivar).

4.2. Plant Harvesting and Metabolite Extraction

Leaves were harvested from the plants at the three-leaf stage, snap-frozen, and then
stored at —80 °C until extraction. Metabolite extraction was carried out as follows: 1 g of
leaves were pulverised in liquid nitrogen, followed by resuspension in 10 mL 80% ice-cold
methanol. The solution was sonicated twice with a probe sonicator at 55% power for 30 s
each time, at room temperature, followed by centrifugation at 5000 rpm for 15 min at 4 °C.
The supernatant was collected and evaporated to approximately 1 mL at 55 °C with a
rotary evaporator (Heidolph, Schwabach, DE). The extracts were dried to completeness in
a vacuum microcentrifuge at 46 °C, then reconstituted in 300 uL of 50% LC-grade methanol
(Romil, Cambridge, UK) and filtered through 0.22 um nylon syringe filters into 2 mL HPLC
vials fitted with a 300 uL insert. Samples were stored at 4 °C until analysis. Quality control
(QC) samples were prepared by pipetting equal volumes of the samples in a designated
LC-MS vial for analysis.

4.3. Metabolomics-Based Data Acquisition, Analysis, and Interpretation
4.3.1. Untargeted Metabolomics Study with UHPLC-MS Analysis

Metabolomics data acquisition was performed on 2 pL of 50% methanol extracts
on a Waters Acquity UHPLC system fitted with an ACQUITY UHPLC HSS T3 column
(1.8 pm x 2.2 mm X 150 mm) at a column temperature range of 60 °C (Waters, Manchester,
UK), hyphenated to a SYNAPT G1 g-TOF-MS (Waters Corporation Milford, MA, USA). Each
sample representing a biological replicate was analysed in triplicate technical replicates.
A binary mobile phase was composed of water (eluent A) and acetonitrile (eluent B) (Romil
Pure Chemistry, Cambridge, UK), both with 0.1% formic acid and 2.5% isopropyl alcohol
(Sigma-Aldrich, Munich, Germany), at a flow rate of 0.4 mL/min and a run time of
30 min. The gradient was as follows: eluent B ranged from 2% over the first 2.0 min,
2-90% over 2.0-25 min, 90-95% over 25-27 min, then returned from 95-2% over 28-30 min.
Finally, the column was washed with a solution of methanol:acetonitrile: isopropyl alcohol
(MeOH:ACN: IPA) for regeneration after each batch analysis.

Sample ionisation was carried out in an ESI source in both positive and negative modes
on a Waters SYNAPT G1 g-TOF MS. The MS conditions were set as follows: 2.5 kV capillary
voltage and 30 V sample cone voltage with a 1800 V MCP detector voltage, a source
temperature of 120 °C, and a 450 °C desolvation temperature. The cone gas flow was set at
50 L/h, desolvation gas flow at 550 L/h, m/z range of 50-1200, a 0.1 s scan time in centroid
mode with interscan delay: 0.02 s, and a mass accuracy window of 0.5 Da. The MS was set
to perform both unfragmented and five fragmenting experiments (MSF) simultaneously by
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increasing in-source collision energy from 3 to 30 eV to assist with subsequent structural
elucidation and compound identification [29]. MassLynxTM 4.1 software (SCN 704, Waters
Corporation Milford, MA, USA) was used to regulate the LC-MS run. Sample analysis
was carried out in three technical replicates to account for analysis variability. Pooled (QC)
samples were included in the analysis to assess the reliability and reproducibility of the
analytical method [63,64].

4.3.2. Data Processing and Multivariate Data Analysis (MVDA)

UHPLC-qTOF-MS raw data were pre-processed by MarkerLynx™ software (version
4.1, Waters Corporation, Milford, MA, USA) for both positive and negative data. The
MarkerLynx™ multistep data pre-processing allows for peak picking, retention time
correction and alignment, noise elimination, feature detection and sample normalisation,
creating data matrices of retention time (Rt)-1/z variable pairs, with m/z peak intensity
for each sample [64]. MS data were processed as per the following parameters: Rt range
of 0.68-26.35 min, a mass range of 100-1200 Da, a mass tolerance of 0.05 Da, and noise
elimination level of 10, followed by data normalisation on MassLynx XM™ software
(Waters, Manchester, UK). For MVDA, processed data matrices were exported for analysis
on SIMCA 14.0 software (Umetrics, Umea, Sweden). PCA, an unsupervised statistical
analysis method, and orthogonal-partial least square discriminant analysis (OPLS-DA),
a more supervised machine learning data analytical method, were performed, both in
Pareto scaling for variable normalisation. The resulting PCA reduced the dimensionality
of the data to present summarised indices from the data matrix for better visualisation
and interpretation. In addition, OPLS-DA score plots were used for binary classification to
reveal underlying metabolite features contributing to the observed discrimination between
data groups.

Metabolomic diagnostic tools available in SIMCA were used to evaluate the generated
models. These include the cumulative (cun) variation model in the matrix X, R*X (cum) and
R2Y (cum), which explain the goodness-of-fit parameters, the response variable’s fraction
of variance, and the predictable fraction of the matrix X by the assessed components. CV-
ANOVA (analysis of variance testing of cross-validation predictive residuals) was used
to validate the OPLS-DA data. Furthermore, a good OPLS-DA model was represented by
a p-value of < 0.05. The OPLS-DA S-plot highlighted discriminant biomarkers. Further
statistical evaluation of the model was carried out using receiver operator characteristic
(ROC) and variable importance in projection plot (VIP) score plots. Annotation of significant
ions contributing to the variation in the composition of the different cultivar varieties
as depicted in the OPLS-DA scores was performed as described [30,65]. Compound
annotation was done on MS-based accurate mass and fragmentation patterns. Existing
spectral information was used to compare different collision energies of single ion extracted
chromatograms (XICs) from each significantly induced ion. These were then compared to
published data. Corresponding precursor ions were used to calculate empirical formulas,
which were then used to search databases such as Dictionary of Natural Products [66],
PubChem [67], and ChemSpider [68] for putative MSI (Metabolomics Standards Initiative)
level 2 compound identification [31,69].

5. Conclusions

Breeding practices provide plant resistance at a genomic and molecular level, further
conferring protection through epigenetic and transcriptomic modifications. Hence, many
transgenic crops, such as wheat varieties displaying traits of resistance and tolerance to
environmental stressors, including Pst and AI** toxicity, have been introduced into the
fields through breeding programmes. The application of LC-MS-based metabolomics in
this study allowed for the elucidation of the differential metabolite features of metabolomes
of wheat cultivars and has provided a gateway to classification methods through metabo-
lite profiling. The untargeted LC-MS approach led to the identification of a range of
metabolites belonging to four major classes of phenolics (flavonoids and HCAs), fatty acids,
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organic acids, and amino acids. Furthermore, results from this study suggest that both
qualitative and quantitative factors contribute to the discrimination of sample groups. The
identification of significant metabolic markers can further reveal a plant’s robust arsenal
in combatting that mentioned previously, and other biotic and abiotic stress or strategies
employed in growth and development. Knowledge of the characteristics mentioned above
can enhance research into plant breeding practices for crop improvement.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/metabo12020098 /51, Figure S1: Distribution of significant metabolites. (A) A bi-plot metabolite
distribution per cultivar and (B) VIP scores. Figure S2: Distribution of annotated metabolites (organic
acids and amino acids) among five wheat cultivars, Figure S3: Supervised OPLS-DA statistical
analysis and significant feature extraction of ESI negative data of methanolic extracts from leaf tissues,
Table S1: Dryland wheat varieties sourced from different summer rainfall regions. Table 52: Summary
of the annotated, putatively identified metabolites (MSI-L2) from 5 wheat cultivars.

Author Contributions: Conceptualization: M.I.M.; methodology: M.D.M., M..M,, ET., 1.A.D. and
P.A.S,; validation: M.D.M.; formal analysis: M.D.M. and P.A.S.; investigation: M.D.M. and M.I.M.;
data curation: M.D.M. and M.LLM.; writing—original draft preparation: M.D.M.; writing—review
and editing: M.ILM.; LA.D., ET. and L.A.P,; supervision: M.LM.; project administration: M.LM. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Johannesburg through the Research Grant
from URC: Faculty Strategic Intervention 2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: [http:/ /www.ebi.ac.uk/metabolights/MTBLS1234].

Acknowledgments: The University of Johannesburg, South African National Research Foundation
(NRF), South African Cultivar and Technology Agency (SACTA) and the NESP (Nurturing Emerging
Scholars Programme) scholarship are thanked for fellowship support to M.D.M. The Small Grain
Centre of the South African Agricultural Research Council (ARC-SG) is thanked for providing seeds
of the cultivars used in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Shewry, PR. Wheat. J. Exp. Bot. 2009, 60, 1537-1553. [CrossRef]

2. Rady, M.M.; Ahmed, S.M.A; Seif El-Yazal, M.A.; Taie, H.A.A. Alleviation of cadmium stress in wheat by polyamines. In Cadmium
Tolerance in Plants: Agronomic, Molecular, Signalling, and Omic Approaches; Elsevier Inc.: Amsterdam, The Netherlands, 2019;
Chapter 17; pp. 463-496. [CrossRef]

3.  Lukow, O.M.; McVetty, P.B.E. Grain production and consumption | Cereal grains in North America. In Encyclopaedia of Grain
Science; Academic Press: Kidlington, UK, 2004; pp. 94-106. [CrossRef]

4. Nhemachena, C.R;; Kirsten, J. A historical assessment of sources and uses of wheat varietal innovations in South Africa. South Afr.
J. Sci. 2017, 113, 1-8. [CrossRef]

5. Matthews, S.B.; Santra, M.; Mensack, M.M.; Wolfe, P; Byrne, P.E,; Thompson, H.J. Metabolite Profiling of a Diverse Collection of
Wheat Lines Using Ultraperformance Liquid Chromatography Coupled with Time-of-Flight Mass Spectrometry. PLoS ONE 2012,
7,e44179. [CrossRef] [PubMed]

6. Jankielsohn, A.; Miles, C. How do older wheat cultivars compare to modern wheat cultivars currently on the market in South
Africa? J. Hortic. Sci. Res. 2017, 1, 42—47. [CrossRef]

7. Shamuyarira, K.W.; Shimelis, H.; Tapera, T.; Tsilo, T.]. Genetic Advancement of Newly Developed Wheat Populations Under
Drought-Stressed and Non-Stressed Conditions. J. Crop Sci. Biotechnol. 2019, 22, 169-176. [CrossRef]

8.  Tadele, Z. Raising Crop Productivity in Africa through Intensification. Agronomy 2017, 7, 22. [CrossRef]

9.  Sultan, B.; Defrance, D.; lizumi, T. Evidence of crop production losses in West Africa due to historical global warming in two crop
models. Sci. Rep. 2019, 9, 12834. [CrossRef]

10. Miedaner, T.; Juroszek, P. Climate change will influence disease resistance breeding in wheat in Northwestern Europe.

Theor. Appl. Genet. 2021, 134, 1771-1785. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/metabo12020098/s1
https://www.mdpi.com/article/10.3390/metabo12020098/s1
http://www.ebi.ac.uk/metabolights/MTBLS1234
http://doi.org/10.1093/jxb/erp058
http://doi.org/10.1016/B978-0-12-815794-7.00017-5
http://doi.org/10.1016/B0-12-765490-9/00067-7
http://doi.org/10.17159/sajs.2017/20160008
http://doi.org/10.1371/journal.pone.0044179
http://www.ncbi.nlm.nih.gov/pubmed/22957002
http://doi.org/10.36959/745/39
http://doi.org/10.1007/s12892-018-0262-0
http://doi.org/10.3390/agronomy7010022
http://doi.org/10.1038/s41598-019-49167-0
http://doi.org/10.1007/s00122-021-03807-0
http://www.ncbi.nlm.nih.gov/pubmed/33715023

Metabolites 2022, 12, 98 16 of 18

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Farhangfar, S.; Bannayan, M.; Khazaei, H.R.; Baygi, M.M. Vulnerability assessment of wheat and maize production affected by
drought and climate change. Int. J. Disaster Risk Reduct. 2015, 13, 37-51. [CrossRef]

Sasson, A. Food security for Africa: An urgent global challenge. Agric. Food Secur. 2012, 1, 2. [CrossRef]

Gassner, A.; Harris, D.; Mausch, K.; Terheggen, A.; Lopes, C.; Finlayson, R.; Dobie, P. Poverty eradication and food security
through agriculture in Africa: Rethinking objectives and entry points. Outlook Agric. 2019, 48, 309-315. [CrossRef]

Smit, H.; Tolmay, V.; Barnard, A.; Jordaan, J.; Koekemoer, E.; Otto, W.; Pretorius, Z.; Purchase, J.; Tolmay, J. An overview of the
context and scope of wheat (Triticum aestivumy) research in South Africa from 1983 to 2008. S. Afr. J. Plant Soil 2010, 27, 81-96.
[CrossRef]

Carmona, M.; Sautua, F; Pérez-Hérnandez, O.; Reis, E.M. Role of Fungicide Applications on the Integrated Management of
Wheat Stripe Rust. Front. Plant Sci. 2020, 11, 733. [CrossRef]

Shahin, A.A. Occurrence of new races and virulence changes of the wheat stripe rust pathogen (Puccinia striiformis f. sp. tritici) in
Egypt. Arch. Phytopathol. Plant Prot. 2020, 53, 552-569. [CrossRef]

Rahman, A.; Lee, S.-H.; Ji, H.C.; Kabir, A.H.; Jones, C.S.; Lee, K.-W. Importance of Mineral Nutrition for Mitigating Aluminum
Toxicity in Plants on Acidic Soils: Current Status and Opportunities. Int. J. Mol. Sci. 2018, 19, 3073. [CrossRef]

Rahaman, M.; Chen, D.; Egillani, Z.; Eklukas, C.; Echen, M. Advanced phenotyping and phenotype data analysis for the study of
plant growth and development. Front. Plant Sci. 2015, 6, 619. [CrossRef]

Lin, Z.; Zhang, X.; Yang, X.; Li, G.; Tang, S.; Wang, S.; Ding, Y.; Liu, Z. Proteomic analysis of proteins related to rice grain
chalkiness using iTRAQ and a novel comparison system based on a notched-belly mutant with white-belly. BMC Plant Biol. 2014,
14,163. [CrossRef]

Parray, ].A.; Shameem, N. Metabolomics for crop improvement: Quality and productivity. In Sustainable Agriculture Advances in
Plant Metabolome and Microbiome; Elsevier Inc.: Amsterdam, The Netherlands, 2020; Chapter 1; pp. 1-42.

Djande, C.Y.H,; Piater, L.A.; Steenkamp, P.A.; Tugizimana, F; Dubery, LA. A Metabolomics Approach and Chemometric Tools for
Differentiation of Barley Cultivars and Biomarker Discovery. Metabolites 2021, 11, 578. [CrossRef] [PubMed]

Grofskinsky, D.K.; Svensgaard, ].; Christensen, S.; Roitsch, T. Plant phenomics and the need for physiological phenotyping across
scales to narrow the genotype-to-phenotype knowledge gap. J. Exp. Bot. 2015, 66, 5429-5440. [CrossRef]

Jaradat, A.A. Breeding oilseed crops for climate change. In Breeding Oilseed Crops for Sustainable Production; Gupta, S.K., Ed.;
Elsevier Inc.: Amsterdam, The Netherlands, 2016.

Fernie, A.R.; Schauer, N. Metabolomics-assisted breeding: A viable option for crop improvement? Trends Genet. 2009, 25, 39-48.
[CrossRef] [PubMed]

Gago, ].; Fernie, A.R.; Nikoloski, Z.; Tohge, T.; Martorell, S.; Escalona, ] M.; Ribas-Carbo, M.; Flexas, ].; Medrano, H. Integrative
field scale phenotyping for investigating metabolic components of water stress within a vineyard. Plant Methods 2017, 13, 90.
[CrossRef] [PubMed]

Lavergne, F.D.; Broeckling, C.D.; Cockrell, D.M.; Haley, S.D.; Peairs, EB.; Jahn, C.E.; Heuberger, A.L. GC-MS Metabolomics to
Evaluate the Composition of Plant Cuticular Waxes for Four Triticum aestivum Cultivars. Int. J. Mol. Sci. 2018, 19, 249. [CrossRef]
Liigand, P.; Kaupmees, K.; Haav, K,; Liigand, J.; Leito, I.; Girod, M.; Antoine, R.; Kruve, A. Think Negative: Finding the Best
Electrospray Ionization/MS Mode for Your Analyte. Anal. Chem. 2017, 89, 5665-5668. [CrossRef]

Pretorius, C.; Tugizimana, F.; Steenkamp, P; Piater, L.; Dubery, I. Metabolomics for Biomarker Discovery: Key Signatory Metabolic
Profiles for the Identification and Discrimination of Oat Cultivars. Metabolites 2021, 11, 165. [CrossRef]

Nephali, L.; Piater, L.A.; Dubery, L A,; Patterson, V.; Huyser, J.; Burgess, K.; Tugizimana, F. Biostimulants for Plant Growth and
Mitigation of Abiotic Stresses: A Metabolomics Perspective. Metabolites 2020, 10, 505. [CrossRef]

Zeiss, D.R.; Mhlongo, M.L,; Tugizimana, E; Steenkamp, P.A.; Dubery, I.A. Comparative Metabolic Phenotyping of Tomato
(Solanum lycopersicum) for the Identification of Metabolic Signatures in Cultivars Differing in Resistance to Ralstonia solanacearum.
Int. ]. Mol. Sci. 2018, 19, 2558. [CrossRef]

Mhlongo, M.; Steenkamp, P.A; Piater, L.; Madala, N.E.; Dubery, I.A. Profiling of Altered Metabolomic States in Nicotiana tabacum
Cells Induced by Priming Agents. Front. Plant Sci. 2016, 7, 1527. [CrossRef]

Metabo Analyst. Available online: https:/ /www.metaboanalyst.ca (accessed on 24 August 2020).

Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, TW.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.;
et al. Proposed minimum reporting standards for chemical analysis Chemical Analysis Working Group (CAWG) Metabolomics
Standards Initiative (MSI). Metabolomics 2007, 3, 211-221. [CrossRef] [PubMed]

Nigro, D.; Grausgruber, H.; Guzman, C.; Laddomada, B. Phenolic compounds in wheat kernels: Genetic and genomic studies of
biosynthesis and regulation. In Wheat Quality for Improving Processing and Human Health; Igrejas, G., Ikeda, TM., Guzman, C.,
Eds.; Springer Nature: Basingstoke, UK, 2020; pp. 225-253. [CrossRef]

Zili¢, S. Phenolic Compounds of Wheat Their Content, Antioxidant Capacity and Bioaccessibility. MOJ Food Process. Technol. 2016,
2,00037. [CrossRef]

Laddomada, B.; Caretto, S.; Mita, G. Wheat Bran Phenolic Acids: Bioavailability and Stability in Whole Wheat-Based Foods.
Molecules 2015, 20, 15666-15685. [CrossRef]

Pascual, M.B.; El-Azaz, J.; De La Torre, EN.; Cafias, R.A.; Avila, C.; Canovas, EM. Biosynthesis and Metabolic Fate of Phenylalanine
in Conifers. Front. Plant Sci. 2016, 7, 1030. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijdrr.2015.03.006
http://doi.org/10.1186/2048-7010-1-2
http://doi.org/10.1177/0030727019888513
http://doi.org/10.1080/02571862.2010.10639973
http://doi.org/10.3389/fpls.2020.00733
http://doi.org/10.1080/03235408.2020.1767330
http://doi.org/10.3390/ijms19103073
http://doi.org/10.3389/fpls.2015.00619
http://doi.org/10.1186/1471-2229-14-163
http://doi.org/10.3390/metabo11090578
http://www.ncbi.nlm.nih.gov/pubmed/34564394
http://doi.org/10.1093/jxb/erv345
http://doi.org/10.1016/j.tig.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19027981
http://doi.org/10.1186/s13007-017-0241-z
http://www.ncbi.nlm.nih.gov/pubmed/29093742
http://doi.org/10.3390/ijms19020249
http://doi.org/10.1021/acs.analchem.7b00096
http://doi.org/10.3390/metabo11030165
http://doi.org/10.3390/metabo10120505
http://doi.org/10.3390/ijms19092558
http://doi.org/10.3389/fpls.2016.01527
https://www.metaboanalyst.ca
http://doi.org/10.1007/s11306-007-0082-2
http://www.ncbi.nlm.nih.gov/pubmed/24039616
http://doi.org/10.1007/978-3-030-34163-3
http://doi.org/10.15406/mojfpt.2016.02.00037
http://doi.org/10.3390/molecules200915666
http://doi.org/10.3389/fpls.2016.01030
http://www.ncbi.nlm.nih.gov/pubmed/27468292

Metabolites 2022, 12, 98 17 of 18

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Delgado, A.M.; Issaoui, M.; Chammem, N. Analysis of Main and Healthy Phenolic Compounds in Foods. ]. AOAC Int. 2019, 102,
1356-1364. [CrossRef]

Yang, D.; Wang, T.; Long, M.; Li, P. Quercetin: Its Main Pharmacological Activity and Potential Application in Clinical Medicine.
Oxid. Med. Cell. Longev. 2020, 2020, 8825387. [CrossRef] [PubMed]

Groenbaek, M.; Tybirk, E.; Neugart, S.; Sundekilde, U.; Schreiner, M.; Kristensen, H.L. Flavonoid Glycosides and Hydroxycinnamic
Acid Derivatives in Baby Leaf Rapeseed From White and Yellow Flowering Cultivars With Repeated Harvest in a 2-Years Field
Study. Front. Plant Sci. 2019, 10, 355. [CrossRef]

Vuolo, M.M,; Lima, S.V.; Marostica Junior, M.R. Phenolic compounds: Structure, classification, and antioxidant power. In Bioactive
Compounds; Campos, M.R.S., Ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2019.

Beneduci, A.; Furia, E.; Russo, N.; Marino, T. Complexation behaviour of caffeic, ferulic and p-coumaric acids towards aluminium
cations: A combined experimental and theoretical approach. New J. Chem. 2017, 41, 5182-5190. [CrossRef]

Coale, M.]. The Economic Benefits of the South African Agricultural Research Council’s Wheat Breeding Program: 1992-2015.
Master’s Thesis, University of Arkansas, Fayetteville, AR, USA, 2017. Available online: http://scholarworks.uark.edu/etd /2600
(accessed on 3 June 2021).

Liu, S.; Zhao, L.; Liao, Y.; Luo, Z.; Wang, H.; Wang, P.; Zhao, H.; Xia, ].; Huang, C. Dysfunction of the 4-coumarate:coenzyme A
ligase 4CL4 impacts aluminum resistance and lignin accumulation in rice. Plant J. 2020, 104, 1233-1250. [CrossRef]

Barcel6, J.; Poschenrieder, C. Fast root growth responses, root exudates, and internal detoxification as clues to the mechanisms of
aluminium toxicity and resistance: A review. Environ. Exp. Bot. 2002, 48, 75-92. [CrossRef]

Kidd, P; Llugany, M.; Poschenrieder, C.; Gunsé, B.; Barcelo, J. The role of root exudates in aluminium resistance and silicon-
induced amelioration of aluminium toxicity in three varieties of maize (Zea mays L.). J. Exp. Bot. 2001, 52, 1339-1352. [CrossRef]
Ferreyra, M.L.F,; Rius, S.P; Casati, P. Flavonoids: Biosynthesis, biological functions, and biotechnological applications.
Front. Plant Sci. 2012, 3, 222. [CrossRef]

Gogoi, R; Singh, D.V,; Srivastava, K.D. Phenols as a biochemical basis of resistance in wheat against Karnal bunt. Plant Pathol.
2001, 50, 470-476. [CrossRef]

Rakshit, S.; Mishra, S.K.; Dasgupta, S.K.; Sharma, B. Differential induction of chitinase in powdery mildew resistant and
susceptible lines of pea (Pisum sativum L.) in response to powdery mildew infection. Ann. Agric. Res. 1999, 20, 103.

Izydorczyk, M.S. Arabinoxylans. In Handbook of Hydrocolloids, 2nd ed.; Phillips, G.O., Williams, P.A., Eds.; Woodhead Publishing
Limited: Sawston, UK, 2009; pp. 653-692.

Izydorczyk, M.; Nam, S.; Sharma, A.; Kletke, J. Exploring dry grain fractionation as a means to valorize high-protein malting
barley. Cereal Chem. ]. 2021, 98, 840-850. [CrossRef]

Kan, A. Characterization of the fatty acid and mineral compositions of selected cereal cultivars from Turkey. Rec. Nat. Prod. 2015,
9, 124-134.

Lim, G.; Singhal, R.; Kachroo, A.; Kachroo, P. Fatty acid—and lipid-mediated signaling in plant defense. Annu. Rev. Phytopathol.
2017, 55, 505-536. [CrossRef] [PubMed]

Walley, ].W.; Kliebenstein, D.].; Bostock, R.M.; Dehesh, K. Fatty acids and early detection of pathogens. Curr. Opin. Plant Biol.
2013, 16, 520-526. [CrossRef]

Tayeh, C.; Randoux, B.; Laruelle, F.,; Bourdon, N.; Renard-Merlierand, D.; Reignault, P. Lipids as markers of induced resistance in
wheat: A biochemical and molecular approach. In Lipid Metabolism; Baez, R.V., Ed.; Intech Open: London, UK, 2013; Chapter 15;
pp. 363-390.

Madi, L.; Wang, X.; Kobiler, I.; Lichter, A.; Prusky, D. Stress on avocado fruits regulates A9—stearoyl ACP desaturase expression,
fatty acid composition, antifungal diene level and resistance to Colletotrichum gloeosporioides attack. Physiol. Mol. Plant Pathol.
2003, 62, 277-283. [CrossRef]

Papagianni, M. Scientific Fundamentals of Biotechnology: Organic Acids. In Comprehensive Biotechnology, 2nd ed.; Moo-Young,
M., Ed.; Elsevier B.V.: Amsterdam, The Netherlands, 2011; Volume 1, pp. 109-120. [CrossRef]

Martinez-Reyes, I.; Chandel, N.S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 2020, 11,
102. [CrossRef] [PubMed]

Jaiswal, S.K.; Naamala, ].; Dakora, ED. Nature and mechanisms of aluminium toxicity, tolerance and amelioration in symbiotic
legumes and rhizobia. Biol. Fertil. Soils 2018, 54, 309-318. [CrossRef]

Brunner, I.; Sperisen, C. Aluminum exclusion and aluminum tolerance in woody plants. Front. Plant Sci. 2013, 4, 172. [CrossRef]
[PubMed]

Delhaize, E.; Ryan, PR.; Randall, PJ. Aluminum Tolerance in Wheat (Triticum aestivum L.) II. Aluminum-Stimulated Excretion of
Malic Acid from Root Apices. Plant Physiol. 1993, 103, 695-702. [CrossRef]

Delhaize, E.; Gruber, B.; Ryan, P.R. The roles of organic anion permeases in aluminium resistance and mineral nutrition. FEBS Lett.
2007, 581, 2255-2262. [CrossRef]

Godzien, J.; Ciborowski, M.; Martinez-Alcazar, M.P.; Samczuk, P.; Kretowski, A.; Barbas, C. Rapid and Reliable Identification of
Phospholipids for Untargeted Metabolomics with LC-ESI-QTOF-MS/MS. ]. Proteome Res. 2015, 14, 3204-3216. [CrossRef]
Mhlongo, M.L; Piater, L.A.; Steenkamp, P.A.; Labuschagne, N.; Dubery, I.A. Metabolic Profiling of PGPR-Treated Tomato Plants
Reveal Priming-Related Adaptations of Secondary Metabolites and Aromatic Amino Acids. Metabolites 2020, 10, 210. [CrossRef]
[PubMed]


http://doi.org/10.5740/jaoacint.19-0128
http://doi.org/10.1155/2020/8825387
http://www.ncbi.nlm.nih.gov/pubmed/33488935
http://doi.org/10.3389/fpls.2019.00355
http://doi.org/10.1039/C7NJ00661F
http://scholarworks.uark.edu/etd/2600
http://doi.org/10.1111/tpj.14995
http://doi.org/10.1016/S0098-8472(02)00013-8
http://doi.org/10.1093/jexbot/52.359.1339
http://doi.org/10.3389/fpls.2012.00222
http://doi.org/10.1046/j.1365-3059.2001.00583.x
http://doi.org/10.1002/cche.10426
http://doi.org/10.1146/annurev-phyto-080516-035406
http://www.ncbi.nlm.nih.gov/pubmed/28777926
http://doi.org/10.1016/j.pbi.2013.06.011
http://doi.org/10.1016/S0885-5765(03)00076-6
http://doi.org/10.1016/B978-0-08-088504-9.00011-8
http://doi.org/10.1038/s41467-019-13668-3
http://www.ncbi.nlm.nih.gov/pubmed/31900386
http://doi.org/10.1007/s00374-018-1262-0
http://doi.org/10.3389/fpls.2013.00172
http://www.ncbi.nlm.nih.gov/pubmed/23781222
http://doi.org/10.1104/pp.103.3.695
http://doi.org/10.1016/j.febslet.2007.03.057
http://doi.org/10.1021/acs.jproteome.5b00169
http://doi.org/10.3390/metabo10050210
http://www.ncbi.nlm.nih.gov/pubmed/32443694

Metabolites 2022, 12, 98 18 of 18

65.

66.
67.
68.
69.

Madala, N.E.; Steenkamp, P.A.; Piater, L.A.; Dubery, I A. Metabolomic analysis of isonitrosoacetophenone-induced perturbations
in phenolic metabolism of Nicotiana tabacum cells. Phytochemistry 2013, 94, 82-90. [CrossRef] [PubMed]

Dictionary of Natural Products. Available online: www.dnp.chemnetbase.com (accessed on 14 June 2021).

PubChem. Available online: https://pubchem.ncbinlm.nih.gov/ (accessed on 14 June 2021).

ChemSpider. Available online: http://www.chemspider.com/ (accessed on 10 June 2021).

Mareya, C.R.; Tugizimana, F.; Di Lorenzo, F; Silipo, A.; Piater, L.A.; Molinaro, A.; Dubery, L A. Adaptive defence-related changes
in the metabolome of Sorghum bicolor cells in response to lipopolysaccharides of the pathogen Burkholderia andropogonis. Sci. Rep.
2020, 10, 7626. [CrossRef] [PubMed]


http://doi.org/10.1016/j.phytochem.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23790642
www.dnp.chemnetbase.com
https://pubchem.ncbi.nlm.nih.gov/
http://www.chemspider.com/
http://doi.org/10.1038/s41598-020-64186-y
http://www.ncbi.nlm.nih.gov/pubmed/32376849

	Introduction 
	Results 
	Analysis of Chromatographic and Mass Spectrometric Data for Differential Detection of Metabolites in Wheat Cultivars 
	Chemometric and Statistical Data Analysis for Metabolite Profiling of Wheat Cultivars 
	Evaluation of Differential Metabolic Profiles of Wheat Cultivars 

	Discussion 
	Materials and Methods 
	Wheat Cultivation 
	Plant Harvesting and Metabolite Extraction 
	Metabolomics-Based Data Acquisition, Analysis, and Interpretation 
	Untargeted Metabolomics Study with UHPLC-MS Analysis 
	Data Processing and Multivariate Data Analysis (MVDA) 


	Conclusions 
	References

