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Preface

We are pleased to present this Reprint, a curated collection of research articles from the Special
Issue “Metabolomics and Plant Defence” of Metabolites. In an era of escalating environmental
challenges, understanding the molecular basis of plant resilience is more critical than ever. This
volume is dedicated to exploring the sophisticated metabolic dialogues that plants engage in to survive
and thrive under stress.

The studies compiled here employ cutting-edge metabolomic and multi-omics approaches to
decode the chemical language of plant defense. From the priming of barley against fungal pathogens
to the antioxidant strategies of banana against bacterial wilt, and from the metabolic acclimation of
tomato to heat and aluminum stress to the developmental metabolomics of sorghum, this Reprint
offers a panoramic view of plant metabolic adaptability. It underscores a central theme: defense is not
merely a reaction but a strategic reprogramming of primary and secondary metabolism, balancing
resistance with growth.

This Reprint is intended for plant scientists, biochemists, agricultural researchers, and advanced
students seeking to comprehend advances in our knowledge of plant-environment interactions. We
believe that this collection serves as a valuable resource, highlighting how fundamental discoveries in
metabolic pathways can inform practical strategies for crop improvement.

We extend our deepest gratitude to all the contributing authors for sharing their insightful
work. Our sincere thanks also go to the numerous expert reviewers whose rigorous evaluations and
constructive feedback were indispensable in shaping the quality of this Special Issue. Finally, we
acknowledge the dedicated editorial team of Metabolites for their professional support and for making

this Reprint possible.

Shitou Xia and Junxing Lu
Guest Editors
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Chongging Key Laboratory of Plant Environmental Adaptations, College of Life Science, Chongging Normal
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Hunan Provincial Key Laboratory of Phytohormones and Growth Development, College of Bioscience and
Biotechnology, Hunan Agricultural University, Changsha 410128, China

*  Correspondence: junxlu@163.com (J.L.); xstone0505@hunau.edu.cn (5.X.)

1. Introduction

Plant metabolomics is pivotal in understanding plant defense mechanisms against
environmental stresses [1,2], which enables researchers to profile the complex metabolic
changes in plants in response to biotic and abiotic factors such as pathogens, drought, and
temperature extremes [3,4]. By analyzing metabolic fingerprints, scientists can identify key
metabolites that are upregulated or synthesized during stresses, including defense phyto-
hormones like salicylic acid, jasmonic acid, and ethylene, which are crucial for mounting
an effective resistance [5,6]. Additionally, metabolomic studies reveal the accumulation of
secondary metabolites such as flavonoids and phenolics, which often possess antioxidant
properties and can protect plants from oxidative damage caused by various stresses [7].
These are fundamental for understanding plant biology and developing strategies to en-
hance crop resilience and improve agricultural sustainability in the face of climate change.

The field of metabolomics has become instrumental in deciphering the intricate
metabolic responses of plants to biotic and abiotic stresses, particularly in the context
of disease resistance and environmental adaptability [8]. This Special Issue of Metabolites,
entitled “Metabolomics and Plant Defense” contains nine original research articles and one
review, focusing on distinct plant—pathogen interactions and plant—environmental stress
responses to enhance our understanding of how plants reprogram their metabolism as a
defense strategy against pathogens and environmental challenges.

2. Metabolomics Insights into Plant Pathogen Resistance

In recent years, metabolomics has emerged as a powerful tool for understanding
the complex metabolic responses of plants to biotic stresses, particularly in the context of
disease resistance [1,6]. This Special Issue features four original research articles on distinct
plant—pathogen interactions, which collectively contribute to our understanding of how
plants employ metabolic reprogramming in resistance against pathogens.

Singh et al. (contribution 1) investigated the metabolic responses of the wild tomato
species Solanum cheesmaniae to the pathogen Alternaria solani, which causes early blight.
Untargeted metabolomics was applied to identify significant metabolic biomarkers and
pathways associated with plant resistance. The study identified 10,943 metabolite features
with 3371 compounds annotated using the KEGG database, implicating secondary metabo-
lites, cofactors, steroids, terpenoids, and fatty acids. A total of 541 upregulated and 485
downregulated metabolite features were identified, which play roles in defense, infection
prevention, signaling, plant growth, and homeostasis under stress. Orthogonal partial least
squares discriminant analysis (OPLS-DA) revealed 34 upregulated and 41 downregulated
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biomarker metabolites, which could contribute to disease-resistant metabolic traits and
tomato breeding programs.

Barley (Hordeum vulgare), a highly versatile cereal crop, is widely cultivated but is sus-
ceptible to fungal pathogens, notably the ascomycete Pyrenophora teres f. teres (Ptt), which
causes the ‘net blotch net form” (NBNF) disease. Hamany Djande et al. (contribution 2)
provided insights into the metabolomic reconfiguration of barley plants primed with 3,5-
dichloroanthranilic acid (3,5-DCAA) in response to Ptt infection, shedding light on how
priming can arm barley with a rapid and robust defense mechanism against necrotrophic
fungi, a group known to cause significant crop losses worldwide. Both untargeted and
targeted metabolomics analyses were conducted, revealing a complex interplay of metabo-
lites that are reprogrammed in primed barley. Key metabolites such as 5-oxo-proline and
citric acid were significantly associated with the priming response. These findings advance
our understanding of the regulated and reprogrammed metabolic responses that constitute
defense priming in barley against Ptt.

The tea industry, a vital sector in global agriculture, faces significant challenges from
diseases including gray blight caused by Pestalotiopsis-like species. Zheng et al. (contri-
bution 3) provided valuable insights into the metabolic defense mechanisms of tea plants
(Camellia sinensis) in response to this disease. Using a multi-omics approach, the researchers
identified 64 differentially accumulated metabolites, including increased levels of antimi-
crobial compounds like caffeine and (—)-epigallocatechin 3-gallate, along with a decrease
in the synthesis of (+)-catechin and (—)-epicatechin. A dynamic modulation of different
branches of the flavonoid biosynthetic pathway was revealed in tea plants under fungal
challenge. The findings underscore the strategic reprogramming of tea plant metabolism,
prioritizing the production of potent antimicrobial flavanols while reducing the allocation
of resources to less bioactive compounds. The metabolic shift is likely crucial for bolstering
the plant’s defense against fungal pathogens.

Diseases such as Moko, caused by Ralstonia solanacearum, also pose significant threats
to the global banana industry. Mihai et al. (contribution 4) examined the metabolic response
of Musa spp. from the Ecuadorian coast to this disease, shedding light on their defense
mechanisms. A higher accumulation of secondary metabolites with antioxidant capacity
was identified in diseased samples compared to healthy ones, suggesting strategic metabolic
reprogramming in response to pathogenic attack. The study employed a multi-omics
approach, utilizing LC-MS to analyze active compounds with antioxidant properties in four
common Musa varieties. The results indicated an upregulation of phenolic compounds and
flavonoids such as kaempferol and quercetin glycosides, which are crucial for the plant’s
defense against R. solanacearum.

These four studies collectively illustrate the dynamic and complex nature of plant
metabolic responses to pathogen infection and reveal how plants employ a suite of
metabolic changes, including the upregulation of secondary metabolites and antioxidants,
to combat pathogen invasion. These metabolic shifts not only provide immediate defense
but also prime the plant for future encounters, highlighting the plant’s ability to “remem-
ber” and respond more effectively to subsequent attacks. Metabolomic approaches offer a
window into the plant’s chemical arsenal, allowing scientists to identify and manipulate
key metabolic pathways to enhance disease resistance.

3. Metabolomics Insights into Plant Environmental Stress Adaptation

The intricate interplay between environmental stresses and plant metabolism is akin to
a complex dance, where each step, choreographed by nature, carries profound implications
for agriculture and food security. Within this Special Issue, four original research articles
delve into the metabolic responses of plants under various stressors.
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Hamany Djande et al. (contribution 5) explored the metabolic reprogramming in
barley plants following the application of dichlorinated functional analogs of salicylic
acid, shedding light on how these plants bolster their defenses against environmental
stresses. Employing a multi-omics approach, the research revealed significant alter-
ations in both primary and secondary metabolites, with a particular emphasis on the
phenylpropanoid pathway—a known marker of induced resistance in plants. The ap-
plication of 3,5-dichloroanthranilic acid, 2,6-dichloropyridine-4-carboxylic acid, and 3,5-
dichlorosalicylic acid to barley at the third leaf stage triggered a metabolic response, under-
scoring the potential of these dichlorinated compounds as inducers of acquired resistance.
The study observed the accumulation of barley-specific metabolites, for instance hordatines
and precursors, indicating a strategic metabolic reprogramming that enhances the plant’s
defense mechanisms.

In the face of environmental adversities, 3-cyclocitral (3CC) emerges as a beacon of
hope for bolstering the resilience of Solanum lycopersicum (tomato). This apocarotenoid,
an oxidative product of 3-carotene, primes plants for stress acclimation without imped-
ing growth—a delicate balance rarely achieved. Deshpande and Mitra (contribution 6)
meticulously documented how 3CC induces metabolic changes, enhancing both defense
mechanisms and growth in tomato plants. Through a sophisticated LC-MS/MS analysis,
the research identified 57 compounds. Among which, amino acids and phytophenols,
upregulated by BCC, not only fortify the plant against biotic stresses but also support its
growth. This dual action underscores the wisdom of plant biology, where FCC orchestrates
a temporal separation in metabolite accumulation, optimizing resource allocation. The find-
ings are a testament to BCC’s promise as a metabolic signal, priming crops for a fortified
defense against environmental challenges.

Amid the growing challenges posed by acidic soils that hinder global crop production,
pyroligneous acid (PA) emerges as a promising ally for tomato plants. Aluminum toxicity,
a pervasive issue in such soils, can be mitigated by PA application, according to a recent
study by Ofoe et al. (contribution 7). This research uncovers the metabolic nuances of
how PA treats tomato plants under aluminum stress, revealing a complex interplay of
central carbon metabolism (CCM). Forty-eight differentially expressed metabolites were
identified as involved in CCM, indicating PA’s role in regulating plant metabolism to adapt
to aluminum stress. Notably, PA increased metabolites associated with glycolysis and the
tricarboxylic acid (TCA) cycle, suggesting a shift towards enhanced energy production and
organic acid biosynthesis, which is crucial for aluminum tolerance.

Understanding plant responses to water stress is critical for agricultural resilience,
particularly in light of climate change. Abbey et al. (contribution 8) explored the metabolic
shifts in Mexican mint (Plectranthus amboinicus) under varying watering regimes. The
research reveals that 68 key metabolites of central carbon metabolism are significantly
impacted by water stress, highlighting the plant’s metabolic plasticity. Under drought
conditions, glycolytic metabolites surge, suggesting an energy conservation strategy. Con-
versely, flooding enhances Calvin cycle metabolites, indicating a photosynthetic adaptation.
Notably, the resumption of regular watering prompts a swift metabolic rebound, under-
scoring the plant’s ability to restore normal physiological activities.

Collectively, these studies deepen our understanding of how plants reprogram
their metabolism in response to environmental stresses and highlight the complexity
of plant metabolic responses and the potential for manipulating these pathways to en-
hance stress tolerance. By revealing the metabolic underpinnings of plant resilience, these
studies may open avenues for developing crops that can maintain productivity under
challenging conditions.
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4. Metabolomic Insights into Sorghum Seedling Development and
Tomato Heat Stress Management

Sorghum, an important crop in arid regions, faces considerable challenges during its
early developmental stages, particularly from soil-borne pathogens. Dubery et al. (contri-
bution 9) provide a thorough examination of the metabolic reprogramming in sorghum
seedlings, offering insights that are essential for enhancing crop resilience and ensuring
food security, as it uncovers the role of specialized metabolites in plant growth, develop-
ment, and defense mechanisms against environmental stresses, including the common
damping-off disease in sorghum seedlings. Using targeted metabolomics, the research
identified shifts in metabolite patterns across various growth stages, revealing a significant
increase in metabolite content as the plants mature. Notably, the study found a correlation
between apigenin flavone derivatives and growth stages, which could play a key role in
the development of stress-resilient crops and the improvement of crop quality and yield.

Amidst the relentless rise in global temperatures, the agricultural sector faces signifi-
cant challenges, particularly for heat-sensitive crops like tomatoes. Khan et al. (contribution
10) offer an exhaustive analysis of the adverse effects of heat stress on tomato plants. The
authors detail how elevated temperatures negatively impact tomato growth, nutrient
availability, photosynthesis, reproduction, and cellular integrity. Excessive production of
reactive oxygen species (ROS) under heat stress is especially alarming, as it can lead to
substantial cellular damage. The review emphasizes the need to develop heat-tolerant
tomato varieties and highlights the potential of modern functional genomics techniques—
transcriptomics, proteomics, and metabolomics—to identify key genes, proteins, and
metabolites associated with heat stress tolerance. The integration of these technologies
with traditional breeding methods could lead to the creation of robust tomato cultivars
capable of withstanding high temperatures.

5. Conclusions

In conclusion, the comprehensive insights provided by the studies in this Special
Issue underscore the pivotal role of metabolomics in plant defense mechanisms against
both biotic and abiotic stresses. The observed metabolic reprogramming across diverse
plant species, including tomatoes, barley, tea, bananas, and others, highlights the dynamic
nature of plant responses to pathogens and environmental challenges. While these studies
provide valuable insights into plant metabolic adaptations under stress, their focus on
single stress factors or model crops might limit our understanding of combinatorial stress
responses and their broader applicability in agricultural systems. To address these gaps
and further explore the complexity of plant-environment interactions, we are organizing
a follow-up Special Issue, “Metabolomics and Plant Defence, 2nd Edition”. This new
issue will emphasize multi-omics integration, cross-species comparative analyses, and
field-based studies under realistic climate conditions. The integration of metabolomics with
other omics technologies and traditional breeding methods can facilitate the development
of resilient, stress-adapted crop varieties, thereby contributing to the establishment of
sustainable and climate-resilient agricultural systems.

Author Contributions: Conceptualization, J.L. and S.X.; methodology, J.L.; software, S.X.; validation,
J.L. and S.X,; formal analysis, S.X.; investigation, J.L.; resources, S.X.; data curation, J.L.; writing—
original draft preparation, J.L. and S.X.; writing—review and editing, S.X. and J.L.; visualization, J.L.;
supervision, J.L. and S.X.; project administration, S.X.; funding acquisition, J.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was partially supported by the Chongqging Municipal Science and Technology
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Abstract: Untargeted metabolomics of moderately resistant wild tomato species Solanum cheesmaniae
revealed an altered metabolite profile in plant leaves in response to Alternaria solani pathogen. Leaf
metabolites were significantly differentiated in non-stressed versus stressed plants. The samples were
discriminated not only by the presence/absence of specific metabolites as distinguished markers of
infection, but also on the basis of their relative abundance as important concluding factors. Annotation
of metabolite features using the Arabidopsis thaliana (KEGG) database revealed 3371 compounds with
KEGG identifiers belonging to biosynthetic pathways including secondary metabolites, cofactors,
steroids, brassinosteroids, terpernoids, and fatty acids. Annotation using the Solanum lycopersicum
database in PLANTCYC PMN revealed significantly upregulated (541) and downregulated (485)
features distributed in metabolite classes that appeared to play a crucial role in defense, infection
prevention, signaling, plant growth, and plant homeostasis to survive under stress conditions. The
orthogonal partial least squares discriminant analysis (OPLS-DA), comprising a significant fold
change (>2.0) with VIP score (>1.0), showed 34 upregulated biomarker metabolites including
5-phosphoribosylamine, kaur-16-en-18-oic acid, pantothenate, and O-acetyl-L-homoserine, along
with 41 downregulated biomarkers. Downregulated metabolite biomarkers were mapped with
pathways specifically known for plant defense, suggesting their prominent role in pathogen resistance.
These results hold promise for identifying key biomarker metabolites that contribute to disease
resistive metabolic traits/biosynthetic routes. This approach can assist in mQTL development for the
stress breeding program in tomato against pathogen interactions.

Keywords: metabolite profiling; secondary metabolites; metabolomics; biotic stress; Solanum cheesma-
niae; Alternaria solani; early blight

1. Introduction

Chemical diversity and metabolite composition of plants exposed to biotic challenges
in the environment critically define their standing status under the conditions of the pro-
gression of pathogen infection [1]. Following pathogen invasion, pathophysiological and
molecular cascades are triggered to sense the stress [2], which simultaneously activate an
integrated cellular network of physiological, biochemical, and molecular mechanisms [3,4].
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Further development of pathogen invasion and disease progression starts with the ex-
change of signaling molecules [5] and chemical crosstalk [6] as a ping-pong mechanism in
the host plant and pathogen interaction [7]. Accordingly, a complex cellular and metabolic
response is activated inside the host plant against pathogen invasion to circumvent disease
progression. As the infection progresses, metabolic networks of the pathogens and host be-
come intertwined, thereby leading to mutually influenced metabolism in both organisms [8].
In plants, an array of metabolites and their intermediates are biosynthesized, typically
to either accumulate or become degraded to categorically avoid or restrict pathogen in-
vasion [9]. In order to protect themselves from pathogens, plants need to accumulate
a diverse array of primary and secondary metabolites that warrant distinct developmental
and functional protective roles [10]. These metabolites, if mapped in pathogen-challenged
and unchallenged plants in an integrated way, can establish their identity and functional
role and provide exclusive clues regarding plant responses toward pathogens.

Solanum cheesmaniae is one of the two main wild tomato species from the Galapagos
Islands with enhanced plant performance against stresses [11]. Because of its potential
stress-tolerance and disease-resistance traits [12], this species has successfully been used
in stress-resistance breeding programs for the improvement of commercial tomato va-
rieties [13]. Early blight-resistant sources have been identified in different wild tomato
species, with the accession WIR3928 belonging to S. cheesmaniae showing resistance to
early blight throughout the vegetative phase and moderate resistance at the flowering
stage [14]. Being a wildtype, the plant is supposed to possess stringent metabolic and
molecular buildup of metabolic events that strongly activate defense mechanisms. Such
metabolic buildup possibly makes plants resistant against invasion by pathogens such
as Alternaria solani (causing early blight), a devastating pathogenic disease causing >50%
damage to cultivated tomato crop under field conditions [15]. For comparatively mapping
such chemical buildup inside plant cells and tissues, metabolomics has recently emerged
as a practical analytical and informatics tool to offer unbiased qualitative and quantita-
tive screening of metabolites at different status [16]. It was, therefore, hypothesized that
the robust intrinsic metabolic fitness of S. cheesmaniae can offer the plant overprotection
against A. solani pathogen. In this study, untargeted metabolomics analysis of S. cheesmaniae
plants grown under normal and pathogen-challenged conditions was attempted to aid
in identifying significantly distinct metabolic biomarkers and biosynthetic clues linked
to plant tolerance responses against A. solani. The study holds promise for developing
disease-diagnostic tools based on key biomarker metabolites, which could lead to the
development of mQTLs to target disease-resistance metabolic traits/biosynthetic routes for
supporting speed breeding programs in tomato against biotic stresses.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

S. cheesmaniae accession WIR3928 (wild species moderately resistant to early blight)
was used in this study to assess the post-inoculation metabolomic response toward A.
solani (Indian Type Culture Collection (ITCC) 4632, ICAR-IARI, New Delhi, India). Seeds
were surface sterilized using 2% sodium hypochlorite solution for 5 min using agitation
followed by washing with sterilized water and drying on sterile filter paper. Dried seeds
were seeded inside plastic pots with dimensions 20 x 20 x 14 cm containing a sterilized
mixture of field soil, cocopeat, perlite, and vermiculite in a ratio of 3:1:1:1 (w/w), and
then left in greenhouse to grow for 3 weeks. Afterward, seedlings were transplanted in
10 pots containing similar soil substrates. At the early flowering stage (60 days), lower
leaves of 10 potted plants were spray-inoculated with the pathogen (2.1 x 10* CFU/mL
inoculums). Pots were kept under high relative humidity (RH 86-90%) for 24 h, which was
further reduced to 70% for the next 5 days to allow for disease development. The disease
incidence (%) was calculated from days 1 to 5 as reported by Yerasu et al. [14]. On the
fifth day post inoculation, sampling of upper leaves was performed separately from the
pathogen-challenged and non-inoculated plants.
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2.2. Leaf Sample Preparation and Metabolite Extraction

A comprehensive method was employed to capture both polar and nonpolar metabo-
lites of tomato leaves [17]. Leaf tissues frozen with liquid nitrogen were pulverized with
an ice-cold mortar and pestle. Five grams of leaves from pathogen-challenged and un-
challenged plants were extracted using ethyl acetate (100%, 20 mL) overnight to capture
nonpolar to moderately polar metabolites [18]. The supernatant was separated using
centrifugation (6000x g, 4 °C, 15 min) and dried on a water bath set at 55 °C to yield 1 mL
of ethyl acetate extract. Tissues were further extracted with methanol and water/methanol
(10 mL each, 1:1, v/v) separately using sonication for 15 min and then vortexed for 2 h.
The mixture was kept overnight, and tissue debris was then pelleted using a benchtop
centrifuge (6000x g, 4 °C, 15 min) to yield 1 mL of each extract using a rotary evaporator
(55 °C). All three extracts were pooled together and transferred to a 5 mL glass tube to
obtain dried extract using rotavapor at 55 °C for 1 h. The samples were finally reconstituted
in 1 mL of HPLC-grade 100% methanol as solvent, filtered through a 0.22 um syringe filter,
and transferred into chromatographic vials, which were capped and stored at 4 °C for
further analysis. Three biological replications for each sample were prepared and analyzed
in triplicate. The overall results represented two independent experiments. A quality
check of the samples in aliquots was also performed to monitor sample stability, as well as
instrument and analysis deviation. The extraction protocol standards were followed as per
the minimum reporting standards explained for chemical analysis [19,20].

2.3. Untargeted LC-MS Analysis

A reconstituted extract of tomato leaves (200 uL) was filtered using 0.22 um syringe
filters and analyzed on a Dionex Ultimate 3000 (Thermo Fisher Scientific, Waltham, MA,
USA) HPLC system coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific,
USA). The analysis was performed using a Hypersil Gold C18 (2.1 mm x 100 mm, 1.9 um)
column set at 35 °C throughout the sample run of 31 min. The injection volume was 15 uL
per sample. The mobile phase was A (0.05% formic acid in water) and B (0.05% formic acid
in acetonitrile), with a flow rate of 350 pL./min. The elution conditions were 5% solvent B
for 0 to 2 min, followed by 5-95% solvent B for 2.01-22 min, 95% solvent B for 22.01-27 min,
and 5% solvent B for 27.01-31 min.

The Q Exactive MS system was used for data acquisition. The full scan MS range was
set at 100-1500 m/z, and the first-order resolution was set at 140,000. Data acquisition was
obtained in positive and negative ionization mode with an AGC target of 1 x 10°. The
parameters for the ion source were set as follows: sheath gas flow rate at 60 (arbitrary unit,
au), aux gas flow rate at 20 (au), and sweep gas flow rate at 10 (au). A capillary voltage
of (+) 3.2 kV was applied at a capillary temperature of 275 °C. The S-Lens level was at
55 rf, and the probe and aux gas heat temperatures were at 250 and 350 °C, respectively.
Each analysis was performed in three technical replicates. A quality check (QC) sample
was run after every six samples to ensure accurate retention time and elution order of
the HPLC system. The product ion scan was obtained using first- and second-level MS
data acquisition mode. The data obtained from LC-MS were analyzed using Compound
Discoverer 3.3 (Thermo Fisher Scientific, USA).

2.4. Tandem MS Data Processing and Statistical Analysis

Tandem mass spectrometry (MS/MS) parameters were set to improve the mass frag-
mentation pattern, with an m/z scan range of 200-2000, isolation offset of #1/z 0.5, collision
energy (CE) of 25-45 eV, maximum IT of 50 ms, loop count of 5, MSX count of 1, reso-
lution of 35,000, one microscan, and isolation window of m/z 2.0. The maximum AGC
target for data-dependent acquisition (DDA) was set at 8.00 e? with unassigned charge
exclusion having a dynamic exclusion rate of 10 s. An automated selection of precursor
ions from an accurate mass inclusion list was prioritized for obtaining MS2 spectra as
pre-annotated features after injection of two blanks and three quality checks (QCs) during
system conditioning [21].
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The raw data obtained from LC-MS/MS was preprocessed and analyzed using Com-
pound Discoverer 3.3 (Thermo Fisher Scientific, USA). The analysis primarily included
peak extraction, intensity detection, retention time (r.t.) correlation, filling of missing val-
ues, adjoint ion combinations, peak alignment, and normalization. The processing further
facilitated metabolite identification and detection of molecular weight, retention time,
and peak area. Metabolite features (11/z) were annotated using four chemical databases,
namely, mzCloud (www.mzcloud.org), predicted compositions (www.thermofisher.com),
metabolicatlas (metabolicatlas.org), and chemspider (www.chemspider.com) (accessed
on 14 February 2023). In the absence of authenticated chemical compounds, m/z fea-
tures were further reconfirmed and assigned KEEG identifier IDs after their annotation
with the KEGG compound database (www.genome.jp/kegg/compound) and PLANTCYC
(http:/ /plantcyc.org) following minimum reporting standards (accessed on 14 February,
2023) [19,20].

The data were preprocessed before performing multidimensional statistical analysis,
and the missing values were excluded from the original dataset. The processed data were
then tabulated in MS Excel and then uploaded to the “Statistical Analysis” module of
MetaboAnalyst 5.0 (www.metaboanalyst.ca, accessed on 14 February 2023). Univariate
analysis included feature analysis by two-sample t-test and Wilcoxon rank-sum tests, fold
change (FC) analysis to identify up- and downregulated metabolite features, volcano plot,
and a correlation heatmap that aided in the verification of significantly different features.
Before performing PCA model, log, transformation was followed by Pareto scaling for
scaling the obtained data. Chemometric analysis, including principal component analysis
(PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-
DA), was performed. The VIP score obtained in the OPLS-DA model and fold-change
maxima facilitated the assessment of the influence of intensity and explanatory ability of
each of the metabolites in classifying and discriminating groups of samples on the basis
of biologically significant metabolite features. Enrichment analysis was performed using
MetaboAnalyst 5.0 by annotating KEGG IDs with “main-class” and “sub-class” metabolite
chemical sets. Pathway and network analyses were performed.

A larger VIP score (>1) with fold change (FC) >2 showed a high contribution of
metabolite features in the sample differentiation in OPLS-DA analysis. The features with
VIP > 1 and FC > 2 at p < 0.05 were considered “significantly different metabolites” [21]
characterized as “biomarkers”. KEGG MAPPER was used to perform functional path-
way annotation using “Compound Search” with major metabolic pathways to which the
“annotated metabolites” or “differential metabolite biomarkers” belonged to.

2.5. Statistical Analysis

The “statistical module” of MetaboAnalyst 5.0 was used for univariate and multivari-
ate data analysis. For other purposes, data were analyzed using SPSS 16.0 for one-way
analysis of variance (ANOVA) using Student’s -test.

3. Results

A major goal of this study was to employ untargeted metabolomics to decipher
metabolic responses of S. cheesmaniae plants against A. solani pathogen. The experimental
setup, disease incidence, analysis procedure, and the outcomes in brief are summarized
in Figure 1. A. solani led to a disease incidence of 17.6% based on leaf spot count after
5 days of pathogen inoculation, after which the disease did not spread intensively. LC-
MS/MS-based untargeted metabolite profiling of pathogen (A. solanii)-challenged (MCTR)
and unchallenged (MCNTR) S. cheesmaniae plant leaves led to the detection of 10,943
metabolite features. The analysis by “pathway hits” resulted in 92 metabolic pathways
(20 at p < 0.05) mostly involved in the biosynthesis of ubiquinones, terpenoid-quinones,
glycosphingolipids, flavonoids, sesqui-di- and tri-terpenoids, carotenoids, steroids, phenyl-
propanoids, zeatin, folate, anthocyanins, cutin and suberin, sphingolipid, porphyrins,
linolenic acid, glutathione, vitamin B6, thiamine, inositol phosphate, cysteine, methionine,
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and ascorbate, as well as carbon fixation. Furthermore, functional analysis using “com-
pound hits” matched 3371 compounds with the “metabolite features” having “KEGG iden-
tifiers”, along with their matched forms and mass differences (Supplementary Table S1).
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Figure 1. Representative scheme of the experimental setup.

3.1. Enrichment Analysis

All 3371 metabolite features having KEGG identifiers were annotated with the Ara-
bidopsis thaliana pathway library using the “Functional Analysis” module of MetaboAnalyst
5.0. This resulted in the identification of the top 25 enriched metabolic pathways in which
metabolite features were significantly linked (p-values: 4 x 1072to 4 x 10713) (Figure 2A).
The pathway analysis module further identified 20 significantly enriched metabolic path-
ways (Figure 2B) belonging to steroid/terpenoid biosynthesis, amino-acid biosynthesis
and degradation, and metabolism of arachidonic acid, tryptophan, and sphingolipids. The
integrated pathway activity profile of the metabolite hits linked to different pathways after
annotation against the Arabidopsis thaliana library in KEGG also verified the appropriateness
of the functional analysis approach of metabolic features and their pathways (Figure 2C).

3.2. Univariate and Multivariate Data Analyses

Metabolite feature analysis by t-test at p < 0.05 showed 201 significant features
(Figure 3A). Fold change (FC) analysis (threshold FC > 2.0) identified 541 significantly up-
and 485 significantly downregulated metabolite features (Figure 3B). Clear differentiation
of up- and downregulated significant metabolite features on both axes was visualized
using a volcano plot (Figure 3C). A correlation heatmap correlated the top 1000 metabolite
features based on the interquartile range (IQR) (Figure 3D). Multivariate data analysis
of samples using an unsupervised PCA score plot revealed 48.7% variance along PC1
versus 32.3% variance along PC2, indicating a clear differentiation of metabolite features in
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MCTR and MCNTR (Figure 4A). The PCA loading plot (Figure 4B) identified the 10 most
prominent metabolite features, with m/z 549.3029, 213.1599, 371.7534, 570.9134, 393.2858,
437.2661, 481.9997, 225.1099, 279.1377, and 205.0708 negatively contributing to PC1. In
contrast, the top 10 features with m/z 374.1479, 281.1897, 391.263, 359.11, 283.1875, 377.0567,
314.1896, 284.1707, 492.3683, and 390.0878 positively contributed to PC1 at the 95% con-
fidence level. Likewise, for PC2, the 10 prominent positively contributing features were
m/z 423.32561, 532.43925, 193.14975, 610.54041, 354.17554, 198.03752, 178.05313, 625.26542,
532.4209, and 533.10217. Negatively contributing metabolite features in PC2 included m/z
360.17386, 340.28453, 415.194, 349.0899, 565.4075, 384.33342, 362.51172, 371.20361, 351.21671,
and 382.20709. The metabolite features screened for supervised PLS-DA also showed clear
differentiation of the two samples with component 1 (x-axis) covariance at 47.1% and com-
ponent 2 covariance (y-axis) at 37.2% (Figure 5A). The variable importance in projection
(VIP) scores resulted in the top 50 features having VIP scores >1 in PLS-DA model, which
indicated high contribution of the feature metabolites in sample segregation (Figure 5B).
Hierarchical clustering showed distinct patterns associated with metabolic changes in
MCTR and MCNTR (Figure 5C). Dendrograms showed hierarchical relationships between
pathogenic and nonpathogenic conditions and identified key metabolite features. One
group of clusters was associated with the plant responses in control, while the other cluster
showed high distinction from the nonpathogenic plant groups, demonstrating differential
metabolic reprogramming in the pathogen-challenged S. cheesmaniae leaf samples.
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Figure 2. (A) Enrichment analysis of metabolite features with KEGG IDs. (B) Integrated pathway
activity profile of significant (p < 0.05) metabolite features linked to biosynthetic pathways as
analyzed by MetaboAnalyst 5.0 (GSEA algorithm) using default parameters and the Arabidopsis
thaliana pathway as the library. (C) Significantly enriched major pathways. Enrichment ratio =
observed hits/expected hits.
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Figure 3. (A) Feature analysis by two-sample t-test and Wilcoxon rank-sum tests at p < 0.05 revealed
201 significant versus 2298 nonsignificant features. (B) Fold change (FC) analysis of metabolite
features after the plants were exposed to pathogen. At the FC threshold of >2.0, 541 significantly
upregulated, 485 downregulated, and 1472 nonsignificant features were identified. (C) Volcano plot
indicating clear differentiation of metabolite features in the two samples. (D) Correlation heatmap
showing correlation of the top 1000 features based on their interquartile range (IQR) in a large dataset.
The distance measured is based on Pearson r values with default MetaboAnalyst parameters.

The discrimination of metabolite level between control and challenged plants was
further revealed using an OPLS-DA loading S-plot, which highlighted relevant feature
ions with high covariance to act as discriminatory biomarkers (Figure 6A). The “outlier”
feature ions in the top right quadrant were positively correlated, while those in the lower
left quadrant were negatively correlated with the response of the plants under pathogenic
conditions. The features were further validated using a VIP plot with VIP scores (Figure 6B)
at values >1.

3.3. Pathway Classification of Annotated Features by KEGG Mapper

All chemical query identifiers (3371) obtained from the functional annotation of the
metabolite peak list when mapped against the S. lycopersicum database in KEGG Mapper
revealed 107 pathways and 173 modules. As many as 530 compounds were mapped with
metabolic pathways (sly01100): 449 related to biosynthesis of secondary metabolites, along
with 25 to phenylpropanoids, 100 to cofactors, 71 to 2-oxocarboxylic acid metabolism,
31 to carbon metabolism, 65 to amino acids, 46 to ABC transporters, 42 to steroids, 36 to
carotenoids, 28 to diterpenoids, 27 to ubiquinone and terpenoids/quinones, and 24 to
sesquiterpenoid/triterpenoid and flavonoid biosynthesis (Figure 7). In addition to major
metabolic pathways routinely involved in plant growth, a large set of metabolite features
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were mapped with those compounds which were directly linked to secondary metabo-
lite biosynthesis, which have been shown to exert a direct role in the defense of plants
challenged with the pathogen.
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Figure 4. (A) Principal component analysis score plot reflecting visualization of the relationship
among the samples in terms of groupings, trends, or outliers and showing differences between MCTR
and MCNTR along x-axis (PC1) and y-axis (PC2). Principal components 1 and 2 explained 48.7%
and 32.3% of the variance, respectively. (B) Loading plot describing the influence of variables in
sample segregation.

3.4. Enrichment Analysis of Up- and Downregulated Compounds

FC analysis resulted in 541 significantly up- and 485 significantly downregulated
features at FC > 2.0. These features, when matched with the S. Iycopersicum (and S. pinnelli)
compound database in PLANT CYC PMN, revealed 179 features having KEGG IDs for
upregulated and 175 features with KEGG IDs for downregulated compounds. In KEGG
Mapper, the upregulated compounds were mapped with 77 pathways and 61 modules,
while downregulated compounds were mapped with 88 pathways and 80 modules. The
main classes of upregulated classified compound groups to which the metabolites be-
longed were fatty-acid conjugates, aldehydes, cholines, tryptamines, indolyl carboxylic
acid, indoles, and phenols in the range of p-values 3x10—2 to 1x10—2° (Figure 8A). The
subclass compound groups included chalcones, straight-chain fatty acids, vitamins K and
E, biotic, pyridoxals, phosphoethanolamines, and serotonins (p-value range: 2x 10— to
1x10—2%) (Figure 8B). Similarly, the most prominent downregulated main class compound
groups were derivatives of cyclic alcohols and beta-keto acids (p = 9x10—! to 2x10—%")
(Figure 8C). The subclass of downregulated compound groups belonged to sphinganines,
ergostane steroids, peptides, prenylated hydoquinones, sphingosines, catecholamines, and
phenethylamines (Figure 8D).

The results clearly reflected differentiation among the up- and down-regulated com-
pound groups. It was confirmed that different metabolites differentially contributed to the
metabolic pathways to influence biosynthesis of compounds in favor of plant responses
toward pathogen challenges. Up- and down-regulated metabolites having KEGG iden-
tifiers were mapped and visualized in KEGG global metabolic network (Figure 9A) that
showed compounds in the pathways. The gene-metabolite interaction network explored
interactions between the functionally related metabolites and genes (Figure 9B). The input
metabolites and genes (seeds) were mapped to the selected interaction network that created
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subnetworks 1 and 2 with 1220 and five nodes, 1879 and four edges, and 51 and two
seeds (genes) for upregulated compounds. The metabolite-metabolite interaction network
highlighted potential functional relationships between annotated metabolites in up- and
downregulated compounds (Figure 9C). Upregulated compounds were networked with
434 nodes, 1150 edges, and 53 seeds (genes), while downregulated compounds showed
419 nodes, 908 edges, and 46 seeds (genes).
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Figure 5. (A) PLS-DA score plot with scores (component 1 (34%) versus component 2 (42.3%) plotted
from the metabolite profiles of MCTR/MCNTR samples. Both the disease-challenged (MCTR) and
the unchallenged (control) (MCNTR) plants were grown under control conditions (1 = 6) before
metabolite extraction and analysis using ESI-MS/MS. The separation of both samples indicated
consistent patterns in the metabolites which could explain differences between the diseased and non-
diseased groups. (B) Top important features with variable importance plot (VIP). A higher VIP score
for metabolites represents their importance in influencing the score most. On the Y-axis, variables are
ranked in terms of their importance (variables of highest importance at the top). (C) Hierarchical
clustering of feature abundance normalized by Pareto scaling and ¢-test from the normalized dataset,
with Pearson as the distance measure and Ward as the clustering method. The top 50 features are
shown as representative clusters. The relative abundance of the features in samples is represented by
color (lower (blue) to higher (red) abundance) presented in the key. The brightness in color reflects
the differential magnitude when compared with the average value. Dendrograms to the top and left
show hierarchical relationships between diseased (MCTR) and non-diseased (MCNTR) samples (top)
and identified metabolite features (left).

15



Metabolites 2023, 13, 585

1.0

0.5

p(com)(1]
00
1

1A Feature Importance

-1.0

. J 1.80 1.85 1.90
@ 1 0 w € 0 VIP scores

Figure 6. (A) OPLS-DA S-Plot (BoxPlot) facilitating visualization of the variable influence in
an orthogonal PLS-DA model combining the covariance and correlation loading profile of the metabo-
lite features in the MCTR/MCNTR samples. The plot identifies putative biomarkers (bottom left and
top right) responsible for the separation of groups. (B) Variable importance in projection (VIP) scores
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Figure 8. Metabolite sets: overview of up- and down-regulated compounds in the metabolic pathways
of tomato. (A) up-regulated main class compound groups; (B) up-regulated sub-class compound
groups; (C) down-regulated main class compound groups and (D) down-regulated sub-class com-
pound groups. Annotation was performed with 464 main chemical class metabolite sets and 1072
sub chemical class metabolite sets.

3.5. Potential Upregulated Metabolites

Bioactive compounds including trans-cinnamate (C00423; m/z 146.03781), a tetrahy-
drofuran lignin, pinoresinol (C05366, m/z 359.13143), and 5-hydroxyconiferyl alcohol
(C12205, m/z 241.07068) were identified as the metabolites involved in phenylpropanoid
biosynthesis. Increased abundance of flavonoids, the prominent defense-indicator antioxi-
dant compounds to impart improved plant resistance, was found in pathogen-challenged
plant leaves, A range of upregulated metabolites involved in flavonoid biosynthesis in-
cluding phloretin (C00774, m/z 275.07353), pinocembrin (5,7-dihydroxyflavanone) (C09827,
m/z 257.06297), pinocembrin chalcone (C16404, m/z 257.06299), apiforol (C12124, m/z
275.07355), isoliquiritigenin (C08650, m1/z 257.06298), and deoxyleucopelargonidin (C16415,
m/z275.07357) were identified. Carotenoids such as canthaxanthin (C08583, m/z 579.38672),
zeaxanthin (C06098, m/z 283.20569), phoenicoxanthin (C15967, m/z 579.38674), 9’-cis-
neoxanthin (C13431, m/z 615.40351), violaxanthin (C08614, m/z 615.40353), and xan-
thoxin (C13453, m/z 290.17496) were significantly upregulated in S. cheesmaniae following
pathogen challenge.

Coniferyl alcohol (C00590, m/z 220.09692) involved in lignin biosynthesis was up-
regulated along with oxlipids, i.e., leukotriene A4 (C00909, m/z 317.21106) and icosapen-
taenoic acid (C06428, m/z 283.20569). Furthermore, short-chain alcohols and aldehydes,
e.g., 3-hexenol (C08492, m/z 145.08606) and 3,6-nonadienal (C16323, m/z 197.11722), a post-
infection hypersensitive response inducer in plants, were upregulated. Phytohormone
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derivative abscisic aldehyde (C13455, m/z 247.13288) and variants and intermediates of
GA including GA A9 (C11863; m/z 353.13428), A20 (C02035, m/z 353.13582), A4 (C11864),
and A51 (C11865, m/z 353.13583) were identified in pathogen-challenged plant leaves.

Networks- Subnetwork1 Networks- Subnetwork1
Nodes-1220 Nodes- 434 :

Edges - 1879 Edges —1150
Seeds- 51 Seeds- 53

Up-regulated metabolites

A. KEGG Global Metabolic Network B. Gene Metabolite Interaction Network C. Metabolite Metabolite Interaction Network
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Nodes: 1164 Nodes- 419
Edges - 1869 Edges — 908
Seeds- 4% rA Seeds- 46

Down-regulated metabolites

Figure 9. Network analysis of up- and down-regulated compounds in diseased and non-diseased
tomato samples based on KEGG Global metabolic network: gene-metabolite interaction and
metabolite-metabolite interaction.

N-acetylornithine (C00437; m/z 219.09755) is an acetylated biosynthetic interme-
diate of amino acids. Upregulated O-acetyl-L-homoserine (C01077; m/z 161.06476) is
an acetylated L-homoserine involved in cysteine and methionine metabolism. Branched-
chain organic acid 3-methyl-2-oxobutanoic acid (C00141; m/z 161.04424) was character-
istically upregulated in leaves. Pantothenate (C00864; m/z 218.10237), biotin (C00120;
m/z 259.07559), phylloquinone (C02059; m/z 529.27026), and delta-tocopherol (C14151,
m/z 423.32561) were upregulated vitamin compounds in S. cheesmaniae leaves. Por-
phyrin metabolites, as exemplified by porphobilinogen (PBG) (C00931; m/z 271.09418),
protoporphyrin (C02191; m/z 621.27057), pyropheophorbide a (C18064; m/z 579.26227),
pheophorbide a (C18021, m/z 591.25991), and red chlorophyll catabolite (C18022, m/z
625.26542) were found upregulated in infected S. cheesmaniae leaves. Porphyrins as pho-
tosynthesizers are reported to exert substantial efficiency to kill plant pathogens. Like-
wise, compounds 3-beta-hydroxyergosta-7,24(24(1))-dien-4alpha-carboxylate (C22119, m/z
423.32561), 26-hydroxycastasterone (C19873, m/z 525.34338), typhasterol (C15793, m/z
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529.27026), teasterone (C15791, m/z 529.27026), and brassinolide (C08814, m/z 525.34338)
involved in brassinosteroid biosynthesis were identified as upregulated potential metabolites.

3.6. Metabolite Biomarkers/Pathways for Resistance Response in S. cheesmaniae

According to FC > 2, VIP score > 1, and p < 0.05 values, 34 up- and 41 downregulated
“significantly different metabolite features” were identified as “biomarkers”. Upregulated
biomarker compounds included 3-hexenol, 5-phosphoribosylamine, 5-hydroxykynurenine,
kaur-16-en-18-oic acid, 5-phosphoribosylamine, 2-isopropylmaleate, indolepyruvate, tetrade-
canoic acid, pantothenate, and O-acetyl-L-homoserine (Table 1). Downregulated biomarker
metabolites were represented by pheophytin a, zymosterol, episterol, sphinganine, obtusifo-
liol, lariciresinol, etc. (Table 2). Upregulated metabolite biomarkers were critically mapped
with vitamin B6 metabolism, indole alkaloid biosynthesis, and other metabolic pathways
(Figure 10A). Interestingly, the downregulated metabolite biomarkers were mapped upon
pathways such as biosynthesis of cutin, suberin and wax biosynthesis, secondary metabo-
lites, phenylalanine, carotenoids, brassinosteroids, and terpenoids (Figure 10B), which are
categorically known to be modulated to favor plant defense, suggesting their prominent
role in plant survival.

Table 1. Up-regulated putatively identified metabolite biomarkers * on the basis of FC > 2, VIP > 1,
and p < 0.05.

S. No Mass Matched Putatively Identified Biomarker Fold Chanee VIP Score
U (mlz) Compound Metabolites * 8 (OPLS DA)
1. 229.03 C03090 5-Phosphoribosylamine 11.99 122
2. 278.12 C00864 Pantothenate 8.98 1.02
3. 203.06 C02631 2-Isopropylmaleate 7.51 1.34
4. 203.06 C00331 Indolepyruvate 7.50 1.34
5. 161.04 C00164 Acetoacetate 6.27 1.59
6. 161.04 C00232 Succinate semialdehyde 5.63 1.59
7. 229.20 C06424 Tetradecanoic acid 4.41 122
8. 162.03 C15606 1'Z'Dﬂ‘ydroxy"r"é“(‘f:i‘y“hio)laent'l'e“' 432 158
9. 228.08 C00881 Deoxycytidine 421 1.23
10 220.10 C00590 Coniferyl alcohol 3.8 1.26
11. 243.09 C00588 Choline phosphate 3.39 1.17
12. 257.10 C00670 sn-Glycero-3-phosphocholine 3.29 112
13. 203.05 C00331 Indolepyruvate 3.27 1.35
14. 187.02 Co00121 D-Ribose 3.21 1.43
15. 219.11 C00398 Tryptamine 2.99 1.27
16. 219.10 C00437 N-Acetylornithine 2.99 1.27
17. 247.02 C00018 Pyridoxal phosphate 2.92 115
18. 191.03 C00438 N-Carbamoyl-L-aspartate 2.79 1.40
(IR,6R)-6-Hydroxy-2-
19. 261.04 C05817 succinylcyclohexa-2,4-diene-1- 2.65 1.09
carboxylate
20. 145.09 C08492 3-Hexenol 2.62 1.19
21. 271.09 C00931 Porphobilinogen 2.59 1.06
22. 169.05 C13482 Phosphodimethylethanolamine 2.47 1.54
23. 259.04 C00352 D-Glucosamine 6-phosphate 2.36 1.11
24. 257.06 C09762 Liquiritigenin 2.32 1.12
25. 277.12 C00449 N6-(L-1,3-Dicarboxypropyl)-L-lysine 2.29 1.02
26. 119.03 C00033 Acetate 2.29 1.12
27. 163.06 C06001 (S)-3-Hydroxyisobutyrate 2.28 1.57
28. 146.04 C00423 trans-Cinnamate 224 1.16
29. 168.05 C00436 N-Carbamoylputrescine 2.24 1.55
30. 229.03 C03090 5-Phosphoribosylamine 2.18 1.23
31 261.11 C00140 N-Acetyl-D-glucosamine 2.15 1.09
32. 24713 C13455 Abscisic aldehyde 2.14 1.14
33. 259.08 C00120 Biotin 2.14 1.11
34. 231.05 C16361 1,3,7-Trimethyluric acid 2.13 1.22

* Compounds putatively annotated with Plant CYC PMN database of Solanum lycopersicum are reported.
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Table 2. Down-regulated putatively identified metabolite biomarkers * on the basis of FC > 2,
VIP > 1, and p < 0.05.

S. No Mass Matched Putatively Identified Biomarker Fold Change VIP Score
T (mlz) Compound Metabolites * (OPLS DA)
1. 429.37 C01753 beta-Sitosterol 0.403 1.89
2. 419.08 C00448 trans,trans-Farnesyldiphosphate 0.079 1.84
3. 413.34 C15777 Episterol 0.297 1.87
4. 399.33 C05437 Zymosterol 0.001 1.76
5. 609.27 C18098 Primary fluorescent chlorophyll 0.002 1.75
catabolite
6. 565.41 C08579 Antheraxanthin 0.002 1.75
7. 318.21 C00909 Leukotriene A4 0.009 1.75
8. 337.24 C06427 (92,127,15Z)-Octadecatrienoic acid 0.019 1.75
9. 357.26 C19616 18-Hydroxyoleate 0.002 1.73
10 565.39 C08583 Canthaxanthin 0.003 1.67
11. 293.21 C18218 16-Hydroxypalmitate 0.005 1.67
12. 417.34 C15882 2-Methyl-6-phytylquinol 0.007 1.66
13. 489.39 C02477 alpha-Tocopherol 0.004 1.65
14. 417.34 C15882 2-Methyl-6-phytylquinol 0.008 1.63
15. 434.27 C05797 Pheophytin a 0.009 1.59
16. 439.36 C22121 Cycloeucalenone 0.011 1.58
17. 329.27 C01530 Octadecanoic acid 0.007 1.57
(9Z2,11E)-(135)-13-
18. 311.22 C04717 Hydroperoxyoctadeca-9,11-dienoic 0.43 1.57
acid
19. 339.16 C20693 Carlactone 0.321 1.56
20. 380.35 C08281 Docosanoic acid 0.172 1.54
21. 549.41 C06098 Zeaxanthin 0.011 1.54
22. 423.36 C01943 Obtusifoliol 0.011 1.47
23. 337.04 C00364 dTMP 0.441 1.46
24. 324.10 C01762 Xanthosine 0.374 1.44
25. 180.10 C05332 Phenethylamine 0.032 1.44
26. 491.21 C05427 Phytyldiphosphate 0.012 1.42
27. 411.38 C00751 Squalene 0.213 1.37
28. 344.28 C02934 3-Dehydrosphinganine 0.131 1.36
29. 282.28 C00836 Sphinganine 0.432 1.26
30. 198.08 C02631 2-Isopropylmaleate 0.441 1.23
31 337.20 C01226 12-OPDA 0.431 1.22
32. 324.20 C19691 Farnesylcysteine 0.206 1.21
33. 309.19 C05819 Menaquinol 0.314 1.18
34. 383.10 C20693 Carlactone 0.031 1.17
35. 344.28 C02934 3-Dehydrosphinganine 0.043 1.12
36. 42714 C01674 N,N-diacetylchitobiose 0.434 1.11
37. 217.05 C00794 D-Sorbitol 0.251 1.11
38. 453.33 C15800 3-Dehydro-6-deoxoteasterone 0.011 1.09
39. 493.28 C18217 16-Feruloyloxypalmitate 0.031 1.09
40. 423.36 C01943 Obtusifoliol 0.032 1.06
41. 441.07 C10646 Lariciresinol 0.491 1.02

* Compounds putatively annotated with Plant CYC PMN database of Solanum lycopersicum are reported.
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Figure 10. Pathway impact analysis of up- (A) and down-regulated (B) biomarker pathways in
S. cheesmaniae.

4. Discussion

Tomato is a model horticultural crop plant for studying cellular, biochemical, and
molecular responses linked to plant growth and development under biotic stress condi-
tions [22]. However, mechanisms underlying plant responses in leaves of moderately
disease-resistant wild tomato S. cheesmaniae after A. solani interaction in terms of metabolite
profile and metabolic pathways have not yet been investigated. Untargeted metabolomics
indicate differential metabolite profiles and biosynthetic pathways as plant responses
against stress and aid to identify key functional biomarker metabolites [23]. Such a com-
prehensive approach enables metabolite profiling to analyze complex plant metabolic re-
sponses, products, and processes to identify crucial defense-related biosynthetic pathways
and elucidate secondary metabolic networks [24]. Metabolite profiling of S. cheesmaniae
plants reflected clear differences and revealed high metabolite variability in a number of
metabolite features (9451 in MCTR vs. 5911 in MCNTR) and their abundance. Comparative
functional analysis identified 3371 metabolite features with KEGG identifiers involved
in various biosynthetic pathways. The FC (>2.0) analysis revealed 541 significantly up-
regulated and 485 downregulated metabolite features annotated with the S. lycopersicum
compound library in the PLANT CYC PMN database. A total of 34 upregulated and
41 downregulated metabolite biomarkers were identified by OPLS-DA analysis in the
leaves of S. cheesmaniae under pathogen-challenged conditions.

The enrichment analysis classified upregulated metabolites to fatty-acid conjugates,
aldehydes, pyridine carboxaldehydes, tryptamines, indolyl carboxylic acid, indoles, phe-
nols, chalcones, straight-chain fatty acids, vitamins K and E, biotin, pyridoxals, phospho-
ethanolamines, and brassinosteroids. These metabolite groups play a prominent role in
plant defense against diseases. Fatty-acid derived compounds (C-16 and C-18) actively act
as signals and modulate effector-triggered systemic immunity [25]. Aldehydes, especially
volatile compounds, activate defense genes and resistance responses against pathogenic
fungi [26], while pyridine carboxaldehydes are typically involved in vitamin B6 biosynthe-
sis [27], which induces resistance against pathogens while promoting plant growth [28].
Significantly upregulated tryptamine (C00398, m/z 219.11339) minimizes fungal infection-
induced damage and regulates the biosynthesis of serotonin (5-hydroxytryptamine) [29],
which is a signaling molecule for stress response mechanisms in plants. The indolyl
carboxylic acid group that includes indole-3-carboxylic acid derivatives are secondary
metabolites which accumulate inside the cell wall in response to pathogen interaction [30],
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reflecting their defensive role against biotic conditions [31]. Indoles [32], phenols [33],
and flavonoids including chalcones [34] have immense direct applications in plant de-
fense, with an indirect involvement in plant growth. Straight-chain fatty acids [25], pyri-
doxal, vitamins K and E, and biotin [35] are antioxidants with a potential role in min-
imizing stress-induced damage due to ROS and improving plant development under
stress [36]. Phosphatidylethanolamines (LPE) are natural phospholipids that coordinate
defense responses, interfere with oxidative bursts, and improve basal immunity against
pathogens [37]. Brassinosteroids play a specific role in signaling in plant-microbe interac-
tion [38]. Phenylethylamines (PEA), tyramine, and serotonin are plant-derived monoamines
identified as upregulated metabolites. All significantly upregulated compound groups
directly or indirectly improve plant fitness against stress conditions and are essentially
involved in growth—defense tradeoffs [39]. We expect that their abundant accumulation
might have aided plants to adapt to disease stress.

Among downregulated compound groups, we reported cyclic alcohols, prenylated
hydroquinones, sphingosines and sphinganines, ergostane steroids, catecholamines, beta
keto acids, and phenethylamines. Cyclic secondary alcohols are often oxidized to ketones
having prominent biological properties [40]. Prenylated hydroquinones exert a strong an-
tioxidant effect [41]. Structural membrane components such as sphingolipids (sphingosines
and sphinganines) act as signal molecules in cell functions against infectious bacterial and
fungal pathogens [42,43]. Downregulation of these compound groups in S. cheesmaniae
may have significance toward lowering plant resistance.

Porphyrins and their intermediates are crucial for ROS-mediated stress responses and
for regulating complex networks that control stress-responsive genes [44]. In pathogen-
challenged S. cheesmaniae plants, porphobilinogen, protoporphyrin, pheophorbide a, red
chlorophyll catabolite, and pyropheophorbide a were identified as prominently upreg-
ulated metabolites of porphyrin metabolism. Porphobilinogen is a distant precursor of
vitamin biosynthesis, protoporphyrin is involved in the biosynthesis of chlorophyll a, and
pheophorbide a synthesizes red chlorophyll catabolite and pyropheophorbide a. Although
porphobilinogen, chlorophyll catabolite pheophorbide a, and red chlorophyll catabolite
pyropheophorbide a are reported to confer defense in organisms against different abiotic
stressed conditions [45,46], their multifold overaccumulation in S. cheesmaniae leaves in
response to the pathogen is supposed to play a prominent defensive role. Accumulation
of pheophorbide a was reported to induce programmed cell death under darkness and
illuminated conditions in transgenic Arabidopsis plants [47].

Hormones influence plant performance under biotic stresses. Plant hormones such as
salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), indole-acetic acid (IAA), and
gibberellic acid (GA), alongside several other natural molecules such as brassinosteroids
and strigolactones, regulate biotic stress signaling and mediate transcription factors (TFs)
to regulate multiple signaling transduction pathways for plant defense against pathogenic
challenges [48]. Prominent upregulation of IAA, ABA, JA, GA, GA derivatives and interme-
diates, brassinolide, and zeatin and its derivative as phytohormones was observed in the
pathogen-challenged leaves at various levels. Diversified abundance of these compounds
is believed to play a coordinated role in the plant hormone signaling cascade leading to
protection against pathogens alongside the regulation of plant growth and development in
S. cheesmaniae [48,49].

Plant-microbe interactions notably lead to multifold changes in polyamine metabolism
of the host, making the interaction dynamic and complex, with profound changes in free
and conjugated polyamines inside the tissues [50]. Upregulated N-acetylornithine, a com-
pound of acetyl amino acids, biosynthesizes polyamines that mediate plant interactions
with the pathogens. Adjio et al. [51] reported enhanced accumulation of N-acetylornithine
in wildtype Arabidopsis plants under pathogen P. syringae infection. Overaccumulation of
O-acetyl-L-homoserine, as reported in MCTR, may play a role in enhancing plant immu-
nity against pathogens [52]. We presumed that all of these annotated over-accumulated
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metabolites in MCTR may have acted in a coordinative way to offer moderate protection in
S. cheesmaniae against A. solani.

Cell-wall strengthening upon pathogen invasion is the strategic mechanism of protec-
tion in plants. Upregulation of compounds such as coniferyl alcohol and 5-hydroxyconiferyl
alcohol in S. cheesmaniae leaves in diseased conditions may signify their role in lignin syn-
thesis, through which plants create a physical barrier against pathogen invasion [53].
Polyunsaturated fatty acids (PUFAs) are precursors of key metabolites which mediate
crosstalk between organisms and further serve as substrates to oxylipins, i.e., JA, which
plays crucial role in defense against diseases [53]. Icosapentaenoic acid, a long-chain fatty
acid, is a powerful elicitor that showed upregulation. The short-chain C6-alcohol 3-hexenol
is an indispensable carbonyl volatile compound that offers aroma to tomato due to its
unique grassy green characteristics, as well as induces defense responses in plants against
diseases [54].

Vitamins as natural inducers of disease resistance [55] and carotenoids as photo-
protective and antioxidant agents [56,57] are widely reported. Canthaxanthin, a red-hot
keto-carotenoid pigment exerts potential antioxidant and free-radical-scavenging proper-
ties [58]. Oxygen-containing lutein and violaxanthin are pigments with stress-suppressing
properties [59]. Xanthoxin, an apo-carotenoid sesquiterpenoid, is an intermediate in the
biosynthesis of the plant hormone abscisic acid [59]. Phoenicoxanthin, a natural xantho-
phyll of carotenoid biosynthesis, plays a role in protection against oxidative stress [60]. Like-
wise, tocopherol, pyridoxine, and biotin induce resistance in plants against diseases, likely
mediated via their antioxidant effect against generated ROS [61]. All these compounds
showed a multifold increase in MCTR, offering defensive functions in S. cheesmaniae plants.

Flavonoids and brassinosteroids also showed multifold overaccumulation in pathogen-
challenged plant leaves. Flavonoids, having the widest distribution as secondary metabo-
lites, primarily respond to biotic stresses in plants [62]. Upregulated flavonoids included
pinocembrin (5,7-dihydroxyflavanone), pinocembrin chalcone, and apiforol, a tetrahydrox-
yflavan that influences plant defense by mediating pathogen signaling responses, mem-
brane permeability, quorum sensing, and pathogen virulence [63]. Chalcones phloretin
and isoliquiritigenin are strong antioxidants that showed an increase [64]. Multifold
upregulated brassinosteroid compounds 3-beta-hydroxyergosta-7,24(24(1))-dien-4alpha-
carboxylate, 26-hydroxycastasterone, typhasterol, teasterone, and brassinolide in pathogen-
challenged leaves play a prominent role as structural components of cell membranes and
aid against plant stress [65]. Overaccumulation of sulfur-containing natural compounds
such as 1,2-dihydroxy-5-(methylthio)pent-1-en-3-one, an aliphatic sulfide, may indicate
a versatile role in plant resistance against pathogen infection [66].

Our study revealed evidence of pathogen-induced metabolic changes in S. cheesma-
niae moderately resistant to A. solani and provided specific clues of metabolic pathways
that play a crucial role in conferring moderate resistance toward pathogens. Pathogenic
infection often shifts the secondary metabolite profile in plant tissues due to induced de-
fense programs to confer various levels of changes in primary and secondary metabolism
conferring resistance against diseases [67]. In addition to elucidating the impact of the
pathogen on secondary metabolites and their pathways, which have been widely stud-
ied [68], we also critically analyzed the impact of infection on crucial metabolites and
pathways linked to porphyrins, hormones, vitamins, carotenoids, and amino-acid and
fatty-acid metabolism. Key upregulated biomarker metabolites revealed from this study
included 5-phosphoribosylamine, 5-hydroxykynurenine, kaur-16-en-18-oic acid, pantothen-
ate, and O-acetyl-L-homoserine. The predictive identification of these biomarkers in
S. cheesmaniae independent of genetic or other climatic variation can be used to distinguish
diseased and non-diseased conditions inside plants, on the basis of which diagnostic tools
could be developed. This approach may also aid in identifying mQTLs to be utilized in
resistance-breeding programs under biotic stress conditions.
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5. Conclusions

To support the hypothesis that the intrinsic metabolite composition and chemical
diversity help wild tomato plants withstand stress challenges, untargeted metabolomics
of pathogen challenged and unchallenged plants was performed. We reported metabo-
lite changes associated with moderate resistance against A. solani in the leaves of wild
species S. cheesmaniae grown under normal and pathogen-challenged conditions. Plant
leaf metabolite profiles were significantly differentiated, and both normal and diseased
plants were discriminated not only by the presence/absence of specific metabolites as
concluding factors, but also on the basis of the relative abundance of metabolites as im-
portant distinguishing criteria. Annotation of the metabolite features using the KEGG S.
lycopersicum compound database led to the annotation of 3371 metabolite features with
KEGG identifiers, which were enriched in a number of metabolic/biosynthetic pathways,
mainly including secondary metabolites, cofactors, steroids, terpernoids, fatty acids, and
brassinosteroids. Significantly upregulated (541) and downregulated (485) compounds
distributed in different metabolite classes play a crucial role in defense, infection prevention,
signaling, plant growth and development, and survival maintenance under challenged
conditions. It is hypothesized that these metabolites individually and/or cumulatively
influence plant responses against pathogenic interactions and provide protection against
infection on a wider scale. To our knowledge, this study is the first holistic comprehensive
metabolite profiling of S. cheesmaniae plants underlying A. solani infection, which led to
the identification of metabolite biomarkers and their metabolic pathways. The results
hold promise for developing disease-diagnostic tools based on key biomarker metabolites.
The biomarker-based disease-resistance metabolic traits/biosynthetic routes could con-
tribute to the development of mQTLs for supporting future biotic stress-breeding programs
in tomato.
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Abstract: Necrotrophic fungi affect a wide range of plants and cause significant crop losses. For the ac-
tivation of multi-layered innate immune defences, plants can be primed or pre-conditioned to rapidly
and more efficiently counteract this pathogen. Untargeted and targeted metabolomics analyses were
applied to elucidate the biochemical processes involved in the response of 3,5-dichloroanthranilic
acid (3,5-DCAA) primed barley plants to Pyrenophora teres f. teres (Ptt). A susceptible barley cultivar
("Hessekwa’) at the third leaf growth stage was treated with 3,5-DCAA 24 h prior to infection using
a Ptt conidia suspension. The infection was monitored over 2, 4, and 6 days post-inoculation. For
untargeted studies, ultra-high performance liquid chromatography coupled with high-resolution
mass spectrometry (UHPLC-MS) was used to analyse methanolic plant extracts. Acquired data were
processed to generate the data matrices utilised in chemometric modelling and multi-dimensional
data mining. For targeted studies, selected metabolites from the amino acids, phenolic acids, and
alkaloids classes were quantified using multiple reaction monitoring (MRM) mass spectrometry.
3,5-DCAA was effective as a priming agent in delaying the onset and intensity of symptoms but
could not prevent the progression of the disease. Unsupervised learning methods revealed clear dif-
ferences between the sample extracts from the control plants and the infected plants. Both orthogonal
projection to latent structure-discriminant analysis (OPLS-DA) and ‘shared and unique structures’
(SUS) plots allowed for the extraction of potential markers of the primed and naive plant responses
to Ptt. These include classes of organic acids, fatty acids, amino acids, phenolic acids, and derivatives
and flavonoids. Among these, 5-oxo-proline and citric acid were notable as priming response-related
metabolites. Metabolites from the tricarboxylic acid pathway were only discriminant in the primed
plant infected with Ptt. Furthermore, the quantification of targeted metabolites revealed that hydrox-
ycinnamic acids were significantly more prominent in the primed infected plants, especially at 2
d.p.i. Our research advances efforts to better understand regulated and reprogrammed metabolic
responses that constitute defence priming in barley against Ptt.

Keywords: barley; Pyrenophora teres; dichloroanthranilic acid; hydroxycinnamic acids; metabolomics;
net-blotch disease; priming; defence-related metabolites

1. Introduction

Understanding plant defence mechanisms is critical in plant breeding practices to
control plant disease. The rising global food demand and the indiscriminate application
of chemical fertilisers highlight the necessity for sustainable crop production systems.
Novel approaches for improved resistance are required to address these concerns, as
phytopathogenic microorganisms represent a severe threat to global food production and
ecosystem stability. Plants use an intricate and multi-layered innate immune system to
ward off attacks by potential pathogens present in the environment. This involves the
activation and regulation of signalling cascades and actions at the gene expression-level
and protein biosynthesis-level, as well as the structural reinforcement of the cell wall [1-3].
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Barley (Hordeum vulgare L.) is one of the most versatile cereals cultivated in different
regions. However, the crop has shown susceptibility to fungal pathogens, including the
ascomycete Pyrenophora teres f. teres (Ptt), the causal agent of the ‘net blotch net form’
(NBNF) disease. Worldwide, net blotch is among the most prevalent destructive disease
of barley, leading to enormous yield losses of up to 70% in some cases, depending on
the susceptibility of the cultivars, the trends in the environmental conditions, and the
virulence of the pathogen [4-8]. This interdependence between the plant’s susceptibility,
the pathogen’s virulence (both having strong genetic links), and environmental factors
is illustrated in the disease triangle (Figure S1). The triangle is complete when all of the
following three conditions are met: a susceptible host, a virulent pathogen, and a favourable
environment. An alteration or manipulation of one triangle component may affect the
disease’s progression [9,10].

Plant-pathogen interactions commence immediately after the host makes contact with
the microbe-associated molecular pattern (MAMP) molecules derived from the pathogen.
The latter uses a wide spectrum of physical and/or enzymatic tools to access plant nutrients.
In turn, the plant recognises the pathogen signals and activates constitutive pre-formed and
specific inducible defence systems. Fungal infections significantly impact the physiology of
the host, including its gene expression profiles, primary metabolism, oxidative stress, and
regulation of signalling pathways. Through the phenomenon known as priming, plants
can be prepared or induced to easily adjust to such environmental changes, resulting in
a faster and more efficient response to the pathogen and helping the plant to resist the
attempted attack, thus enabling it to sustain less damage.

Despite lacking an adaptive immune system, it is now well known that plants can
‘remember’ or’ learn” from previous attacks (e.g., rewiring the stress memory), result-
ing in stronger and faster responses to low-stimulus concentrations. This phenomenon
is known as defence priming, which is regarded as a component of induced resistance
(IR) [11]. Through “priming’ or “preconditioning’ mechanisms, information from the com-
plex immune system may be stored as a ‘memory’, enabling the plant to quickly and
more efficiently activate/stimulate defences to restrict pathogen growth and multiplica-
tion [11,12]. The primed condition can be established by preconditioning or pretreatment
with particular substances, biological agents, or physical factors to increase survivability
and the effectiveness of defence mechanisms under potential stress [13,14]. While the
mechanism behind defence priming is still unclear, the different phases involved remain,
and they are as follows: (i) the priming phase corresponding to the perception of the
stimulus; (ii) the post-challenged primed state involving exposure to a secondary stimulus;
and (iii) the transgenerational primed state where primed parents pass down the primed
state to future generations [12,15-17].

Metabolites not only define and determine the fundamental physiological and agro-
nomic features of plants but also shape the biochemical dynamics of defence responses to
stress conditions, which carries imprints of environmental and genetic factors [18]. In an
earlier study [19], we found that treatment with 3,5-dichloroanthranilic acid (3,5-DCAA) as
a priming agent orchestrated metabolic perturbations in the investigated barley cultivars.
Changes were characterised by the up- and down-regulation of defence-related metabolites
and precursors, which define a ‘state of alertness’ in the plants. Mass spectrometry-based
metabolomics approaches, targeted or untargeted, are essential components of system
biology investigations. Over the last decade, a lot of attention has been paid to apply-
ing metabolomics tools and approaches to shed more light on the mechanisms involved
in plant-pathogen interactions [20—22]. For the present study, the ‘Hessekwa’ cultivar,
which has shown susceptibility to Ptt in trial studies (Figure S2), was selected to evaluate
the effect of the pathogen on naive and 3,5-DCAA-primed plants. Both untargeted and
targeted metabolomics approaches with computational tools were used to monitor and
explore the metabolic reconfiguration that occurs in barley plants (primed or naive) and
the characteristics of their response to pathogenic infection.
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2. Materials and Methods
2.1. Barley Plant Material and Growth Conditions

‘Hessekwa’ is an experimental barley cultivar that was developed for the Western
Cape region of South Africa (a winter rainfall area). The South African Barley Breeding
Institute (SABBI, Bredasdorp, Western Cape, South Africa) provided the cultivar seeds. The
seeds were grown as previously described [23]. Briefly, the cultivar was grown in a plant
growth room under well-controlled conditions, which were as follows: 12 h fluorescent light
(~85 umol m~2 s~2) and 12 h dark cycle at 22-27 °C. The seeds were surfaced-sterilised
(70% ethanol) and soaked in sterile water for 2 h before they were planted in pasteurised
(at 70 °C) soil (Germination mix, Culterra, Muldersdrift, South Africa). About 40 seeds
were planted per pot (12 cm in diameter and 8 cm depth). The plants were watered twice
a week with distilled water containing a water-soluble chemical fertiliser (Multisol ‘N’,
Culterra, Muldersdrift, South Africa). This cultivar was selected based on a preliminary
study of five barley cultivars: ‘Erica’, ‘Agulhas’, ‘Elim’, ‘516, and ‘Hessekwa’. The results
of the preliminary study identified ‘Hessekwa’ as the most susceptible to Ptt. In addition
to being an important cultivar under development in South Africa, the susceptibility of the
cultivar to the pathogen of interest was a part of the criteria for selection.

2.2. Fungal Isolate, Culture, and Sporulation

The P. teres {. teres isolate W1-1, the causative pathogen of net blotch net form disease
(NBNF) on barley, was provided by Dr. Jordi Muria-Gonzalez, Curtin University, WA,
Australia. Growth of the fungus first commenced on V8-PDA (V8 vegetable extract-potato
dextrose agar) medium and sub-cultured into a barley—-oat-agar (BOA, pH 7) solid media
for improved sporulation (adapted from [7,24]). The plates were incubated for 10 d under
a 12 h/12 h photoperiod at 22 °C. Ptt sporulation was induced by placing plates hydrated
with 500 puL sterile water under black light (365 nm UV light) for 20 h. To induce conidia
formation, fungal plates were further incubated for 24 h at 15 °C in the dark (JM Gonzalez,
personal communication). Figure S3 shows a plate before and after enhancing sporulation.
For spore collection, 5 mL of sterile water containing 0.05% of Tween-20 was added to
the plates, and a soft brush was used to dislocate them. This process was performed
twice to maximise the number of conidia collected. The resulting liquid was vortexed
and filtered through muslin cloth before determining the conidia concentration using a
haemocytometer and light microscope at 40X magnification.

2.3. Plant Treatment/Inoculation and Experimental Design

Barley shoot tissues were treated with 3,5-DCAA 24 h prior to infection (when the
plants were 20 d post-planting). The choice to use 3,5-DCAA as a priming agent was based
on metabolomic data [19]. The inducer was dissolved in dimethylsulphoxide (DMSO;
1 uL mL~') and subsequently diluted into a buffered wetting agent dissolved in dH,O, pH
6.0 (‘Insure’, Efekto, Pretoria, South Africa), to a concentration of 200 uM and sprayed on
shoot tissue for systemic uptake.

The harvested Ptt conidia were diluted to a concentration of 1 x 10° mL~!, and the
suspension was sprayed onto the shoot tissues of the primed and naive barley plants
(5 mL per pot). The plants were incubated for 24 h at 18 °C and in humid conditions to
favour conidia solution uptake before returning to the normal above-mentioned growing
conditions. The plants were inoculated when they turned 21 d old and were harvested at 2,
4, and 6 d post-infection (d.p.i.).

Overall, the experimental design included the following: (i) the naive plants (control;
no treatment); (ii) the Tween-20 control, which served as the vehicle control for the Ptt
conidia; (iii) the DMSO control, which served as the vehicle control for the 3,5-DCAA
agent; (iv) 3,5-DCAA, which served as a control for the primed and infected conditions (PI);
(v) infected naive plants (Ptt) and (vi) infected primed plants (DCAA + Ptt). All of the above
were involved in three independent biological replicates. Upon harvesting, the leaves were
cut from the roots and snap-frozen in liquid nitrogen to quench metabolic activity.
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2.4. Metabolite Extraction and Sample Preparation

Harvested leaf tissues were pulverised in a mortar and pestle with liquid nitrogen.
To 1 g of leaf powder, 10 mL of 80% methanol was added, and the mixture was ho-
mogenised using an Ultra-Turrax homogeniser (CAT, Ballrechten-Dottingen, Germany)
and a probe sonicator (Bandelin, Sonopolus, Berlin, Germany) set at 55% power for 10 s.
The homogenates were centrifuged for 20 min at 5100 x g and 4 °C, and the resulting hydro-
methanolic supernatants were concentrated to 1 mL on a rotary evaporator, transferred
to 2 mL Eppendorf tubes, and evaporated further to complete dryness in a dry bath at
45 °C within a fume hood. The extracts were dissolved in 50% methanol and then filtered
through 0.22 um nylon filters into chromatography vials before ultra-high performance
liquid chromatography—quadrupole time-of-flight mass spectrometry (UHPLC-qTOF-MS).

2.5. Ultra-High Performance Liquid Chromatography—High Definition Mass Spectrometry
(UHPLC-HDMS) for Untargeted Metabolomics

The UHPLC-qTOF-MS analyses of the extracts were performed on a Waters Acquity
UHPLC hyphenated with a Waters SYNAPT G1 high resolution using accurate mass
spectrometer system in V-optics (Waters Corporation, Milford, MA, USA) as a detector.
The aqueous methanol extracts were separated using the Waters HSS T3 C18 column
(150 mm x 2.1 mm x 1.8 um) at 60 °C. The T3 column has the advantage of separating
compounds ranging from polar to non-polar despite its status as a C18-based reverse phase
column. A binary solvent system made up of water (eluent A) and acetonitrile (Romil Pure
Chemistry, Cambridge, UK; eluent B) (both containing 0.1% formic acid) was used for the
concave gradient elution at a flow rate of 0.4 mL min~!. The elution was initiated with 5%
B for 1 min and gradually increased to 95% B after over 24 min. The concentration of B was
kept constant at 95% for 2 min and finally changed back to the initial conditions after 27 min.
Before the next injection, the conditions were set in a manner that allowed the analytical
column to calibrate for 3 min. The total run time was 30 min, and each sample’s injection
volume was 2 pL. Each sample was examined in three technical replicates to account for
analytical variability. Quality control samples (QCs) were run at the beginning and end
of the batch and in between (every 15 injections) to monitor the condition of the LC-MS
system and evaluate the dependability and reproducibility of the analysis. The sample
order was randomised, and blanks (50% methanol) were injected to monitor background
noise, the possible carry-over of samples, and any solvent contamination.

High-resolution, accurate mass MS analyses were operated in negative and positive
electrospray ionisation (ESI) modes. The capillary voltage was set at 2.5 kV; the sampling
and extraction cone voltages were 40 V and 4.0 V, respectively. The source temperature
was fixed at 120 °C, and the desolvation temperature was set at 450 °C. The cone and
desolvation gas flows were 50 L h~! and 550 L h~!, respectively. Nitrogen was used as the
nebulisation gas at a flow rate of 700 L h~!. A mass range of 50 to 1200 m/z was selected
with a scan time of 0.1 s. The reference mass calibrant, leucine enkephalin (50 pg mL~!,
[M-H]~ =554.2615 and [M + H]* = 556.2766) was sampled every 15 s and produced an
average intensity of 350 counts per scan. The reference allowed the processing software
(MassLynx XS™ 4.1, Waters Corporation, Milford, MA, USA) to automatically correct
slight deviations in the centroid masses observed in the samples, thereby providing exact
mass measurements. This resulted in a typical mass accuracy of 1 to 3 mDa. In addition, a
data-independent acquisition (DIA) method (MSF) involving fragmentation at different
collision energies (040 eV) was applied to generate fragmentation data to comprehensively
extract the structural information of detected analytes and assist in metabolite annotation.

2.6. LC-ESI-QqQ-MS System for Targeted Metabolite Analyses

The triple quadrupole (QqQ) mass spectrometry platform used was an LC-MS 8050
instrument (Shimadzu, Kyoto, Japan), and it was equipped with an electrospray ionisation
(ESI) source and an ultra-fast liquid chromatograph (UFLC) as a front-end. The multiple
reaction monitoring (MRM) method was used for the absolute quantification of the targeted
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metabolites. The MRM-MS conditions were developed and optimised via direct infusion
(using ESI source of MS), and the collision energy (CE) was optimised for each transition
using the ‘MRM optimisation method tool’, an integral component of LabSolutions LC—
MS software (Shimadzu Corporation, Kyoto, Japan). The tool automates the process by
collecting product ion scan data and finding the optimum CE for each transition.

The targeted defence-related compounds were the amino acids phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp); phenolic acids such as cinnamic acid, caffeic acid,
ferulic acid, and sinapic acid; and, finally, two alkaloids, namely, hordenine and gramine.
All the standards were obtained from Sigma-Aldrich (St. Louis, MO, USA) and BDH
(Poole, UK). All working solutions of the mixed standards (concentrations ranging from
5 x 1072 pg mL~! to 4.5 ug mL~!) were dissolved in 50% MeOH. Both the samples and
the working solutions were analysed on the UFLC system using a C18 reverse phase
chromatography column (Pinnacle DB Aqueous C18, 100 mm x 2.1 mm, 3 um particle
size) (Restek, Bellefonte, PA, USA). The injection volume was 1 pL, and the constant flow
rate was 0.4 mL min~— 1. A binary gradient made of MilliQ water with 0.1% formic acid
(eluent A) and pure-grade MeOH (Romil Chemistry, Cambridge, UK) with 0.1% formic
acid (eluent B) was used. The elution was initiated with 5% B for 1 min and gradually
increased to 95% B after over 25 min. The concentration of B was kept constant at 95% for
2 min and finally changed back to the initial conditions after 27 min.

The MRM-MS method was developed and used for quantitative MS analyses. The
MS conditions were as follows: the heating gas flow was set at 10 L min~!, the interface
temperature was set at 300 °C, the interface voltage was set at 4 kV, the DL and heat block
temperatures were set at 250 °C and 400 °C, respectively. Nitrogen gas was used as a
drying gas at a flow rate of 10 L min~! and as a nebulising gas at a flow rate of 3 L min~!.
The optimal parameters for each metabolite and the equation generated from the standards
are reported in Table S1. The concentrations are reported in Table S2.

2.7. Data Processing and Data Mining

Data pre-processing was carried out using the MarkerLynx-XS™ application man-
ager of the MassLynx-XS™ 4.1 software (Waters, Manchester, UK). The software creates
a matrix with individual mass spectra information, variable retention time (Rt) and m/z
pairs, and integrated and normalised peak areas. The following parameters were used:
Rt = 0.7-24 min (ESI") and Rt = 0.7-20 min (ESI*) range and 100-1200 Da for the mass
range. The mass tolerance was set to vary by up to 0.05 Da, and the Rts was set to vary
by up to 0.2 min. The intensity threshold was set at 50 counts. Only data matrices with
noise levels under the MarkerLynx cut-off of 50% were considered for further chemometric
and statistical studies. The generated data matrices were imported into SIMCA (Soft Inde-
pendent Modelling of Class Analogy) software, version 14 (Sartorius, Umed, Sweden), for
chemometric analyses. The principal components analysis (PCA) unsupervised approach
and a supervised learning model, orthogonal projection to latent structures-discriminant
analysis (OPLS-DA), were used within the SIMCA package. The models were consistently
validated using permutation (1 = 100) tests analyses and a seven-fold cross-validation (CV)
method computed within the software [21,25]. OPLS-DA-generated loadings ‘S-plots” were
assessed for the selection of variables. Features with both high correlation and covariation
were considered, [p(corr) > 0.5, <—0.5 and (p1) > 0.1, <—0.1], and variable importance
in projection (VIP) plots were used to evaluate the statistical significance of each feature
(cut-off > 1) and avoid possible bias from occurring during feature selection [16]. In ad-
dition, ‘Shared-and-Unique-Structures” (SUS) plots were generated to reveal the shared
and distinct metabolic features of the primed and naive infected plants. The SUS plots
were generated using the p(corr) value obtained in the OPLS-DA models, and they show
metabolites that co-ordinately contribute to the primed and naive infected conditions.
Only components contributing to the strength of the prediction capacity of the model (R1
significant components) were considered.
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2.8. Metabolite Annotation and Metabolic Pathway and Network Analyses

Metabolite annotation was based on MS data (accurate mass and mass fragmentation
patterns) as described [23,26], focusing mostly on discriminant metabolites. The annota-
tions were made according to the Metabolomics Standard Initiative (MSI) level 2 [27]. The
estimated molecular formula of a chosen ion (feature corresponding to a metabolite) was
manually searched using bioinformatics tools and databases such as PubChem [28], Chem-
Spider [29], Lipidmaps [30], and the Dictionary of Natural Products [31]. The mass spectral
fragmentation patterns were examined and confirmed via comparison with information on
barley in the literature and metabolome data from related plants. The MetPA (Metabolomics
Pathway Analysis) [32]) module of the MetaboAnalyst bioinformatics platform (Version
5.0) [33] was used to perform pathway analysis on the successfully annotated metabolites
that were selected based on the OPLS-DA data. Metabolites with known KEGG (Kyoto
Encyclopedia of Genes and Genomics, [34]) identities (KEGG identifiers) were entered into
the MetPA tool, and enrichment analysis was used to evaluate the potential biological roles
thereof. The pathway analysis calculated the significance of the impacted pathways based
on the pathway impact values (x-axis) obtained from our pathway topology analysis and
the p values acquired from our pathway enrichment analysis (y-axis). Furthermore, using
MetaMapp [35], correlation network analysis was performed for a global visualisation
of the metabolic alterations. This was performed utilising the fold-changes and p values
determined from OPLS-DA-derived descriptive statistics as well as the MetaMapp-encoded
chemical structures of the annotated metabolites from the PubChem and KEGG databases
(Table S3). The subsequent metabolic networks were displayed using the network visuali-
sation tool Cytoscape (version 3.9.1; [36]), and the similarity cut-off between metabolites
was determined using a Tanimoto score threshold of 0.7.

3. Results and Discussion

The ability of a plant to overcome a pathogen attack determines the level of resistance
thereof. The molecular communication between both organisms depends on the genetic
make-up of both participants and may result in resistance by the host or invasion by the
pathogen. A resistant (R) plant will successfully overcome the attack, while the pathogen
will defeat a susceptible (S) one, causing infectious disease. Partially resistant or tolerant
cultivars lie within an R-S continuum, with the outcome frequently determined by abiotic
environmental factors. As previously mentioned, resistance can be enhanced, and an IR
phenotype can involve both primed and induced defence responses and can be brought into
play at a local or systemic level against microbial pathogens that can exhibit varied lifestyles.
With xenobiotic agents/inducers like 3,5-DCAA, the relative significance of primed vs.
induced defences may be dependent on a range of factors, such as the concentration and
chemical nature of the stimulus and the bio-availability and perception thereof, as well
as the kinetics of the response and timing of analysis. Moreover, the effectiveness of IR
responses can depend on the plant species, the developmental age of the plant, the tissue
type, and the virulence of the pathogen [14].

3.1. Evaluation of the Net Blotch Net Form Disease on Barley

As indicated in the experimental section, the ‘Hessekwa’ cultivar of barley (naive and
pre-treated with 3,5-DCAA) was infected with a 1 x 10°> mL~! conidia suspension of the
fungal pathogen Ptt. This was followed by assessing the plants’” phenotypic characteristics
and evaluating the disease severity index. Symptom development and the corresponding
disease severity score ranging from 0 to 10 (as reported by Tekauz) [37] are illustrated in
Figure 1A,B, respectively. In Figure 1A, an early manifestation of fungal infection (at 2 d.p.i.)
was phenotypically characterised by fusiform and circular dot-like lesions, progressing into
dark brown longitudinal and transverse striations constituting the net-like pattern on the
shoot tissues of the naive infected plants. From 4 d.p.i., the symptoms on primed and naive
plants are slightly comparable; however, there is a shrinking observed on naive-treated
plants but not on plants pre-treated with 3,5-DCAA. In addition, chlorotic areas could also
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be highlighted around the necrotic lesions observed on both challenged leaves from 4 d.p.i
for the 3,5-DCAA-treated plants and at 6 d.p.i for naive plants. The zoomed-in photograph
highlights the observed net-type lesions (characteristic of the NBNF disease).
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Figure 1. Fungal infection symptoms and disease severity assessment. (A): Barley shoot tissue
at 2, 4, and 6 d post-inoculation with P. teres f. teres conidia. (B): Net blotch net form (NBNF)
disease symptom evaluation on a numerical scale ranging from 0 to 10. 0 = No symptoms;
1 = Resistant; 2 = Resistant to moderately resistant; 3 = Moderately resistant; 4 = Moderately resistant
to moderately susceptible; 5 = Moderately resistant to moderately susceptible; 6 = Moderately resis-
tant to moderately susceptible; 7 = Moderately susceptible; 8 = Moderately susceptible to susceptible;
9 = Susceptible; 10 = Very susceptible.

The disease severity index was as described in the legend of Figure 1A. Looking at
the disease severity scale shown in Figure 1B, symptoms could be observed as early as
24 h post-inoculation in the naive infected plants showing a disease index of 1. On the
3,5-DCAA treated shoot tissues, the first symptoms were observed at 2 d.p.i. In both cases,
the steady development of phenotypic symptoms was observed to reach a score of 9 (for
the naive plants) and 7 (for the primed plants) at over 6 d.p.i, corresponding to the plant’s
susceptibility state. As mentioned in the introduction, disease progression depends on the
virulence of the pathogen, the environment, and the susceptibility of the cultivar. Here,
environmental variables were controlled, and preliminary studies revealed ‘Hessekwa’
cultivar as susceptible to the Ptt W1-1 isolate (Figure S2).

The NBNF disease is a destructive disease of barley that causes important yield losses
in susceptible cultivars. Ptt can colonise the host by producing necrotic and chlorotic symp-
toms due to net blotch in plant tissue [5,38,39]. In susceptible barley cultivars, germinated
conidia produce the appressorium through the plant membrane at 1 d.p.i. [40,41]. This is
followed by fungal growth inside the leaf tissue, resulting in necrosis and chlorosis from
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4 d.p.i. The interaction between the susceptible barley plant and the Ptt pathogen results
in the colonisation of the plant tissue, the release of nutrients and energy production for
fungal growth, the suppression of plant defence responses, and, eventually, induced cell
death. The delayed development of symptoms in the 3,5-DCAA-treated plants inversely
correlates to the time deployed to respond to the fungal attack. This behaviour supports the
post-challenged primed state characterised by the quicker and stronger defence response
of the primed plants compared to the naive infected plants [17,42]. Although the disease
severity index of the primed infected plants at 6 d.p.i. is still reduced compared to that of
the naive infected plants, the pathogen can seemingly overcome the host defences at that
time point. Subsequently, untargeted and targeted metabolomic approaches were used to
pinpoint discriminatory metabolites and identify the biological pathways characterising
the responses of the primed and naive plants to the fungal infections.

3.2. Chromatographic and Chemometric Profiling of Primed and Naive Barley Plants Following
Infection by the Fungus P. teres f. teres

To elucidate the metabolic profiles of the primed and naive barely plants responding to
P. teres £. teres infection, the methanolic extracts were analysed via high-definition, accurate
mass UHPLC-MS. Although the base peak intensity (BPI) chromatograms show only the
most intense peaks at a specific retention time, they revealed subtle quantitative and quali-
tative differences across extracts (Figure S4). The data obtained from our LC-MS analyses
were further analysed using multivariate statistical tools to simplify the visualisation of the
complex multidimensional datasets, detect outliers, uncover the underlying trends, and
extract relevant information for biological interpretation. From the unsupervised method,
the computed PCA scores plots (Figures 2A-C and S5), distinct clustering separating all
of the control and primed samples from the infected ones was observed at all time-points.
Although this result was not so evident on day 2 and day 4, with the ESI (-) data, at
day 6, a clear separation of the naive infected and primed infected clusters was observed.
In addition, all control samples (no vehicle control, DMSO control, and Tween-20/H,O
control), as well as the 3,5-DCAA-treated samples, grouped together on the PCA score
plots, showing no major variations between these conditions. As a result, the naive plant
condition (no vehicle control, C) was then used as a comparative reference for primed
infected and naive infected conditions in downstream data mining processes.

As mentioned in the Materials and Methods section, OPLS-DA was applied as a
supervised learning method to characterise and distinguish the classes and groups observed
in the profile generated using the above-mentioned explorative models. The evaluation of
the OPLS-DA models was performed by conducting a cross-validation (CV)-ANOVA (with
a p value < 0.05 being considered a significant model) [25]. In addition, out of the hundred
randomly permutated models, none outperformed the original ones. Figure 3 (based on
data from the 2 d.p.i timepoint) serves as a representative example of the steps followed,
with Figure 3A showing the correlation between the original and the permutated Y-vectors,
as well as the R? and Q? of the models. The represented permutation analysis plot displays
the R? and Q? values of the permutated models (left-bottom corner), which are lower than
those of the original (right-top corner). Statistically significant features were selected using
the loading S-plots generated from the OPLS-DA data and models (Figure 3B). The S-plots
identified features originating from metabolites with high covariation and high correlation
that discriminates between the conditions being compared. Furthermore, taking into
consideration the aim of this study, which was to investigate the changes that occur after
both the naive and primed ‘Hessekwa’ barley cultivars become infected, another variable
selection method, known as the ‘Shared-and-Unique Structures’ (SUS) loadings plot, was
used (Figure 3C), and underlying response markers associated with the post-challenged
trends observed after employing the unsupervised models could thus be extracted. Only
metabolites with high covariance and high correlation and those with a VIP score > 1 were
considered potential biomarkers (Figure 3D). All annotated discriminant metabolites or
potential biomarkers are summarised in Table S4.
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Figure 2. Principal component analysis (PCA) score plots of the ESI (-) data from shoot extracts
of the "Hessekwa’ cultivar of Hordeum vulgare treated with 3,5-DCAA and infected with P. teres f.
teres. All data were Pareto-scaled, and the calculated Hotelling’s T2 with a 95% confidence interval
is represented by the ellipses present in each PCA score plot. (A): Six-component model of all
conditions, d2, explaining 69.2% variation and predicting 45.1% variation; (B): Six-component model
of all conditions, d4, explaining 74.8% variation and predicting 54.7% variation; (C): Seven-component
model of all conditions, d6, explaining 72.5% variation and predicting 55.2% variation. The groupings
of the controls and the treatments are highlighted in red.

3.3. Defence-Related Metabolic Reprogramming in 3,5-DCAA-Primed and Naive Barley Plants
Following Infection by the Fungus P. teres f. teres

The metabolic reconfiguration of primed and naive ‘Hessekwa’ barley plants following
infection with Ptt at different time points involved primary metabolites such as amino acids,
organic acids, fatty acids, and derivatives and secondary metabolites such as phenolic
acids and derivatives, flavonoids, and alkaloids (Table S4). Phenolic acids and derivatives
were the largest class of annotated discriminant metabolites, followed by flavonoids and
fatty acids (Figure 4A). In addition, differential distribution patterns were observed on the
generated heatmap dendrogram, highlighting differences in the relative concentrations of
the metabolites between the infected and the control samples and between the naive and
primed infected samples (Figure 4B). Annotated metabolites included oxo-proline, citric
acid, linolenic acid derivative isomer I, linolenoylglycerol, hordatine A hexose isomer II,
hydroxytryptamine, isoscoparin 7-O-[6-sinapoyl]-glucoside, and lutonarin (an isoorientin
glucoside/a glucoside of luteolin), all discriminant metabolites in the primed infected sam-
ples. Discriminant metabolites in the naive infected condition included hydroxylinolenic
acid, hydroxyjasmonate sulphate, caffeoyl shikimate derivative isomer I and II, gallic acid
monohydrate, and 6-prenylnaringenin (Table S4). The up- or down-regulation of these
metabolites were characteristics of the infection status of the primed and naive plants
at different time points (2, 4, and 6 d.p.i.). Annotated metabolites were investigated for
pathway analysis to reveal their implication in protection or defence mechanisms.
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Figure 3. Orthogonal projection to latent structures discriminant analysis: selection of discriminant
metabolites at 2 d.p.i. (A): Permutation test (n = 100) for the OPLS-DA model of ‘Control vs. Ptt’
(x-axis, component 1 + 2 + 0; R?X = 0.694, RZY = 0.999, Q? = 0.985. CV-ANOVA = 2.15 x 1077);
(B): OPLS-DA loading S-plot. The variables highlighted in the red squares are statistically significant
in discriminating the two compared groups. The covariance (magnitude) and correlation (reliability)
of the samples in the model are represented on the axes as p[1] and p(corr), respectively. (C): Shared-
and-unique structures (SUS) plot analysis for correlating the predictive component of the OPLS-DA
models ‘Control vs. P#’ and ‘control vs. DCAA + Ptt’ (y-axis, Component 1 + 2 + 0; RZX = 0.789,
R%Y = 0.994, Q% = 0.975; CV-ANOVA = 3.44 x 1078) at 2 d.p.i. The most discriminant features in
both models are highlighted with circles. Yellow circles correspond to the discriminant features
inversely correlated between the two models, and red circles indicate those similarly correlating.
The unique discriminant features for each model have been highlighted using orange (for Ptt) and
green (for DCAA + Ptt) rectangles. As mentioned, only features with a high correlation were
selected (p(corr) > 0.5, <—0.5). Up-regulation and down-regulation are shown as positive and

negative values, respectively. (D): Variable importance in projection (VIP) scores for each selected

metabolite >1.

The MetPA module of the MetaboAnalyst bioinformatics tool package (http://www.
metaboanalyst.ca/ (accessed on 30 November 2022) was used to determine the key metabolic
pathways characterising the primed and naive defence responses. The MetPA analyses
of both states (naive infected and primed infected) with the KEGG identifiers revealed
the involvement of similar pathways but with different levels of significance and impact
(Figure 3B,C; Tables S5 and S6). These included phenylpropanoid biosynthesis; pheny-
lalanine (Phe), tyrosine (Tyr), and tryptophan (Trp) metabolism (both individually and as
a group); and isoquinoline alkaloid biosynthesis. The primed infected plants displayed
metabolites from the TCA cycle with moderate impact and significance. The mentioned
pathways are among the most prevalent in the plant kingdom. In addition to having impli-
cations on defence against biotic and abiotic stresses, these pathways are also connected to
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the modulation of physiological and biochemical processes [43,44]. The flagged metabolic
pathways and temporal dynamics of selected defence-related discriminant barley metabo-
lites are discussed below. In general, these patterns indicate differential reprogramming
over time (either high or low accumulation at specific time points that reflect early, late,
or oscillatory responses) [45]. These fluctuations may mirror the availability of precursor
metabolites, the flux through induced metabolic pathways, and the extent of degradation
or conversion of specific metabolites.
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Figure 4. Discriminant metabolites in the 3,5-DCAA-primed and naive barley plants after infection
with Ptt and summary of the MetPA-generated metabolic pathways in the naive and primed in-
fected plants. (A): Metabolite class distribution. (B): Dendrogram heatmap showing the extent of
metabolomic reconfiguration as reflected by the relative concentration of all metabolites across all
conditions (Control, DCAA + Ptt, and Ptt) and all timepoints (2, 4, and 6 d.p.i.). Brown = high con-
centration; blue = low concentration. (C): Pathway mapping in naive infected plants. (D): Pathway
mapping in primed infected plants revealing some of the main metabolic pathways involved in the
plants’ (naive and primed) interaction with Ptt. The colour and sizes of the circles are based on p
values and pathway impact values, respectively. The circles with large pathway impact values and
small p values are significantly perturbed.

3.3.1. Amino Acids

Significant pathways in both barley states also included the biosynthesis of Phe, Tyr,
and Trp (Figure 5) and subsequent Phe and Trp metabolism. The MRM quantification
profiles of the main components of the Phe, Tyr, and Trp biosynthesis pathways are shown
via the red arrows in Figure 5 and Table S2. The concentrations of the three aromatic
amino acids were significantly higher in the primed state at an early stage of infection
(2 d.pi. and 4 d.p.i). The concentration of these amino acids dropped at 6 d.p.i. in the
primed plants and increased in the naive infected plants. Alterations in the level of amino
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Concentration (ug/g)

acids have previously been reported as a characteristic of the post-challenged phase [46,47].
Phe, Tyr, and Trp are mainly precursors in the biosynthesis of secondary metabolites,
including all the ones mentioned above. In addition to their role as building blocks in
protein synthesis, these amino acids are known for their actions in scavenging free radicals
and the modulation of stomatal exposure and as osmolytes [48].
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Figure 5. Illustration of the Phe, Tyr, and Trp biosynthesis pathways and MRM quantification of the
main participants in the primed and naive shoot tissues of barley infected with the fungal pathogen
P. teres f. teres. The bar graphs were generated using the average integrated peak area (1 = 9). The
error bars represent the standard deviation. Concentrations are expressed in pug g~! (Mean +/—
standard deviation; Table S2). The statistical significance of the differences observed was evaluated
using Student’s t-test, and all p values < 0.0001 (****) were considered as significant.

Other changes in amino acids included the up-regulation of oxo-proline (oxo-Pro)
in the primed infected plants (Table S4). Plants accumulate Pro in response to several
environmental stresses. Pro is a multi-functional amino acid, and its abundance may result
from de novo synthesis or reduced degradation and utilisation. In the context of stress
adaptation, Pro imparts stress tolerance by preserving the osmotic balance and cell turgidity
and indirectly modulating the metabolism of ROS. In addition, the crosstalk of Pro with
other osmoprotectants and signalling molecules like abscisic acid, glycine betaine, nitric
oxide, hydrogen sulphide, etc., helps in strengthening the protective mechanism under
stressful environments [49].

3.3.2. Tricarboxylates and Fatty Acids

Specifically significant in primed infected plants, the TCA cycle is one of the key
metabolic pathways. Changes affecting organic acids (e.g., through reversible transam-
inase reactions) and amino acids might affect nitrogen and carbon metabolism and link
the associated metabolic cycles in support of anaplerotic reactions to replenish the citric
acid cycle if it becomes depleted of intermediates in response to biosynthetic demands.
Furthermore, alterations in carboxylic acid levels were reported in plants during stress
responses, and it was suggested that the tricarboxylates could modulate signal transduction
cascades linked to plant defence responses [50,51]. In this context, citrate and fumarate
were reported as inducers of defence priming in Arabidopsis thaliana through complex
signalling pathways [51].
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Fatty acids (FAs) are ubiquitous, and their oxygenated derivatives (oxilipins) play
crucial roles in the plant system [52]. Among the FAs annotated here, hydroxylinolenic and
alpha-linolenic acids were found to be up-regulated in naive infected barley at 2 and 4 d.p.i.,
respectively. In the same plants and at the early infection stage, 12-hydroxyjasmonate sul-
phate was also up-regulated. These compounds are precursors and/or active participants
in signalling pathways and regulatory activities [53]. It has been suggested that FAs act by
inserting themselves into the lipid bilayers of the fungal membrane. This results in the loss
of fungal membrane integrity which uncontrollably releases proteins and electrolytes and
eventually leads to the disintegration of the cell cytoplasm [54,55]. The antifungal activity
of linolenic acid and other unsaturated FAs was assessed in a study conducted by Walters
et al. [56], and the compound inhibits more than 50% of mycelial growth of a range of fungi,
including Pyrenophora avenae and Rhizoctonia solani.

3.3.3. Hydroxycinnamic Acids

The most significant pathway in both the naive and primed plants upon infection
(as indicated by the topological characteristics) was the phenylpropanoid biosynthesis
pathway, which results in the formation of cinnamic acid and hydroxylated derivatives
such as caffeic acid, ferulic acid, and sinapic acid. The MRM quantification profiles of
each phenolic acid are shown in Figure 6 and Table S2. Among all the phenolic acids, the
concentration of cinnamic and caffeic acids significantly (p < 0.05) increased at the early
infection stage (2 d.p.i.) in the primed infected plants compared to the control and the naive
infected plants. At4 d.p.i., a significant decrease in ferulic acid was observed in the primed
infected plants. These compounds might be associated with delayed infection or the faster
response observed at 2 d.p.i. (Section 3.1). Interestingly, concentrations of sinapic acid
were significantly higher in the naive infected plant at 6 d.p.i. This suggests that sinapic
acid (3,5-dimethoxy-4-hydroxycinnamic acid) is directly implicated in the barley—P. feres
interaction and during the later stages of infection. Similarly to this study, in another study,
rust infection in wheat crops was associated with an increase in ferulic and sinapic acid
levels [57].

Phenolic acids are important specialised secondary metabolites of plants and are
required for several physiological and mechanical processes [44,58]. Plants produce these
phenolics for growth and development and, importantly, for protection (e.g., as phytoan-
ticipin/phytoalexin antimicrobials and anti-oxidants, as well as for the strengthening of the
cell wall through lignin synthesis and deposition). Through the activation of the phenyl-
propanoid pathway and associated sub-pathways, plants are shielded against upcoming
attacks by phytopathogens and the spread of infection due to these induced defence mech-
anisms that are expressed both at the location of the attack and distant to it. As well as
providing the chemical building blocks of the defence response, a network of intercon-
nected signal transduction pathways regulates induced resistance, with phenolic acids
serving as crucial signalling molecules [59,60].

3.3.4. Hydroxycinnamic Acid Amides and Hordatines

As phenolic acid derivatives, except for p-coumaroylhydroxyagmatine and
p-coumaroylputrescine, all hydroxycinnamic acid amides (HCAAs) were down-regulated
in both infected states and at all time points (Table S4). Backes et al. [41] reported the
accumulation of coumaroylhydroxyagmatine in barley after infection with Ptf. Adding
a hydroxyl group on coumaroylagmatine may increase the compound’s activity. Down-
regulated HCAAs included the barley-specific metabolites hordatines A and B, as well
as their precursor, p-coumaroylagmatine (Figure 7). The relative concentrations of these
compounds were higher in the untreated control compared to infected plants (both naive
and primed), suggesting that their utilisation, conversion, or degradation is part of the
defence against pathogen ingress.
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Several studies have revealed the pivotal role of HCAAs in plant—pathogen interac-
tions [61-64]. HCAA biosynthesis emanates from the phenylpropanoid pathway, and the
occurrence in plants is associated with plant disease resistance. They confer cellular protec-
tion against pathogen attack by reinforcing cell walls or by acting directly as antimicrobial
agents [61,65]. Hordatine A and B have been recognised as strong antifungal compounds
of barley as early as in the 1960s [66-69]. The presence of these compounds as signatory
metabolites reiterate their function in plant defence; however, the down-regulation ob-
served might be associated with the level of susceptibility of the plant to Ptt and the inability
to produce sustainable levels that allow for the plant to overcome the pathogen attack. It is
also possible that the pathogen might target this important component of inducible plant
defence as part of effector-triggered susceptibility (ETS). Phenolic compounds may protect
against fungal attack through the inhibition of chitin and glycan biosynthesis, which results
in the fungal plasma membrane and cell wall disruption. Such action causes the inhibition
of metabolic enzymes and mitochondrial processes [44,59].

3.3.5. Flavonoids

Another metabolite class derived from the phenylpropanoid pathway is the flavonoid
pathway. Among these, a prenylated naringenin was down-regulated in the naive infected
plants at a late stage (6 d.p.i.) (Table S4). Naringenin is a central precursor in the biosynthe-
sis of flavonoids. Derivatives of apigenin and luteolin were also found to be discriminative
across time points (Figure 8). The relative concentrations of isovitexin decrease at 2 and
4 d.p.i, while that of its diglycosylated derivative, isovitexin 7,6"-di-O-glucoside, increase.
The relative concentrations of lutonarin were down-regulated at the early infection stage
but higher in primed plants compared to the naive ones. Similarly, at 2 d.p.i., isoscoparin
7-O-[6"-sinapoyl]-glucoside was down-regulated, and its concentration was higher in
the primed infected plants than in the naive infected plants. At 4 d.p.i., there was an
up-regulation of the metabolite, and again, the level seemed higher in the primed infected
plants than the naive infected plants. Together with the phenolic acids, flavonoids are
the most conserved class of compounds and the largest group of phytochemicals. They
are involved in various processes such as auxin transport, signalling, plant growth, and
pigmentation. The main function ascribed to flavonoids is their antioxidant abilities, which
help to quench reactive oxygen species (ROS) in the host and the pathogen during plant
response [70-73]. Lutonarin isolated from barley was demonstrated to have inhibitory ac-
tivity on free radicals [74]. The capacity of flavonoids to inhibit the growth of fungal spores
and limit the elongation of mycelium hyphae is well recognised [75,76]. It is believed that
flavonoids contribute to strengthening plant structures and function as a physical barrier
against fungus invasion [76]. In wheat and maize, flavonoids are involved in resistance
against F. graminearum and F. verticillioides, respectively [77,78]; this study marks the first
time in the literature that their role in plant defence against the fungal pathogen P. teres f.
teres has been highlighted.

3.3.6. Alkaloids

Furthermore, two important alkaloids in barley were also found and quantified using
the MRM method as described in the Materials and Methods section: hordenine and
gramine (Figure 9 and Table S2). The concentration of these metabolites fluctuated over
time. However, hordenine concentration was significantly higher in the primed infected
plants at 2 d.p.i. and in the naive infected plants at 2 and 6 d.p.i. With gramine, higher
concentrations were observed at 4 and 6 d.p.i. for all infected plant conditions. Hordenine,
an isoquinoline alkaloid (second most impactful pathway; Figure 4A,B; Tables S5 and S6)
and gramine, an indole alkaloid, were both reported as antifungal metabolites. Lovett and
Hoult [79] demonstrated the inhibition capacity of both alkaloids against Drechslera teres,
the anamorph stage of Ptt.
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Figure 9. MRM quantification of hordenine and gramine from primed and naive shoot tissues of
barley infected with the fungal pathogen P. teres f. teres. The bar graphs were generated using the
average integrated peak area (1 = 9). The error bars represent the standard deviation. Concentrations
are expressed in pg g_l (Mean +/ — standard deviation; Table S2). The statistical significance of the
differences observed was evaluated using Student’s t-test, and p values < 0.05 (*), 0.01 (**), 0.001 (***),
and 0.0001 (****) were considered as significant.

N-isoferuloylhydroxytryptamine and p-coumaroyltryptamine were also annotated
as discriminant metabolites as they were up-regulated in both primed and naive infected
plants at 2 and 6 d.p.i. These are neutral HCAAs that are generally classified as alka-
loids. Together with hydroxytryptamine (up-regulated at 2 d.p.i. in the primed infected
plants), they were not previously identified as constituent metabolites in barley cultivar
profiling [23,26]. However, in a recent study where DCAA and other dichlorinated com-
pounds were used to induce systemic acquired resistance in barley, they were signatory
biomarkers that accumulated in shoot tissues in response to treatment [22]. This points
to their antifungal function in plant defence and their role as phytoalexins in barley. The
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antimicrobial activity of tryptamine derivatives was also described in barley under attack
by Fusarium culmorum, responsible for Fusarium root rot disease [80], and the build-up
of p-coumaroyltryptamine was noted in A. thaliana leaf tissue after 24 h of infection with
Pseudomonas syringae [81].

3.4. Mapped Metabolic Networks

Metabolic (correlation) network analysis enables the characterisation of the complex
relationship(s) in measured metabolites. Thus, in addition to the pathway enrichment
analyses (Figure 4), a network demonstrating metabolic interaction patterns between
metabolites identified by OPLS-DA (comparing the naive and primed infected states) was
constructed to understand the possible regulatory elements of the metabolic responses of
primed and naive plants to Ptt at the early infection stage (2 d.p.i.) (Figure 10). MetaMapp
analysis makes use of statistical data such as fold changes and p values to construct
metabolic networks showing significantly different metabolites in primed infected samples
(green) and naive infected plants (orange) [47]. Relational patterns in the experimental data
are depicted by metabolic networks that identify altered graph neighbourhoods. Since these
relationships are not dependent on predefined pathways, they allow for the description
of the altered metabolomes established by new pathway connections as a result of the
experimental conditions. For example, the agmatines and the hordatines are found in one
cluster, indicating the structural relatedness, further affirming that the agmatines serve as
precursors to the biosynthesis of the hordatines.
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Figure 10. Mapped metabolic networks of all annotated metabolites identified via OPLS-DA analysis
based on 2 d.p.i. data. The green nodes represent the metabolites that are up-regulated in the primed
infected plants, and the orange ones represent those that are up-regulated in the naive infected plants.
There is an overlap between the class of phenolic acids and derivatives and that of flavonoids. The
node size reflects the magnitude of the fold change (FC). The blue lines represent the connections of
compounds via KEGG reaction pair (krp), and the grey lines connects the nodes (metabolites) based
on their chemical similarity.

In addition, in the network topology, phenolic acids, flavonoids, and alkaloids, derived
from caffeoylshikimate and amino acids such as Tyr, Phe, and Trp, appear to form the core
hub. Isolated interaction could also be responsible for forming the fatty acid, organic acid,
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and other amino acid (proline betaine, oxo-proline, valine, and isoleucine) clusters. In
addition, the biological interaction observed between Tyr, Phe, and Trp highlights the strong
connection between these metabolites and reiterates their combined role as precursors of a
broad spectrum of secondary metabolites. It can also be proposed that there is alignment
between the production and utilisation of the three aromatic amino acids in regulating the
production of these defensive secondary metabolites.

4. Conclusions

The mechanism(s) underlying plant priming is still very unclear at a biochemical
level; however, two of the main characteristics are the early and long-lasting responses.
This study focused on evaluating the dynamic intricacies of the metabolic changes in
barley plants primarily preconditioned with 3,5-DCAA in response to a secondary stress—
infection by P. teres f. teres. The primed plants were first characterised by a delay in the
development of the distinctive visual symptoms associated with P. teres f. teres infection.
A strong and rapid response was observed, portraying a state of alertness. However, this
response was not maintained over time as the pathogen apparently managed to overcome
the induced resistance.

These observations were further investigated using untargeted metabolomics (in com-
bination with chemometric tools) and targeted metabolomic approaches which provided
insights into the reconfigured primed and natural response of barley to Ptt. Metabolites
and the measurement of dynamic changes in their profiles informatively reflected the
differential and functional features of the naive and 3,5-DCA A-treated plants’ metabolism
in response to Ptt inoculation and subsequent infection. Both primary and secondary
metabolism were affected, and one of the most significant pathways affected was the
phenylpropanoid pathway. Higher concentrations of the aromatic amino acids Phe, Tyr,
and Trp were found to be associated with the early responses in the barley-infected shoot
tissues. Because the hordatine metabolites are well-known antifungal agents in barley
plants, their down-regulation here may be linked to plant susceptibility due to the inability
to synthesise sufficient amounts to repel the attack.

The variations observed at the beginning of infection (2 d.p.i.) in the primed plants
were linked to the early and stronger response typical of the post-primed phase. The
metabolites responsible for such delays and related to the priming response were high-
lighted; e.g., isovitexin-7,6”-diglucoside accumulated and was more prevalent in the primed
plants at 2 and 4 d.p.i. Others included cinnamic and caffeic acids, citric acid, and oxo-
proline. These findings support the speculation on the ability of 3,5-DCAA as a priming
agent to enhance the defence response. Despite the aforementioned metabolic reconfig-
uration of the primed barley, the defence-related metabolite production therein was not
sustainable to ward-off the attack. The secondary effects brought on by cell death may
also impact and obfuscate the observable patterns in the data. The data obtained under
the experimental conditions did not allow for the depiction of a possible mechanism un-
derlying priming by 3,5-DCAA. However, the obtained descriptive insights serve as a
departure point for further research on the use of dichlorinated inducers as priming agents
in barley and other plants to manipulate/enhance the defence response to fungal attack
and subsequent infection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/metabo13090997 /s1: Figure S1. Disease triangle illustrating factors contributing to the
progression of disease. Figure S2. Preliminary screening of cultivars from the Western Cape region of
South Africa. Figure S3. Fungal growth before (A) and after (B) conidia induction under near-UV
light (long wave). Figure S4. Ultra-high performance liquid chromatography—mass spectrometry
(UHPLC-MS) base peak intensity (BPI) chromatograms (negative and positive ionisation) of barley
treated with 3,5-DCAA and infected with P. teres f. teres and evaluated over 2, 4, and 6 d.p.i. Figure S5.
Principal component analysis (PCA) score plots of ESI (+) data from shoot extracts of the "Hessekwa’
cultivar of Hordeum vulgare. Table S1. Optimum parameters for UFLC-MRM-MS quantitative
analysis listing targeted standards and standard curve equation for quantification. Table S2. Absolute
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quantification of selected metabolites in extracts from shoot tissues of primed and naive barley plants
following infection with P. teres f. teres. Table S3. Annotated metabolites used for correlation network
analyses. Discriminant metabolites were extracted from OPLS-DA, comparing the naive infected
(reference) vs. primed infected metabolites (Condition_A). Table S4. List of all annotated (putatively
identified) discriminant metabolites from leaves of the barley cultivar “Hessekwa” (treated /untreated
with 3,5-DCAA and infected with P. teres f. teres and harvested at 2, 4, and 6 d.p.i). Table S5.
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Abstract: Gray blight disease, which is caused by Pestalotiopsis-like species, poses significant challenges
to global tea production. However, the comprehensive metabolic responses of tea plants during gray
blight infection remain understudied. Here, we employed a multi-omics strategy to characterize the
temporal transcriptomic and metabolomic changes in tea plants during infection by Pseudopestalotiopsis
theae, the causal agent of gray blight. Untargeted metabolomic profiling with ultra-performance liquid
chromatography—quadrupole time-of-flight mass spectrometry (UPLC-QTOFMS) revealed extensive
metabolic rewiring over the course of infection, particularly within 24 h post-inoculation. A total of
64 differentially accumulated metabolites were identified, including elevated levels of antimicrobial
compounds such as caffeine and (—)-epigallocatechin 3-gallate, as well as oxidative catechin polymers
like theaflavins, theasinensins and theacitrins. Conversely, the synthesis of (+)-catechin, (—)-epicatechin,
oligomeric proanthocyanidins and flavonol glycosides decreased. Integrated omics analyses un-
covered up-regulation of phenylpropanoid, flavonoid, lignin biosynthesis and down-regulation of
photosynthesis in response to the pathogen stress. This study provides novel insights into the defense
strategies of tea plants against gray blight disease, offering potential targets for disease control and
crop improvement.

Keywords: tea plant; gray blight disease; flavonoid; lignin; defense-related metabolites; metabolomics;

transcriptomics

1. Introduction

The tea plant (Camellia sinensis) is an important cash crop cultivated primarily for its
leaves, which are used as raw material for tea production. China is the world’s largest
tea producer and exporter, with an annual production of tea leaves exceeding 13 million
tons in 2021, supporting the livelihoods of millions in the tea industry [1]. However, tea
production faces persistent challenges from fungal diseases [2]. Pestalotiopsis-like species,
known as the causal agents of gray blight disease in tea plants, are a highly destructive
group of phytopathogens [3].

Pestalotiopsis-like species, which are classified into Pseudopestalotiopsis, Neopestalotiopsis
and Pestalotiopsis, infect both tender shoots and mature leaves [4]. The initial symptoms of
gray blight appear as small brown concentric spots on wounded leaves, which gradually
expand into large necrotic lesions with black and brown colors. In severe cases, these lesions
spread throughout the leaf, leading to defoliation [5]. Disease severity is exacerbated under
warm and humid conditions, negatively impacting tea yield and quality [2]. Various Pestalo-
tiopsis-like species have caused significant yield losses in major tea-producing countries
like China, India and Japan [6-8]. Current disease management relies heavily on synthetic
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fungicides such as methyl benzimidazole carbamates and dithiocarbamates. However,
these approaches come with high costs, environmental concerns and an increased risk of
fungal resistance development [2,9,10]. Therefore, developing effective control measures
requires a profound understanding of the defense mechanisms employed by the tea plant
against the causal agent of gray blight disease.

Plants have evolved a sophisticated innate immune system to fend off pathogens
through multilayered defense responses [11]. Physical structures such as thorns, trichomes,
rigid cell walls and waxy cuticles form the first line of defense by preventing pathogen
entry. In addition to these physical barriers, plants can recognize invading pathogens and
initiate complex signaling cascades that trigger the targeted production of pathogenesis-
related proteins, enzymes and specialized metabolites [12]. Among these metabolites
are antimicrobial compounds, including constitutively expressed phytoanticipins and
induced phytoalexins synthesized de novo in response to infection. These metabolites can
directly inhibit microbial growth or elicit additional immune responses, serving to contain
pathogens within the infected plant tissues [13]. Tea plants (Camellia sinensis), in particular,
reply on the production of specialized metabolites (e.g., phenolics, alkaloids and terpenes)
as a key defense strategy against biotic and abiotic stresses [14]. Phenolic compounds,
such as (—)-epigallocatechin (EGC), (—)-epicatechin (EC) and their gallate esters, play
a crucial role in leaf resistance. Among these phenolics, (—)-epigallocatechin 3-gallate
(EGCG), the most abundant catechin in fresh tea leaves, is particularly noteworthy. EGCG
has been shown to possess potent antibacterial, antifungal and antiviral properties [15,16].
Through a multifaceted mechanism of action, EGCG effectively combats fungi via disruption
of cell structures, inhibition of key enzymes and synergistic potentiation of antifungal drugs,
enabling robust activity against fungal invaders [16]. When infected by pathogens such as
Colletotrichum fructicola or Pseudopestalotiopsis isolates, tea plants up-regulate EGCG or other
catechin levels in correlation with enhanced resistance [17,18]. Nonetheless, the full scope of
the specialized metabolic adaptation of tea plants during infection remains poorly understood.

In our previous study, we identified a novel pathogenic strain, Pseudopestalotiopsis
theae CYF27, as the cause of gray blight disease in tea plants [19]. To further explore
the molecular responses of tea plants to P. theae infection, we conducted an integrated
multi-omics analysis. Through untargeted metabolomics, we characterized the temporal
dynamics of the tea plant metabolome during P. theae infection. Additionally, through
RNA sequencing, we uncovered transcriptional reprogramming events that underlie the
immune response. This integrated omics approach provides new perspectives on the
intricate host-pathogen interactions over time and may help inform the development of
sustainable disease control strategies.

2. Materials and Methods
2.1. Chemical and Reagents

MS-grade acetonitrile and methanol were purchased from Thermo Fisher Scientific,
Inc. (Pittsburgh, PA, USA), and formic acid was obtained from Honeywell Fluka (Seelze,
Germany). Ultra-pure water was prepared with a Milli-Q purification system (Millipore,
Bedford, MA, USA). Reference compounds were obtained from Sigma-Aldrich (St. Louis,
MO, USA), ChemFaces (Wuhan, China), Yuanye Biotechnology Inc. (Shanghai, China) and
BioBioPha Co., Ltd. (Kunming, China).

2.2. Plant Materials, Pathogen Inoculation and Sampling

One-year-old tea seedlings (C. sinensis cv. “Tieguanyin”) were obtained from a tea planta-
tion in Anxi, Fujian, China (118°13" E, 25°08’ N). The seedlings were cultivated hydroponically
using Hoagland’s nutrient solution (pH 5.6) in a greenhouse at Fujian Agriculture and Forestry
University (Fuzhou, China) under the following conditions: 25 £ 3 °C, 16 h photoperiod and
65 £ 5% relative humidity. To ensure the optimal growth of tea seedlings, the nutrient
solution was aerated using an oxygen pump and replaced every seven days. After growing
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for over 30 days, seedlings that displayed uniform growth and were free from any signs of
disease or insect infestation were selected as test materials.

The pathogenic strain P. theae CYF27, which has been previously reported [19], was
used for inoculation in this study. CYF27 was first incubated at 25 °C on potato dextrose
agar (PDA) medium for 20 days. PDA discs (6 mm) containing mycelia and conidia were
excised to serve as the inocula. Prior to inoculation, tea leaves were rinsed with sterile
water and air-dried to remove any residues from the surface. Each tea seedling received
inoculation at three fully expanded leaves with two inoculation sites per leaf. Each site
was gently scratched three times (~5 mm in length) with a sterile needle. A 5 mm disc
of PDA medium bearing mycelia and conidia was placed onto the upper surface of the
wounded tea leaf. The inoculated leaves were covered with cotton dampened in sterile wa-
ter and wrapped in plastic. The seedlings were then transferred to an inoculation chamber
(26 £ 3 °C, 16 h photoperiod, 90 £ 5% relative humidity) for 24 h of dark incubation. At
48 h post-inoculation, the coverings were removed to allow the seedlings to continue
growing until harvest. The control samples were wounded tea leaves inoculated with blank
PDA discs of the same size (hereafter referred as “CK”). For metabolome and transcriptome
analyses, the entire fungal-inoculated leaves (hereafter referred as “PT”), along with the
corresponding whole leaves from the CK samples, were harvested at 0, 1, 3 and 6 days
post-inoculation (dpi) in three independent biological replicates. Each replicate consisted of
three individual seedlings. Samples were snap-frozen in liquid nitrogen and subsequently
stored at —80 °C for further analyses.

2.3. Metabolite Extraction and UPLC-QTOFMS Analysis

To prepare samples for metabolite analysis, the freeze-dried samples were ground to
fine powders with pre-chilled mortars and pestles. Approximately 30 mg of leaf powder
was weighted and extracted with 1.0 mL of 70% aqueous methanol. The resulting mixture
was subjected to sonication for 20 min, followed by centrifugation at 12,000 x g for 10 min.
The supernatant was then filtered using a 0.22 pum PVDF filter (Millipore).

The metabolomics data were acquired on a Waters Acquity UPLC system (Milford, MA,
USA) coupled with a Waters SYNAPT G2-Si HDMS QTOF mass spectrometer (Manchester,
UK). The instrument was operated in electrospray ionization (ESI) mode and controlled
with MassLynx 4.2 software (Waters). UPLC separation was carried out on a Waters
Acquity UPLC HSS T3 column (1.8 pm, 2.1 x 100 mm). The mobile phase consisted of
water containing 0.1% formic acid (Solvent A) and acetonitrile containing 0.1% formic
acid (Solvent B). Gradient elution was performed as per the following program: 0-2 min
(1-7% B), 2-13 min (7-40% B), 13-14 min (40-99% B), 14-18 min (held at 99% B) and 5 min
of re-equilibration time before the next injection. The CK and PT samples were injected
randomly. The ESI parameters were as follows: source temperature, 100 °C; desolvation
temperature, 350 °C; cone gas flow, 50 L/h; desolvation gas flow, 800 L/h; capillary voltage,
1.28 kV; sampling cone voltage, 40 V. Data were acquired in both negative and positive
ionization modes, operating in a full-scan mode over a mass range of 50-1200 m/z. The
MS¢ data were collected in the continuum mode with a collision energy ramp ranging from
10 to 50 eV. Online calibration of MS data was achieved by continually infusing leucine
enkephalin (Waters, Milford, MA, USA) at a rate of 2 ng/min.

2.4. Metabolite Annotation and Multivariate Analysis

Progenesis QI software (v2.4, Nonlinear Dynamics) was used to process the raw data
acquired in the positive and negative ionization modes separately. We detailed the process
of data processing and metabolite identification in a prior study [20]. Briefly, raw data were
imported into Progenesis QI for peak alignment, picking and normalization (with normal-
ization to all compounds) using the default settings. To achieve the fusion of precursor
ions, different adduct ion forms were grouped. These included [M—H]~, [2M—H]™ and
[M+FA—H] ™ in ESI™ and [M+H]", [2M+H]* and [M+Na]* in ESI*. The generated matrix
involving the information of retention time, 7/z and normalized peak abundance from
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each mode was exported and combined for subsequent multivariate statistical analyses in
Simca-P 14.1 software (Umetrics, Umea, Sweden). After Pareto scaling, principal component
analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) were
applied to identify metabolites with significant differences between the CK and PT groups
at each time point, based on a fold change (FC) threshold > 2, variable importance in pro-
jection (VIP) value > 1 and p-value < 0.05. The differential metabolites were annotated by
referencing an in-house MS database as well as public databases such as Metlin, MassBank
and HMDB [20-23].

2.5. Transcriptome Analysis

To explore the temporal changes in transcriptional response during P. theae infection,
we performed RNA-seq analysis on pathogen-inoculated leaf samples harvested at 0,
1, 3 and 6 dpi (designated as PT0, PT1, PT3 and PT6, respectively). Briefly, total RNA
was extracted using the RN Aprep Pure Plant Kit (Tiangen, Beijing, China) according to the
manufacturer’s instructions. Sequencing libraries were prepared using the NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA). The resulting library was then
paired-end-sequenced (150 bp reads) on an Illumina HiSeq2500 platform (Novogene Biotech,
Beijing, China) following standard protocols. The raw sequence data were deposited in the
Genome Sequence Archive (GSA) database under the accession no. CRA011958.

After quality trimming, the clean reads were mapped to the reference transcriptome
(Camellia sinensis cv. “Suchazao”) from the TPIA database (http://tpia.teaplants.cn, ac-
cessed on 16 June 2022) using the Salmon program (v0.9.0) [24] after the exclusion of reads
that contained P. theae sequences. Gene expression was quantified as transcripts per million
(TPM). DESeq2 was employed to identify differentially expressed genes (DEGs) with a
false discovery rate (FDR) < 0.05 and |logyfold change | > 1. Gene ontology (GO) enrich-
ment analysis were performed using the clusterProfiler package [25]. Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis was performed using the KOBAS
software [26].

2.6. Quantitative Real-Time PCR (qRT-PCR)

To validate the expression levels of DEGs, qRT-PCR was performed using SYBR
Premix Ex TaqTM II (Takara, Dalian, China) on a CFX96TM real-time PCR system (Bio-
Rad, Hercules, CA, USA) as previously described [27]. Primers for 12 randomly chosen
DEGs were designed using the Primer Premier software (v5.00) (Table S1). The relative
expression of genes was determined using the 2~*4%t method [28] with the CsGAPDH gene
(KA295375.1) as an endogenous control. Each biological sample was analyzed in triplicate.

2.7. Statistical Analysis

Data were analyzed using GraphPad Prism 8, TBtools (v.1.131) [29] and Microsoft
Excel 2010. Results were reported as the mean =+ standard deviation (SD) obtained from at
least three replicates. The statistical discrepancy between treatments was evaluated using
the nonparametric Mann—-Whitney U test or one-way ANOVA with a post hoc Fisher’s
least significant difference test as appropriate. In all cases, differences were considered
significant at p < 0.05.

3. Results and Discussion
3.1. Morphological Analysis of Gray Blight Symptom Development in Tea Leaves

The onset and progression of disease symptoms on tea leaves inoculated with P. theae
were monitored over the infection process (Figure 1A). At 0 and 1 dpi, no symptoms were
observed on the wounded leaves. At 3 dpi, the symptoms began to manifest, appearing
as small brown lesions specifically at the sites where the leaves had been pierced. These
lesions gradually enlarged as the infection developed. By 6 dpi, the individual lesions
merged together, forming prominent necrotic brown spots across the injured areas. Quanti-
tative analysis showed that the lesion size increased by 4.5-fold from 3 to 6 dpi (Figure 1B).

53



Metabolites 2023, 13,1122

Interestingly, a similar study conducted on the “Suchazao” tea cultivar using a different Pseu-
dopestalotiopsis isolate reported a similar lesion onset at 4 dpi, but the subsequent progression
was much slower. In fact, it took 13 dpi for the lesions in “Suchazao” to coalesce into large
brown spots resembling those observed at 6 dpi in our study [18]. This disparity implies that
the rate at which symptoms spread may vary depending on the specific combination of the
tea cultivar and the pathogenic Pseudopestalotiopsis isolate under investigation.

A 0 dpi 1 dpi 3 dpi 6 dpi

Lesion area (%)
S
|

0@ T T T T 1
0 1 2 3 4 5 6

Days post inoculation (DPI)

Figure 1. Development of gray blight disease on tea leaves over time. Intact leaves were inoculated
with mycelia and conidia mixture of P. theae. (A) Representative symptoms on tea leaves using intact
plant inoculation. Scale bar = 1 cm. (B) Statistics of disease development on tea leaves assessed at 0, 1,
3 and 6 dpi following fungal inoculation. The combined leaf disease area (cm?) from two inoculations
per leaf was calculated as a percentage of the total leaf area using Image] software.

3.2. Metabolic Analysis of Tea Plant Response to P. theae Infection

The changes in catechin contents in tea leaves afflicted by gray blight disease have
been explored previously [18]. However, the impact of P. theae infection on other defense-
related metabolites (e.g., phytoanticipins and phytoalexins) in tea plants remains largely
unknown. To gain comprehensive insights into how tea metabolism is altered during
pathogenesis, we conducted non-targeted metabolomics profiling of tea leaves subjected
to P. theae inoculation or mock inoculation at 0, 1, 3 and 6 dpi. The representative to-
tal ion chromatograms of tea leaf metabolic fingerprints at 1 dpi in the negative mode
are presented in Figure S1. After excluding fungal metabolites, we detected a total of
5362 metabolic features in the negative ionization mode and 3048 in the positive mode
across all samples. Signals occurring at low abundance (maximum abundance < 1000) were
removed, retaining 677 and 295 features in the negative and positive modes, respectively.
Chemometrics analyses were then performed on the merged data from both modes. Our
analysis unveiled dynamic metabolic shifts following fungal inoculation, as indicated by
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the logp-fold differences in the relative metabolite abundance between the infected groups
and the control groups (Figure 2A). As expected, the metabolite profiles of tea samples at
0 dpi were similar between the CK and PT groups. However, at 1 dpi, the infected group
displayed the most intense metabolic response among all time points examined, with sharp
increases in both up-regulated and down-regulated metabolic features. Studies have shown
that the early plant—pathogen interactions typically take place within 24 h post-inoculation,
during which pathogens can fully invade and colonize the host tissues [30]. Hence, the
direct contact between the tea plant and P. theae likely triggered the activation of the plant’s
defense system at 1 dpi. When comparing the pathogen-inoculated group to the mock-
inoculated group, there was an increased abundance of 222, 212 and 184 metabolic features
and a decreased abundance of 231, 172 and 136 features at 1, 3 and 6 dpi, respectively
(Figure 2A). From 1 to 6 dpi, the number of up-regulated features in the PT group compared
to CK only slightly declined, whereas the number of down-regulated features decreased by
41%. This sustained up-regulation and lessening down-regulation of metabolic features in
response to fungal infection suggest complex and dynamic interactions between the tea
plant and the pathogen.

6 dpi

log2FC > 1

features (log2FC)
il

40 172 136
log2FC < -1

Relative abundance of metabolic 3

0dpi 1dpi 3dpi 6dpi
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Figure 2. Time course analysis of tea metabolome reconfiguration in response to gray blight infection.
(A) Overview of altered metabolic features. The violin plot shows the fold change values for the
fungal-inoculated group relative to the mock-inoculated group at each time point. (B) Principal
component analysis of tea leaves inoculated with P. theae or the mock control. (C) Venn diagram of
differential metabolites between fungal-inoculated and mock-inoculated groups at each time point.
PT, tea leaves inoculated with P. theae. CK, tea leaves inoculated with the mock control.

PCA analysis showed that, except for samples harvested at 0 dpi, the pathogen-inoculated
samples were clearly distinguished from the mock-inoculated samples, with the first two
principal components (PCs) explaining 73.8% of the total variance (Figure 2B). This again
highlights the significant impact of P. theae infection on metabolite rewiring in tea plants.
Within the PT group, one biological replicate harvested at 6 dpi deviated from the other two
replicates, which made clustering by inoculation duration less distinct in the PCA plot.

To further elucidate the differences between the fungal-inoculated and mock-inoculated
samples, we employed OPLS-DA analysis, a robust supervised multivariate method known
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for its ability to identify statistically significant variables [31]. The OPLS-DA score plots
visually depict the separation between the sample groups based on their metabolite profiles
at each time point (Figure S2). This analysis enabled us to observe distinct cluster patterns
and confirm the significant metabolic alterations associated with the fungal infection. A
total of 64 metabolites displayed statistically significant differences (p < 0.05, VIP > 1 and
|FC| >2), as shown in Table 1. These differentially accumulated metabolites (DAMs) were
classified into 10 categories: polymerized catechin derivatives (23), flavonol glycosides (13),
flavanols (8), flavone and glycosides (2), flavanone glycosides (1), xanthine alkaloids (1),
amino acids (1), hydrolysable tannins (1), phenolic acids and derivatives (1) and unknown
compounds (13). Flavonoid compounds made up the vast majority (72%) of the identified
DAMs, pointing to their key roles in controlling gray blight infection.

A Venn diagram was constructed to visualize the overlap and differences in annotated
DAMs between the treatment and control groups (Figure 2C). The number of DAMs
showed a notable decrease as the infection progressed, with 45 identified at 1 dpi, 41 at
3 dpi and only 10 at 6 dpi. This indicates that the tea plant’s metabolic response was most
pronounced immediately after pathogen invasion but tapered over time. This decline
could signify a transition from acute defense to a more balanced state. Alternatively, the
pathogen’s manipulation or suppression of certain metabolic pathways may contribute to the
decrease. The metabolic alterations coincided with the phenotypic observation of progressively
enlarged necrotic spots as the inoculation duration increased (Figure 1). Among the DAMs
shared across all time points (Figure 2C and Table 1), four metabolites—caffeine, theaflavin
3,3'-digallate, EGCG and theacitrin C—showed a persistent induction in response to the
P. theae challenge compared to CK. As a naturally occurring alkaloid prevalent in plants,
caffeine functions as a broad-spectrum deterrent against herbivores and pathogens through
its antimicrobial properties [32]. Notably, previous studies have demonstrated the ability
of caffeine to inhibit the growth of the tea pathogens P. theae and C. fructicola even at low
concentrations [17,33]. This underscores the probable essential role of caffeine in the innate
defense response of tea plants to fungal infection. Similarly, reports from various plant-fungus
interaction systems have documented a sustained increase in different flavonoid compounds
as an integral component of innate immunity [34]. The consistent accumulation of these
specialized metabolites in infected tea leaves throughout the infection process may suggest
a strategic modulation of metabolism that imparts long-lasting resistance against pathogen
challenges. Further evaluation is warranted to explore the potential of these metabolites as
candidate markers of resistance and to elucidate how tea plants coordinate chemical defense.

3.3. Metabolic Reprogramming of Flavonoid Biosynthesis in Tea Plants against P. theae Infection

The heatmap visualization of the annotated DAMs reveals fascinating patterns of
flavonoid metabolism in tea plants upon pathogen attack (Figure 3A—C). During early
infection (1 and 3 dpi), the levels of EGCG, (—)-epigallocatechin (EGC), (—)-epicatechin
gallate (ECG) and (—)-epigallocatechin 3-O-(3-O-methyl)gallate (EGCG3""Me) notably
increased, while the EC and C levels decreased. Tea polyphenols, with EGCG, EGC, ECG
and EC being the dominant compounds in tea leaves, demonstrate effective antifungal
properties by inhibiting the growth and spore germination of various phytopathogens [16].
Additionally, studies conducted in Kenya and India have indicated an inverse correlation
between the content of tea polyphenols and susceptibility to the pathogen P. theae [35].
These studies suggest the potential of tea polyphenols as antifungal agents for disease
control, although the contribution of each polyphenol component to the antifungal activity
is yet to be established. Of note, our results differ from those reported by Wang et al.,
who observed increased EC and GC contents in gray blight-inflicted tea leaves at 4 dpi,
with minimal changes in EGCG and ECG [18]. The reasons for the disparities remain
unclear but could relate to differences in P. theae isolates and tea cultivars used in the two
studies. Therefore, further studies are needed to comprehend the influence of these factors
on catechin biosynthesis during fungal infection and to clarify the antifungal effects of
individual catechins against P. theae.
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Figure 3. Heatmaps of annotated metabolites showing significant differences between fungal-
inoculated and mock-inoculated tea leaves at 1 dpi (A), 3 dpi (B) and 6 dpi (C). Red and blue
colors signify increased and decreased levels of metabolites. PT, tea leaves inoculated with P. theae.
CK, tea leaves inoculated with the mock control.

In addition to alterations in catechin metabolism, the concentrations of various proan-
thocyanidin oligomers, including prodelphinidin B, procyanidin dimers, EC-GC dimer,
(E)GC-(E)CG dimer and (E)GC-(E)C-(E)C trimer, decreased in tea leaves. This decline
could be attributed to the depletion of their precursors, EC and C. There was also a marked
reduction in the biosynthesis of flavonol glycosides, such as several derivatives of quercetin,
kaempferol and myricetin, which are typically abundant in tea leaves. On the contrary, the
concentrations of several oxidative polymerized products of catechins, namely theaflavins
(theaflavin, theaflavin 3-gallate, theaflavin 3/ -gallate and theaflavin 3, 3/ -digallate), theasi-
nensins (theasinensin A, D and F) and theacitrins (theacitrin A and C), increased alongside
the elevated levels of their precursors, EGCG and EGC (Figure 3). There are two potential
explanations for this accumulation. Firstly, these oxidative polymers might possess addi-
tional antifungal or antioxidant properties that directly contribute to the stress response
against fungal infection. Alternatively, fungal infection could trigger oxidative stress in
tea leaves through the enhanced activities of enzymes like peroxidase and polyphenol
oxidase. Such oxidative stress may result in increased catechin polymerization. Although
theaflavins, theasinensins and theacitrins are typically found in higher quantities during
the fermentation of oolong and black teas, it is worth noting that a study detected in-
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creased levels of theaflavins in fresh tea leaves infested by tea green leafthoppers [36-39].
Nonetheless, the induction of oxidative catechin polymers as a response to biotic stresses
has received little exploration. Understanding whether these polymers function directly as
defensive compounds or are formed indirectly due to oxidative stress would enhance our
comprehension of the metabolic defenses employed by tea plants.

To analyze the variation trends of catechin monomers and polymers during the course
of infection, we plotted the relative contents of these compounds in fungal-infected tea
samples (Figure 4). EGCG consistently showed a significant increase at 1 dpi (p < 0.05)
and maintained higher levels until 6 dpi. The level of EC was significantly lower at 1 dpi
compared to 0 dpi (p < 0.05). C levels also tended downward, albeit the change was not
statistically significant. As for oxidized catechin polymers, the aforementioned theaflavins,
theasinensins and theacitrins all showed a marked surge at 1 dpi and primarily remained
elevated at subsequent time points despite some fluctuations.
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Figure 4. Quantitative analysis of catechins and polymerized catechin derivatives extracted from
metabolomics data. The y-axis denotes peak area values obtained through normalization to the
“normalize to all compounds function” in Progenesis QI. The relative abundance of each metabolite is
presented as mean + SD (1 = 3). Different letters denote significant differences in metabolite contents
at different time points, as determined by Fisher’s least significant difference test at p < 0.05.

Collectively, the results show that tea plants strategically reconfigure their flavonoid
profiles in response to infection by prioritizing the production of potent antimicrobial
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flavanols (e.g., EGCG) while reallocating resources away from potentially less bioactive
compounds (e.g., EC, C and flavonol glycosides). This orchestrated adjustment likely
strengthens the defense against fungal pathogens. Our work offers unique perspectives
into the intricate flavonoid-mediated responses of tea plants to control infection.

3.4. Transcriptomic Analysis of Tea Plant Response to P. theae Infection

To further understand the global transcriptome responses modulated by P. theae in-
fection, RNA sequencing was performed on P. theae-inoculated tea leaves at 0, 1, 3 and
6 dpi. Detailed information on RNA sequencing is provided in Table S2. Overall, 330,641,626
clean reads were generated from 12 samples, and these reads were mapped to the reference
genome of “Suchazao”, with alignment rates ranging between 86.00% and 89.61%. PCA
analysis of the transcriptome data demonstrated clear clustering of biological replicates
within each time point, providing evidence of P. theae-induced changes in gene expres-
sion (Figure 5A). The first two PCs collectively accounted for 64.6% of the total variance.
Samples at 1 dpi were positioned at the far left of the score plot, whereas samples at 0 dpi
were located at the far right along the first PC. This is concordant with the metabolomics
data showing that the most drastic variation was induced at 1 dpi. A total of 29,037 transcripts
were detected in all samples (Table S3). After filtering by FDR < 0.05 and absolute log, (fold
change) > 1, we identified 5967 DEGs (4547 up and 1420 down), 1485 DEGs (1269 up and 216
down) and 2408 DEGs (1708 up and 700 down) in PT_0 dpi vs. PT_1 dpi, PT_0 dpi vs. PT_3 dpi
and PT_0 dpi vs. PT_6 dpi comparisons, respectively, suggesting that P. theae infection caused
substantial transcriptional reprogramming in the tea plants (Figure 5B). In all comparisons,
a higher number of genes were up-regulated compared to those that were down-regulated,
which is consistent with the changes at the metabolomic level. In addition, many DEGs were
unique to each time point, with 2845, 419 and 322 genes uniquely up-regulated and 1001, 88 and
278 genes uniquely down-regulated at 1, 3 and 6 dpi, respectively (Figure 5C). The reliability of
the RNA-seq data was validated through qRT-PCR analysis, which confirmed the expression
patterns of 12 randomly selected DEGs in the phenylpropanoid, flavonoid, shikimate and lignin

pathways (Figure S3).
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Figure 5. Time course analysis of tea transcriptome reprogramming in response to gray blight
infection. (A) Principal component analysis of fungal-inoculated tea leaves at 0, 1, 3 and 6 dpi.
(B) Number of differentially expressed genes (DEGs) at each time point. Teal and orange columns
indicate up- and down-regulated genes, respectively. (C) Venn diagrams illustrating the number of
DEGs up- or down-regulated due to fungal treatment over the time course.

GO classification of DEGs was performed to categorize the unigenes into biological
processes, molecular functions and cellular components (Figure S4). Within the biological
process category, the DEGs were found to be abundant in GO terms such as “cellular
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process”, “single organism process”, “metabolic process” and “response to stimulus”.
The molecular function category mainly comprised DEGs associated with “binding” and
“catalytic activity”. In the cellular component category, highly represented groups in-
cluded “cell”, “cell part”, “organelle” and “membrane”. We conducted KEGG pathway
enrichment analysis on DEGs to investigate the primary metabolic pathways involved
in tea plant response. The top 10 enriched up-regulated and down-regulated pathways
at 1,3 and 6 dpi are listed in Figure 6. Key enriched pathways included phenylpropanoid
biosynthesis, flavonoid biosynthesis, photosynthesis, amino acid metabolism, starch and su-
crose metabolism, plant-pathogen interaction and plant hormone signal transduction. Three
pathways—"“phenylpropanoid biosynthesis”, “flavonoid biosynthesis” and “photosynthesis-
antenna proteins”—were commonly enriched across all time points. Previous studies have
demonstrated that pathogen-infected plant leaves often experience a decrease in photosyn-
thetic rates due to disturbances in the photosynthetic machinery [40]. In line with this, our
studies also found that P. theae infection, particularly at 1 dpi, disrupted pathways related to
photosynthesis, such as “photosynthesis-antenna proteins”, “carbon fixation in photosyn-
thetic organisms” and “porphyrin and chlorophyll metabolism” (Table S4). The disruption
of photosynthesis may have broader implications for plant defense, as the chloroplast
plays a pivotal role in fortifying plant immunity through the synthesis of a diverse array of
molecules, hormones and proteins that possess antimicrobial properties [41].
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Figure 6. KEGG pathway enrichment analysis of DEGs following fungal treatment. The up-regulated
pathways are in yellow, while the down-regulated pathways are in blue.
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3.5. Transcriptomic Rewiring of Phenylpropanoid and Flavonoid Metabolism in Tea Plants in
Response to P. theae Infection

KEGG pathways for phenylpropanoid and flavonoid biosynthesis were significantly
enriched following infection (Figure 6). This correlates well with the elevated flavonoid
levels from the metabolomics data, indicating the importance of these pathways in tea plant
response to gray blight disease. Similar enrichment of phenylpropanoid and flavonoid
biosynthesis was also observed in a prior study involving the interaction between the tea
cultivar “Suchazao” and a pathogenic Pseudopestalotiopsis isolate [18]. Therefore, we closely
examined the transcriptional profiles of genes involved in phenylpropanoid and flavonoid
metabolism in tea leaves.

The role of phenylpropanoids as inducible antimicrobial compounds and signaling
molecules in plant-pathogen interactions is well established [42]. Similarly, we observed
pronounced increases in the transcription levels of genes encoding phenylalanine ammonia-
lyase (PAL), cinnamate 4-hydroxylase (C4H) and 4-coumarate-CoA ligase (4CL) within the
general phenylpropanoid pathway (Figure 7A). PAL, which catalyzes the initial committed
step critical for regulating phenylpropanoid metabolism, showed up-regulation of all
six transcripts at 1 dpi, with sustained high expression at late infection stages. C4H
and 4CL function sequentially downstream to produce p-coumaroyl CoA, an essential
precursor for the biosynthesis of various phenolic compounds, such as flavonoids and
lignin monomers [43]. They showed similar expression patterns to PAL (Figure 7A,B).

With only some exceptions, genes in the flavonoid pathway were predominantly
up-regulated in response to the pathogen at 1 dpi (Figure 7A). Metabolite profiling demon-
strated differential accumulation of flavanols and flavonol glycosides. However, differential
expression of genes responsible for directing metabolic flux towards specific branches of
flavanols or flavonols was not evident. This disconnect between metabolite and tran-
scriptional changes hints at the possibility of additional post-transcriptional controls in
regulating flavonoid biosynthesis in tea plants challenged by P. theae.

Also being generated via the phenylpropanoid pathway, lignin comprises a highly
branched polymer of monolignols that functions as a fundamental building block of plant
cell walls. During the early defense response to pathogen infection (1 and 3 dpi), most
lignin biosynthetic genes in tea leaves were up-regulated, though there were some instances
of down-regulation for certain transcripts (Figure 7A). This is consistent with the well-
documented role of lignin in enhancing plant tolerance to various biotic and abiotic stresses
across plant species [44]. Aside from serving as a barricade for pests and pathogens,
mounting evidence shows that cell wall lignin dynamically adjusts its concentration and
composition in response to environmental stimuli, providing protection in a wide range
of contexts [44—46]. The resilience of lignin against microbial degradation suggests that
increased lignification may fortify the infected cells and restrict pathogen spread [45].
It should be noted that variations in lignin accumulation under fungal infection were
not investigated in our study, and future qualitative and quantitative analyses of lignin
dynamics will provide additional insights. Intriguingly, peroxidase and laccase transcripts
universally showed up-regulation at 1 dpi (Figure 7A). These enzymes are actively involved
in the polymerization of monolignols into lignin polymers [47]. Isolation and biochemical
analysis of individual isoenzymes in the future experiments will disentangle their roles in
lignin formation and pathogen protection.
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4. Conclusions

Through integrated “omics” analyses, this study uncovered the dynamic global tran-
scriptomic and metabolomic changes in tea plants challenged with P. theae. By employing
untargeted metabolomics coupled with multivariate testing, we identified 64 differentially
accumulated metabolites between infected and control groups across multiple time points,
highlighting the significant impact of this pathogen on tea plant metabolism. Rapid and
substantial metabolic rewiring was observed at 1 dpi, being characterized by enhanced
synthesis of caffeine, EGCG and oxidative catechin polymers, as well as a reduction in
EC, proanthocyanidins and flavonol glycosides. Combined analysis of metabolomic and
transcriptomic data implicates the involvement of phenylpropanoid, flavonoid and lignin
pathways in tea plant resistance. Notably, we reveal for the first time the differential
modulation of different branches of the flavonoid biosynthetic pathway in the tea plant
in response to fungal challenge. These findings shed light on the complex and dynamic
interactions between the tea plant and the causal agent of gray blight. Furthermore, our
study enables the identification of key defensive genes, metabolites and pathways with
potential for disease resistance breeding. Given that resistance can vary among tea cultivars,
future comparative studies exploring varieties with varying degrees of susceptibility will
provide deeper insights into the resistance mechanisms and aid in the development of
more effective strategies for disease management and crop improvement.
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Abstract: The Musa spp. represents the most commonly produced, transitioned, and consumed fruit
around the globe, with several important applications in the biotechnology, pharmaceutical, and food
industries. Moko disease is produced by Ralstonia solanacearum—a factor with a high impact on all
crops in Ecuador, representing one of the biggest phytosanitary problems. Four of the most common
varieties of Musa spp. were tested to identify the metabolic reaction of plants facing Moko disease.
The phenolic and flavonoid content has been evaluated as a defense system, and the x-diphenyl-
a-picrylhydrazyl free-radical-scavenging method (DPPH), free-radical-scavenging activity (ABTS),
ferric-reducing antioxidant power (FRAP) assays, and liquid chromatography and mass spectrometry
(LC-MS) have been adapted to analyze the active compounds with the antioxidant capacity necessary
to counteract the pathogenic attack. Our results indicate that all the studied varieties of Musa spp.
react in the same way, such that the diseased samples showed a higher accumulation of secondary
metabolites with antioxidant capacity compared with the healthy ones, with high active compound
synthesis identified during the appearance of Moko disease symptoms. More than 40 compounds
and their derivatives (from kaempferol and quercetin glycosides) with protective roles demonstrate
the implication of the Musa spp. defense system against R. solanacearum infection.

Keywords: flavones; kaempferol-7-O-neohesperidoside; LC-MS; phenolic content; Ralstonia solanacearum
race (phylotype) 2

1. Introduction

The Musa spp. (Musaceae family) enjoys increased interest since bananas represent
the world’s most commonly produced, traded, and consumed fruit, contributing to food
security and incomes, and being in fourth place in importance in numerous countries [1].
Ecuador is the largest exporter globally, among Africa, Asia, and Latin America, which
produce and sell bananas [2]. Besides its economic importance, the interest in banana plants
grew due to their numerous uses in pharmacy, biotechnology, and food [3].

Among the factors that may affect banana manufacture, diseases caused by bacteria
have serious effects [4]; Ralstonia solanacearum is one of the top 10 bacterial pathogens
worldwide [5], characterized by a wide host range and wide geographic distribution,
making it one of the most destructive crop pathogens in the world [6]. An alert was issued
in February 2023 regarding Moko disease in Ecuador, reported in Musa plantations in more
than 12 provinces [7].

Moko disease represents one of the phytosanitary problems with a great economic
impact on all banana varieties and plantain crops, which affects over 70% of yield losses [6],
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as reported in a variety of studies regarding the treatment of this disease. Over time,
some studies have been concerned about the Moko disease in Musa spp. In this way,
molecular approaches like RAPD (Random Amplified polymorphic DNA) and rep-PCR-
based fingerprinting (Repetitive sequence-based Polymerase Chain Reaction [8], AFLP
molecular markers (Amplified Fragment Length Polymorphism) [9], and real-time PCR [10]
were used to investigate the genetic relationship between Ralstonia solanacearum and Musa
spp. diseases. Different strategies were tested to control/or eradicate the Moko disease:
resident varieties [11-14], banana leachates [15], insects and beneficial microorganisms [16].

R. solanacearum invades the vascular tissues, causing the leaf’s death, which reduces
the ability to produce fruit. Insects and/or contaminated farming equipment instead of
mechanical and soil are the principal transmission vectors [17]. Recent genetic studies
showed that bacterial strains can survive more than 25 years, affecting native flora, organic
matter in soils, and crop plants in tropical and subtropic zones [18]. Even though there are
some good practices (chlorine dioxide) and resistance inducers in banana plants [19] for
farmers to reduce the spread of the disease agent, no cure is available for Moko.

Secondary metabolites are directly involved in plant defense; factors like genetic, ontogenic,
morphogenetic, and environmental factors may affect their biosynthesis/accumulation [20].
Recent studies have pointed out that banana flavonoids can form complex compounds with
extracellular proteins that can damage the cell membrane of bacteria, followed by the release of
intracellular compounds [21]. Our study aimed to demonstrate that the antioxidant capacity
resulting from the biosynthesis of secondary metabolites may act as a defense mechanism
against the Moko attack in Musa spp. To achieve this aim, four of the most commonly used
Musa spp. were investigated in our research, such as Musa cavendish Paxton [22]—the most
widespread edible variety [23], Musa paradisiaca L.—a plantain used as a nutritional and ther-
apeutic source [24], Musa textilis Née, an important source of fibers [25] and Musa acuminata
Colla—the most frequent species [26].

2. Materials and Methods
2.1. Chemicals

To quantify the different secondary metabolites, the following chemicals (Sigma-
Aldrich Chemical Co.—5t. Louis, MO, USA) were used: 2.2—diphenyl—1—picrylhydrazyl,
diammonium salt of 2.2—azinobis (3—ethylbenzothiazoline— 6-sulfonic acid), 2.4.6-tri(2-
pyridyl)-triazine, iron (III) chloride hexahydrate and Folin—Ciocalteu reagent, 6-hydroxy-
2.5.7.8-tetramethyl chroman-2-carboxylic acid, 3.4.5-trihydroxy benzoic acid, potassium
persulfate, iron (III) sulfate heptahydrate, quercetin, and ethanol. All the reagents were
purchased from commercial providers.

2.2. Sample Collection and Processing

This study was carried out with plants of the genus Musa spp., from farms located
in Santo Domingo de los Tsachilas province (0°05'01.6” N, 79°26'32.8"” W), Canton La
Concordia, km 38 road Santo Domingo—Quinindé. Healthy plants and plants with Moko
disease symptomatology, at different stages of disease development, were collected. Each
degree of infection (disease score) has been characterized and identified based on the
following characteristics implemented by the Government of Kerala in 2014: Stage 1 (initial
stage) symptoms are characterized by the yellowing of the central leaf, transitioning from
yellow to green, weakening, and eventually breaking at the junction with the petiole.
As the infection progresses, it leads to wilting and drying of young leaves, spreading to
older ones. Older leaves then exhibit yellow bands with dark margins on their edges. In
Stage 2 (intermediate stage), symptoms appear swiftly in the suckers, characterized by
the progressive yellowing and wilting of older leaves. Additionally, small suckers exhibit
a gradual death of the central leaf, which extends toward the outer leaves. In Stage 3
(advanced stage), symptoms in infected corms become evident through transverse cuts,
revealing brown or black bands in the vascular bundles infected by the bacteria. Diseased
pseudostems excrete bacterial exudate, while internally, vascular bundles exhibit a light to
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dark brown color due to blockage by extracellular polymeric substances. Plants without
clusters display symptoms characterized by the grouping of vascular bundles near the
pseudostem center, with significant blockages primarily observed in the petioles of the
initially infected leaves, becoming less apparent toward the periphery. All the collected
banana plants were in the vegetative stage, young plants of approximately 1 year old. The
samples were transferred in a cooler to the university laboratory in Cantén Rumifiahui.

2.3. Active Ingredients Extraction

To determine the relationship between the antioxidant character and the phytochemi-
cal compounds involved in the defense of plants against Moko disease, in the first phase,
the impurities were removed from the leaves by washing them with distilled water, and
afterwards, the leaves were dried and ground (5 g) and placed in 25 mL of ethanol of HPLC
(High Performance Liquid Chromatography) grade 99.5 (v/v), overnight, in the dark, at
4°C.

2.4. Active Ingredients Determination

The Folin—Ciocalteu method was used to determine the phenolic concentration in
the banana leaves [27]. Solutions from the ethanolic extracts (0.4 mL), Folin—Ciocalteu
reagent (2mL of 10% (v/v), and 7.5% NayCOs3 (1.6 mL) were incubated at room temperature
for 30 min. The 765 nm absorbance was used to measure the concentrations. Gallic acid
(0-250 mg/L concentration) was used for the calibration curve (y = 0.0112x + 0.1759,
R? = 0.9794).

A colorimetric method using aluminum chloride described by Pekal et al. [28] was
used for the determination of the flavonoid content. Quercetin was used for the realization
of the standard solution. The standard calibration curve was performed at a concentration
between 0 and 1.5 mg L™, obtaining the equation y = 1.4566x + 0.0265 with a correlation
factor R? = 0.9935. To the crude extracts of the plant sample (1 mL) was added 1.5 mL
of the solvent, 100 uL. of CH3COONa (1 M), 100 nL of AlCl3 (10% v/v), and distilled
water (2.3 mL). The samples are covered for 40 min at room temperature. In the blank
sample, the aluminum chloride was not placed. Finally, the samples were measured at
435 nm absorbance.

2.5. Antioxidant Capacity Determination

A protocol established by Sachett et al. (2021) [29] and modified by Thaweesang [27]
was used for the determination of the antioxidant capacity through the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical. A stock solution of 1 ug L~! was produced; 2 mL of
stock was added to every laboratory test tube, including the 0.1 mL crude extracts sample.
After the test tubes were left to incubate for 30 min at room temperature, the absorbance
was measured at 517 nm and the radical scavenging activity was calculated using the
following formula: control absorbance—sample absorbance/control absorbance x100. The
calibration curve (y = 158.07x — 1.6766, R? = 0.9955) was produced using a Trolox solution
(positive control) with a concentration between 0 and 0.625 mM.

The establishment of the antioxidant capacity by 2,2"-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) radical cation (ABTS*) free radical scavenging (obtained from the reaction
between ABTS (7 mM) and potassium persulfate) was based on a study by Kuskoski
et al. [30]. After incubating the solution for 12-24 h, it was diluted in absolute ethanol until
0.7 £ 0.1 at 754 nm absorbance was obtained. The inhibitory capacity was determined
after the reaction between the ABTS solution (2 mL) and sample (20 pL) for 7 min at room
temperature and in darkness; absolute ethanol was used for the blank. The calibration
curve was established between a 0 and 2.5 mM concentration, obtaining the following
equation y = 31.995x + 3.9568 with a correlation factor R? = 0.9697, using Trolox (like a
positive control).

To determine the antioxidant capacity based on the Ferric ion Reducing Antioxidant
Power (FRAP) test, a FRAP solution was prepared from acetate buffer 300 mM (100 mL)
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pH 3.6 + HCl1 (40 mM) + FeCl; - 6 H,O (20 mM) in the proportion of 100: 10: 10 according
to the method of Rajurkar et al. (2011) [30]. The absorbance of the mixture was read at
593 nm. The standard curve (y = 0.3654x — 0.0532, R? = 0.9686) was performed by taking
different concentrations of FeSOy - 7H,O ranging from 0 to 5 mM. The solution consisting
of sample (100 uL), distilled water (300 uL), and FRAP solution (3 mL) previously prepared
was covered for half an hour at room temperature. The FRAP value (mmol Fe?* g sample)
was obtained by the following formula:

FRAP value = Sample absorbance — Control absorbance

2.6. LC-MS Determination

High-resolution LC-MS was used to determine the bioactive compounds in the sam-
ples of stem and leaves from M. cavendish at stage 1 of Moko disease. The plant extractions
were established using a modified method based on Tohma et al. [31]. Ethanolic extracts
were obtained from lyophilized samples represented by leaf and stem (1 g) and 80% ethanol
(20 mL) maintained for 2 h at 30 °C and centrifuged for 10 min at 5000 rpm at 4 °C. Af-
terwards, the extracts were filtered and a rotary evaporator at 30 °C was used for ethanol
removal. The samples were kept in well-covered plastic tubes until analysis was performed
at —20 °C.

Identification and detection of different metabolites were performed by HPLC equip-
ment (Vanquish Thermo Fisher Scientific (Waltham, MA, USA)) and Mass Detector (Ion
Trap Thermo Fisher Scientific (Waltham, MA, USA)). The samples were eluted through
an Accucore Vanquish 150 x 2.1 mm column at 35 °C and a 0.5 mL/min flow rate [32]. A
10 pL volume of 0.1% formic acid was used as a mobile phase to inject into the HPLC. MS
scanning was used to identify the compounds from the samples based on the retention time
comparison of each peak and the monitoring of the ion pairs in a standard solution [33].
The compounds were identified by comparing them with those of the standard compounds
available in databases (PubChem, ChEBI, Metlin, HPLC, and the literature data) using the
MZmine 2.53 software [34].

2.7. Statistical Test

The RStudio statistical program (1.3.8 version) was used. Significant differences were
analyzed through a two-way ANOVA test (p < 0.05). All the experiments were realized in
triplicate, with the values being presented as the mean =+ SD. The correlation between the
secondary metabolites analyzed and the antioxidant power was evaluated by Pearson’s
correlation coefficient, while the correlation matrix was depicted as a scatter plot matrix.

3. Results
3.1. Active Ingredient Determination

The total phenolic content was evaluated for each disease stage per species. For M. cavendish,
the highest phenolic content was registered in Stage I (0.507 & 0.025 mg GAE g dw), Stage
IT (0.358 £ 0.052 mg GAE g dw), followed by healthy plants (0.27 £ 0.036 mg GAE g dw),
while Stage III presented the lowest values. In contrast, for M. acuminata, M. paradisiaca and
M. textilis, the highest phenolic content was registered in Stage II (4.114 + 0.145 mg GAE g dw;
4.604 £ 0.215 mg GAE g dw, and 6.868 £ 0.526 mg GAE g dw, respectively), while the other
stages presented a similar tendency. M. textilis showed the highest phenolic content of all the
evaluated Musa spp. (Figure 1).
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Total Phenol Content (TPC)
Species * M. acuminata = M. cavendish = M. paradisiaca * M. textilis
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Figure 1. Total phenolic content of the tested Musa species. Legend: Stages 1, 2, and 3 repre-
sent the Moko disease stages. The plot is represented by the concentration in mg GAE/g dw on
the y-axis, while the x-axis represents the stage for each plant species. Different letters denote

significant differences.

M. cavendish showed the highest flavonoid concentration in contrast to the other
species, with Stage I presenting the highest value (3.266 £ 0.0295 mg QE/g dw). The other
Musa spp. show a similar trend to the phenolic content, as the highest value was reported
for M. acuminata, M. paradisiaca, and M. textilis, appearing for Stage II (2.419 4 0.197,
2.091 £ 0.0937, 1.682 + 0.154, respectively), followed by the healthy stage, and Stages I and
I with similar values. The lowest flavonoid content was reported for M. textilis (Figure 2).

Total Flavonoid Content (TFC)

Species * M. acuminata = M. cavendish * M. paradisiaca * M. textilis
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Figure 2. Total flavonoid content of the tested Musa species. Legend: Stages 1, 2 and 3 represent the
Moko disease stages. The plot is represented by the concentration in mg QE/g dw on the y-axis, while
the x-axis represents the stage for each plant species. Different letters denote significant differences.
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3.2. Antioxidant Activity Determination

The antioxidant capacity of the four Musa spp. was evaluated through ABTS, DPPH,
and FRAP assays. Significant differences were found between the disease stages for
each species, following the same trend as their respective results concerning the sec-
ondary metabolites analyzed. For the ABTS and DPPH methods, M. paradisiaca (ABTS:
62.545 £ 2.524 uymol TEAC (Trolox Equivalent Antioxidant Capacity) g dw, DPPH:
113.997 £ 4.451 umol TEAC g dw) and M. textilis (ABTS: 52.212 £ 2.742 umol TEAC
g dw, DPPH: 225.212 + 6.708 umol TEAC g dw) showed the highest values for Stage II.
(Figures 3 and 4), while for the FRAP assay. M. acuminata (41.803 + 1.179 pmol Fe 2+ g dw)
and M. textilis (67.24 & 0.284 umol Fe 2* g dw) presented the highest values (Figure 5).

Antioxidant Capacity (ABTS)

Species * M. acuminata + M. cavendish + M. paradisiaca * M. textilis
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Figure 3. ABTS radical-scavenging assay of the tested Musa species. Legend: Stages 1, 2 and
3 represent the Moko disease stages. The plot is represented by the concentration in umol Trolox/g

dw on the y-axis, while the x-axis represents the stage for each plant species. Different letters denote
significant differences.

Antioxidant Capacity (DPPH)
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Figure 4. DPPH radical-scavenging assay of the tested Musa species. Legend: Stages 1, 2 and
3 represent the Moko disease stages. The plot is represented by the concentration in umol Trolox/g

dw on the y-axis, while the x-axis represents the stage for each plant species. Different letters denote
significant differences.
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Antioxidant Capacity (FRAP)
Species * M. acuminata # M. cavendish * M. paradisiaca * M. textilis
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Figure 5. FRAP-reducing potential assay (imol Fe 2* g dw) of the tested Musa species. Legend:
Stages 1, 2 and 3 represent the Moko disease stages. The plot is represented by the concentration in
umol Fe?* /g dw on the y-axis, while the x-axis represents the stage for each plant species. Different
letters denote significant differences.

The correlation between the two analyzed secondary metabolites was raised for the
four Musa spp. The contents were correlated with the three methods of antioxidant capacity
evaluation used, with each plant showing a higher positive correspondence (R > 0.90) for
the total phenolic content and flavonoid content. In contrast, for the phenolic content.
M. textilis showed a lower correlation, albeit still positive with the ABTS (R = 0.64), DPPH
(R =0.66), and FRAP (R = 0.64) assays (Figure 6).
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Figure 6. Correlation of flavonoids and total phenolic content with the ABTS, DPPH, and FRAP
assays in the Musa species at different stages of R. solanacearum infection. Correlation values are
expressed per species, classified by *** strong correlation, ** medium correlation, and * low correlation.
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3.3. LC-MS Determination

LC-MS was used to determine the bioactive compounds in the samples of stem and
leaves from M. cavendish at Stage 1 of Moko disease. The compounds in the extracts were
identified based on their molecular mass and retention time. The phenolic extracts from
the stem (34 identified compounds) and leaf (61 identified compounds) samples yielded
similar HPLC profiles. However, differences were observed between both samples in terms
of the identified phenolic compounds. The leaf and stem samples showed a similar content
of phenol precursors such as shikimic acid, caffeoyl alcohol, coumaroyl, and derivatives of
amino acids. Flavonoids were exclusively found in the leaf samples, with derivatives of
quercetin (spiraeoside, rutin), kaempferol (astragalin, kaempferol-7-O-neohesperidoside),
naringenin derivatives, and other flavonoid glycosides. Flavones such as isoorientin
and scutellarin 4’-methyl ether had also been identified in the leaf samples. Citric acid,
gibberellic acid, and terpenes (e.g., 7-O-methyl rosmanol) were identified mostly in the
stem (Table 1, Figures Al and A2).

Table 1. High-resolution LC-MS analysis of the metabolites identified in Musa cavendish at Stage 1 of
Moko disease.

HPLC-MS-NEGATIVE IONS

. Previousl
ID Proposed Compound Identity l\;lolecular Rete.:ntlon Molecular Plant Found iny
ormula Time Ion Organ M
usa spp.
8 Decanoic acid C1oHp007 1.17 M-H Both [35]
8-hydroxy-2,7,7,11,15-pentamethyl-
5,12,16-trioxapentacyclo
% [9.8.0]n0nadec—1§(18)—er}ie—3,17— C25Ha006 115 M-H Both
dione

37 Caffeyl alcohol CgH1¢03 1.15 M-H Both

77 Sucrose C1pH2Oqq 1.19 M-H Both

92 Citric acid CgHgO7 1.18 M-H Both [35]
94 N-Benzoyl-D5-glycine CyH4DsNO3 1.21 M-H Both

98 «, o-Trehalose C12H»Oqq 1.21 M-H Both
102 Shikimic acid C7H1¢0s5 1.20 M-H Both [35]
124 Glucose, FGrE‘:l‘:C‘;Z‘;e Mannose, CsH1206 1.23 M-H Both [36]
131 Isoorientin Cr1Hp9O11 1.30 M-H Both
187 Kaempferol 7-neohesperidoside Co7H39015 1.56 M-H Both [37]
188 Coumaroyl + C¢HgOg Cq15H1,0g 1.62 M-H Both
192 Isorhamnetin 3-rutinoside Co7H30015 1.59 M-H Both [38]
198 T“hydro’gfllae‘r’ft’gsdce hexoside Ca3Hys0y 1.56 M-H Both
211 Geniposide C17H4019 1.59 M+HCOO Both
213 Rutin Cy7H30014 1.62 M-H Both [39]
215 2-Isopropylmalic acid CyH1,04 1.59 M-H Both [36]
220 Epicatechin C15H140¢ 1.46 M-H Both [40]
251 Isovitexin (4) Cy1Hp0O0q9 1.60 M-H Both
252 :’féi?ﬁﬁfﬂ?i;ﬂf;i?g Cy1Hy001, 1.74 M+H Both
256 Kaempferol-3-O-glucoside Cy1Hy9O1q 1.80 M-H Both
259 Isoorientin C19H15019 13.48 M-H Leaf
268 Pentose-Hexose + C1gH17 C15H2 099 18.59 M+HCOO Both

(10E,15E)-9,12,13-
313 trihydroxyoctadeca-10,15-dienoic C18H3,05 21.48 M-H Both
acid
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Table 1. Cont.

HPLC-MS-NEGATIVE IONS

. Previousl
ID Proposed Compound Identity Molecular Ret?ntlon Molecular Plant Found iny
Formula Time Ion Organ
Musa spp.
Labetalol, 2-hydroxy-5-[1-hydroxy-
322 2-(4-phenylbutan-2-ylamino) ethyl] =~ Cj9Hp;N30; 23.23 M-H Both
benzamide
Dienogest, 2-[(85,135,14S,17R)-17-
hydroxy-13-methyl-3-oxo-
1,2,6,7,8,11,12,14,15,16-
331 decahydrocyclopenta[a]phenanthren- Ca0HosNO, 24.00 M-H Both
17-y1]
acetonitrile
13-HpOTrE, 13S-hydroperoxy-
97,11E,15Z-octadecatrienoic acid,
337 (9Z,11E,15Z)-13-Hydroperoxy- C18H3,03 24.62 M-H Both
9,11,15-octadecatrienoic
acid
Gibberellate, Gibberellic acid,
338 Gibberellin A3, Gibberellin C19H2206 2446 M-H Both
349 N-Acetylneuraminic acid C11H17NOg 25.25 M-H Both
3-[4-methyl-1-(2-methylpropanoyl)-
351 3-oxocyclohexyl] butanoic C13H» 03 25.66 M-H Both
acid
9-Hydroperoxy-10E,12Z-
357 octadecadienoic CyoH3603 26.09 M-H Both
acid
9-hydroxy-7-(2-hydroxypropan-2-
yl)-1,4a-dimethyl-2,3,4,9,10,10a-
364 hexahydrophenanthrene-1- CyoH3004 26.50 M+H Both
carboxylic
acid
384 2-Hydroxyhippuric acid CoHgNOy4 28.27 M-H Both
Canrenone,
(95,145)-10,13-dimethylspiro
390 [2,8,9,11,12,14,15,16-octahydro-1H- CyrHyg03 28.62 M-H Both
cyclopenta[a]phenanthrene-17,5'-
oxolane]-2’,3-dione
392 Ajmaline CypHosN,O 28.55 M-H Both
398 Docosanol CprHysO 28.85 M+H Both [41]
414 Diacylglycerol 18:3 C39HggOs5 29.23 M+HCOO Both
421 Medroxyprogesterone CoyHz404 29.26 M-H Both
422 Avocadyne Acetate Cr1Hz603 29.51 M+H Both
456 7-O-Methylrosmanol Cy1H3603 29.90 M+H Both
457 Hydroxylated linoleic acid C18H3,04 29.93 M-H Both
458 Dodecylbenzenesulfonic acid C18H3003S 30.02 M+H Both
466 Fucosyltransferase V - 30.31 M+H Both
Furosemide, 4-chloro-2-(furan-2-
470 Zﬁiﬁgﬁﬁ;‘%i C1,H CIN; 058 30.22 M-H Both
acid
472 Lysophosphatidylcholine 18:3 Cy7H50NO,P 30.29 M+HCOO Both
1-[2-methyl-6-[(2S,3R 4S,55,6R)-
474 3,4,5-trihydroxy-6-(hydroxymethyl) C14Hy9Og 30.42 M-H Both
oxan-2-yl] oxyphenyl] ethanone
495 Phosphatidylinositol 16:0 CsyHy1OgP 30.67 M-H Both
[(4E)-7-acetyloxy-6-hydroxy-2-
methyl-10-0x0-2,3,6,7,8,9-
520 hexz’hy drooxecin 3] C14H300; 30.87 M+H Both
(E)-but-2-enoate
!
545 Threo-7'-O-Butylresveptero CayHigOs 3119 M-H Both

acyclic dimer

76



Metabolites 2024, 14, 307

Table 1. Cont.

HPLC-MS-NEGATIVE IONS

. Previousl
ID Proposed Compound Identity Molecular Ret?ntlon Molecular Plant Found iny
Formula Time Ion Organ
Musa spp.
546 Lysophosphatidylethanolamine 18:2  Cy4HggNOgP 31.08 M-H Both
563 Monogalactosyldiacylglycerol 18:3  CsyHj02019P 31.24 M+HCOO Both
1-(9Z,12Z-Octadecadienoyl)-2-
581 hydroxy-sn-glycero-3- C4oH7gNOgP 31.56 M-H Both
phosphoethanolamine
588 Ethylenediaminetetraacetic acid C10H1N2Og 31.66 M-H Both
[5-acetyloxy-3-(hydroxymethyl)-2-
620 0x0-6-propan—2—yyll]cyclohex—3—en—1— CyrHgOg 215 M+H Both
3-methylpentanoate
621 Naringenin-7-O-glucoside Cy1H» 049 32.03 M-H Both [39]
633 Hydroxyoctadecadienoic acid Ci18H3,03 32.23 M-H1 Both
N-(hexadecanoyl)-1-
661 hydroxye thane—Z—};uni e Cy0H41NOg 32.76 M-H Both
684 9-Keto-octadecadienoic acid C1gH303 33.18 M-H Both
709 Threo-7' —O—IsoPrOPylresvepterol CaoHizpOg 33.87 M-H Both
acyclic dimer
716 Sesamin CyoH180¢ 33.96 M+H Both
Methyl (4aR)-5,6-dihydroxy-1,1-
dimethyl-7-isopropyl-2,3,4,9,10,10a-
721 hexahygropherlianlt)}ienanthrene-éla— C23H304 3419 M:+Na Both
carboxylate
733 L-Acyl-sn-glycero-3- C6Hs,NO,P 3455 M+HCOO Both
phosphocholine 260752757 ’
742 Thymol-beta-D-glucoside C16H240¢ 34.68 M+H Both
777 Beta-alanyl-L-histidine CoH14N4O3 40.92 M+H Both
807 2,6-Dihydroxybenzoic acid CyHgOy4 41.56 M-H Both
822 Cystine CeH12N2 045, 42.03 M+H Both
824 Norethindrone CpoHp607 42.07 M-H Both
839 Scutellarein 4’-methyl ether C16H1207 42.95 M+H Both
HPLC-MS-POSITIVE IONS
505 Candesartan Cp4HpoNgO3 1.41 M+H
568 Adenosine C10H13N504 1.42 M+
577 Ceramide C34HggNO3 1.40 M+H
722 Isoshaftoside Cr1HppO11 1.53 -
728 9-Methoxycamptothecin CpoHpoN,O5 1.51 -
752 Kaempferol-3-O-rutinoside CoyH39O15 1.57 M+H [42]
758 Glycochenodeoxycholic acid CpeHy3NOg 1.57 M+H
763 Isovitexin Cy1Hp9O19 1.57 -
769 Glycolithocholic acid CoeHyzNOy 1.61 M+H
974 Spiraeoside Cr1Hp0O1q 10.98 M+H
980 Kaempferol-7-O-neohesperidoside Cy7H30015 11.33 M+H
984 Selenomethionine CsH11NO,Se 11.48 M+H
985 Phytol CpoHyO 11.60 M+H [40]
986 Orientin C27H120 011 11.67 M+H
990 Cis-Nerolidol C15Hp60 12.05 M+
991 Luteolin 4’-O-glucoside Cy1Hp9O1q 12.11 M-2H
1004 Vitexin-2'-O-rhamnoside Cy7H30014 12.67 M+H
1012 Apigenin 7-O-neohesperidoside Co7H30015 12.91 M+H
5,7-dihydroxy-2-(4-hydroxy-3-
methoxyphenyl)-3-[3,4,5-
1018 trihydroxy-6-[[(2R,3R 4R ,5R,6S)- CorH30O1 1321 MaH

3,4,5-trihydroxy-6-methyloxan-2-
yl] oxymethyl] oxan-2-yl]
oxychromen-4-one
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Table 1. Cont.

HPLC-MS-NEGATIVE IONS

. Previousl
ID Proposed Compound Identity Molecular Ret?ntlon Molecular Plant Found iny
Formula Time Ion Organ
Musa spp.
6-Acetoxy-9-benzoyloxy-1,8-
1731 dihydroxydihydro- CosH39Og 28.93 M+H
[-agarofuran
Methyl
1741 4-hydroxy-3,5-dimethoxybenzoate CioH1205 29.02 i
1755 Lauryl diethanolamide C14H31NO, 29.19 -
(2)-9,12,13-trihydroxyoctadec-15-
1765 enoic C18H3405 29.24 M-H
acid
(1IR,95,105)-3,4-dihydroxy-11,11-
dimethyl-5-(propan-2-yl)-16-
1788 oxatyetracgclg) [7.5.2?]0] C1oH2205 29.26 M-H
hexadeca-2(7),3,5-triene-8,15-dione
2542 Dibutylphthalate C16H2 Oy 33.90 M+H
2543 1-Palmitoylglycerophosphocholine ~ Cp4H59NO;P 33.88 M+
2544 Diacylglycerol trimethylhomoserine ~ C31HgyNOPS 33.92 M+H
2548 1-Hexacosanol CpeHs540 33.94 -
2551 1-Oleoylglycerophosphocholine C30HggNO7P 34.00 M+
2614 Beta-Peltatin C18H23 NO5 34.46 M-H
8-(2-hydroxy-3-methoxy-3-
2624 methylbutyl)-7-methoxychromen- C16H1805 34.56 M+NH4

2-one

4. Discussion

Banana, as a key crop for food security, is considered the primary food for several
developing countries [13]. However, plants from the genus Musa spp. are susceptible
to some pathogens, including R. solanacearum race 2. The wilt disease is determined by
bacterial accumulation, which blocks the vessels, stopping the sap flow [43]. Bacterial
wilt lowers the yield in banana production [13]; therefore, treatment and management
of this bacterial disease involve the achievement of advanced technologies together with
research. The understanding of the interaction between Musa spp. and pathogens will
allow for identifying new strategies to be used to control the diseases without damaging
the environment. Physical barriers, vulnerability, and phytoalexin yielding are some of the
recognized traits used by Musa plants as defense mechanisms against pathogens [44,45].
Although the crops are indeed the most affected, plants possess different mechanisms to
protect themselves, such as the development of secondary metabolites to eliminate the
pathogen from its system.

In our case, all four of the most commonly used Musa spp. investigated (M. cavendish,
M. paradisiaca, M. textilis, and M. acuminata) showed a similar trend in front of infection
with R. solanacearum race 2. The diseased samples exhibited a higher antioxidant activity
compared to the healthy samples, and we attempted to show that this is attributed to the
presence of secondary metabolites (phenolic compounds) through the LC-MS analysis to
reinforce the idea that secondary metabolites and implicitly antioxidant activity represent a
defense mechanism against the pathogen that causes Moko disease. Plants possess physical
and chemical barriers involved in their defense; they have a strategy to help their survival
when in contact with some biotic or abiotic stresses, implicating the synthesis of secondary
metabolites, which is well known as part of the plant immune system. A strong emphasis
is placed on antioxidant activity to increase plant protection against the pathogen. The
synthesis of metabolites comes from the primary metabolism (glycolysis, Krebs cycle, or
shikimate pathway) that depends on the degree of stress to which the plant is subjected
and can trigger variance in the levels of secondary metabolites, some of them toxic when
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stored in plant cells [46]. Synthesized phenolic compounds like simple phenols, flavonols,
dihydrochals, and cones phenolic acids are antibiotic compounds that generate a response
against pathogens. Phytoalexins, synthesized de novo, manage to inhibit a diversity of
microorganisms by their accumulation at the infected site [47].

The antioxidant capacity of plants is related to the defense of both types of antioxidants
(enzymatic and non-enzymatic) to escape from the toxic effects of free radicals. Their genetic
configuration confers a great capacity to synthesize secondary metabolites under biotic
or abiotic stress. Some compounds act like substrates in enzyme-catalyzed detoxification
reactions and have central and interrelated functions [48-50].

Likewise, there is a considerable difference between plant developmental stages.
The vegetative stage of the samples shows a lower content of secondary metabolites and
antioxidant activity. The bioactive compounds produced depend on the environmental
conditions to generate an adequate impact on the development of the metabolic pathways
associated with their biosynthesis [51]. In the vegetative state, plants use photosynthesis
and carbon assimilation for growth, development, and defense, and when exposed to
some stress, can alter the storage and synthesis of metabolites. These include the harvest
time, exposure to factors such as light, temperature, osmotic potential, nutrition, growth
regulators, biotic inducers, and fruit-ripening stage, among others [52].

Based on their elemental role in plant protection against different agents, phenolics
are known as antioxidants [53]. Phenolic compounds exhibiting significant antioxidant
compounds were identified in each Musa spp. The predominant polyphenols in the plant
defense mechanism are flavonoids, which may be classified as flavonols, isoflavonols,
flavones, flavanones, catechins, and anthocyanidins [54]. New research has shown the
involvement of flavonoids in plant protection, playing a significant role in the neutraliza-
tion of free radicals [55], especially in terms of the highly sensitive antimicrobial effect
on pathogens, in which compounds such as naringenin, kaempferol, quercetin, and di-
hydroquercetin stand out [56]. Recent studies have described the antibacterial effect of
phenolic compounds obtained from plantain leaves against some Gram-negative bacte-
ria (Escherichia coli, Staphylococcus, Pseudomonas) species [57,58]. The bacterium Ralstonia
solanacearum race 2 (Smith, 1896) is a Gram-negative bacillus with high genetic variability
that affects the vascular system of the plant [59]. The phenolic compounds identified in
the current study have shown antibacterial activity toward the infection since this strain is
responsible for causing the Moko disease in Musa spp., whose direct effect is aggravated by
the capacity of its causative agent to remain in the soil for a long time, disabling the imme-
diate replanting of the affected lots [60], highlighting the importance of describing plant
defense mechanisms to reach a better understanding of the infection. In our current study,
these compounds and their derivatives have been identified, from kaempferol (astragalin,
kaempferol-7-O-neohesperidoside) and quercetin glycosides (spiraeoside, rutin), as well
as flavones like isoorientin and scutellarein 4’-methyl. Quercetin and its derivatives also
play significant roles in plant protection from the effects of UV radiation and/or osmotic
stress, in which glycosylated derivatives are involved in osmoregulation [61]. In addition,
flavonoids are known for their antioxidant capacity by decreasing ROS levels by inhibiting
prooxidant enzymes, cyclooxygenase, and lipoxygenase [62].

Furthermore, signaling molecules have been identified; products of oxidative pro-
cesses’ ROS (7-methyl-rosmanol), supporting the idea of the loss of some acids (carnosic
acid) with antibacterial activity against both bacteria types (Gram-positive and Gram-
negative) causing the accumulation of oxidized derivatives under oxidative degradation
by ROS [63,64]. Microbial attack and the oxidative state of plants mediate the activation
of the plant protection mechanisms against stress through different signaling pathways,
which conduct the production of various protein and non-protein compounds with roles
in protection [65], such as salicylic acid (2-hydroxyhippuric acid), which has also been
identified in our samples through LC-MS; salicylic acid levels are known to increase during
different type of infections (viruses, fungi, insects, bacteria), while exogenous treatment
with salicylic acid improves the protection system of the host [66].
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Bananas and plantains are the most commonly consumed as food and are used in
medicine around the world, being an attractive source of bioactive compounds. These
compounds with desirable biological properties for humans are also implicated in the plant
protection strategy against pathogens, as in the case of phenolics, which are a key aspect
in Musa spp. in the protection mechanism, as it has been found in the present study. A
higher content of phenols, flavonoids, and antioxidant capacity was noted in the late stages
of the infected samples compared to healthy samples, which showed a lower amount of
phenolics and activity.

Identification of the phenolic compounds demonstrated the presence of relevant
flavonoids that are involved in the defense mechanism of plants and which are known for
their antibacterial activity related to infection by Gram-negative bacteria like R. solanacearum
responsible for the Moko disease affecting the Musa spp. genus.

5. Conclusions

Bananas and plantains belonging to the genus Musa are largely consumed all over the
world as food staples and for medicinal purposes, being an interesting source of bioactive
secondary metabolites. These compounds, with valuable biological properties for humans
as antioxidants, also play a pivotal role in the plant’s defense mechanism against pathogens.
For example, phenolic compounds are essential to the defense strategy of Musa spp.,
as demonstrated in the current study, enhancing the antioxidant profile of these plants.
Infected samples showcased a higher concentration of phenols, flavonoids, and antioxidant
activity compared to healthy ones, which exhibited lower levels of phenolics and activity.
The analysis of the phenolic compounds revealed the presence of significant flavonoids that
participate in plant defense mechanisms. The flavonoids, including kaempferol, quercetin,
and their glycosides, which we found in the banana samples, have antibacterial properties
implicated in the fight against various pathogenic bacteria by interfering with their growth
and survival.
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Figure Al. LC-MS chromatogram of the compounds identified in Musa cavendish leaf samples at
Stage 1 of disease. The y-axis depicts the relative absorbance, while the x-axis represents the retention

time (rt) in the upper chromatogram, and the identified molar mass is represented on the lower
chromatogram for each sample.
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Figure A2. LC-MS chromatogram of the compounds identified in Musa cavendish stem samples at
Stage 1 of the disease. The y-axis depicts the relative absorbance, while the x-axis represents the
retention time (rt) in the upper chromatogram, and the identified molar mass is represented on the
lower chromatogram for each sample.
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Abstract: Designing innovative biological crop protection strategies to stimulate natural plant im-
munity is motivated by the growing need for eco-friendly alternatives to conventional biocidal
agrochemicals. Salicylic acid (SA) and analogues are known chemical inducers of priming plant
immunity against environmental stresses. The aim of the study was to study the metabolic re-
programming in barley plants following an application of three proposed dichlorinated inducers
of acquired resistance. 3,5-Dichloroanthranilic acid, 2,6-dichloropyridine-4-carboxylic acid, and
3,5-dichlorosalicylic acid were applied to barley at the third leaf stage of development and har-
vested at 12, 24, and 36 h post-treatment. Metabolites were extracted using methanol for untargeted
metabolomics analyses. Samples were analysed by ultra-high performance liquid chromatography
coupled to high-definition mass spectrometry (UHPLC-HDMS). Chemometric methods and bioinfor-
matics tools were used to mine and interpret the generated data. Alterations in the levels of both
primary and secondary metabolites were observed. The accumulation of barley-specific metabolites,
hordatines, and precursors was observed from 24 h post-treatment. The phenylpropanoid pathway, a
marker of induced resistance, was identified among the key mechanisms activated by the treatment
with the three inducers. No salicylic acid or SA derivatives were annotated as signatory biomarkers;
instead, jasmonic acid precursors and derivatives were found as discriminatory metabolites across
treatments. The study highlights differences and similarities in the metabolomes of barley after
treatment with the three inducers and points to the triggering chemical changes associated with
defence and resistance. This report is the first of its kind, and the knowledge acquired provides
deeper insight into the role of dichlorinated small molecules as inducers of plant immunity and can
be used in metabolomics-guided plant improvement programmes.

Keywords: antimicrobial metabolites; barley; Hordeum vulgare; liquid chromatography; mass
spectrometry; metabolomics; multivariate data analysis; secondary metabolites

1. Introduction

Plants are naturally exposed to a plethora of stresses, which severely affect their
growth and yield. Upon exposure to biotic stresses, molecular communication with the
plant takes place and may lead to a beneficial association or a disease. In this interaction
between two biological organisms, the resistance or susceptibility is determined by the
ability to ward off/defend against the stress-inducing environment in which each finds
itself. Plants have evolved an innate immune system against microbial threats consisting of
preformed defensive barriers and constitutive chemical deterrents and inducible defences
based on newly synthesised defence proteins and antimicrobial chemicals [1-3]. Resistance
responses might not always be effective due to not being timeously triggered or not being
launched at the required intensity. Moreover, some pathogens have developed certain
strategies to circumvent host defences, thus resulting in disease. Abiotic environmental
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stressors can also have a negative impact on the resistance or tolerance of plants towards a
specific strain of pathogen [4], necessitating the use of antimicrobial chemicals for disease
control. As a result of public concern over the risks associated with pesticide usage,
alternative control strategies are receiving much attention in order to limit unfavourable
hazardous environmental side effects.

Induced resistance (IR) can be described as an altered metabolic state that is activated
once the host plant’s immune system is triggered or activated by a pathogen attack or
other biotic stresses [5]. Fundamentally, as part of IR, systemic acquired resistance (SAR)
is known to depend on salicylic acid (SA) and induced systemic resistance (ISR) relies on
beneficial microbes and hormones, such as jasmonic acid (JA) and ethylene (ET). However,
there is an interconnection involving more participatory mechanisms than SAR and ISR
in IR, creating a multi-layered network defining plant immunity [6-9]. The mediation of
SAR by the accumulation of SA has previously been demonstrated [5,10-14]. SAR is often
effective against a wide spectrum of pathogens and is regarded as the most agronomically
important type of plant immunity [15]. The activation of plant immune mechanisms can
be initiated by (a non-virulent) pathogen attack but also by treatment with natural or
synthetic compounds, such as SA and synthetic analogues [16,17]. Studies on IR elicited
by chemicals have revealed previously unknown features of the plant defence response,
including defence priming [18].

In addition to the mentioned IR associated with innate immunity, plants can also
acquire immunity upon treatment with certain biotic and abiotic stimuli, a phenomenon
mediated by preconditioning or priming for inducible defence [19,20]. Immune priming or
potentiation enables faster and/or stronger induction of inducible defences following a
successful attack by pathogens. As priming events boost multigenic basal resistance, the
ensuing protection against disease can be more resilient than race-specific resistance, which
is based on single resistance genes. Regardless of the fact that priming rarely provides
complete disease protection [21], the application of priming-inducing agents is increasingly
considered for exploitation in integrated pest and disease management [22,23].

SA performs a crucial role as an endogenous signalling molecule that activates various
aspects of plant defence. The phytohormone also performs important roles in growth and
development, respiratory pathways, and regulation of redox homeostasis [24-26]. The
exogenous application of SA and related synthetic analogues activating the plant defence
system has been reported in several studies [27-31]. Although very efficient in inducing
plant resistance, the phytotoxicity and rapid glycosylation of SA result in reduced efficacy
and have prevented its use as a plant protection molecule. Hence, synthetic chemical
analogues of SA, capable of mimicking various functions thereof, represent an attractive
alternative/substitute to the use of conventional biocidal agrochemicals [23,32]. Substi-
tution of SA with the electron-withdrawing element chlorine has displayed an increase
in SA activity [33]. Mono- and dichloro-substituted SA derivatives, such as 3,5-DCSA
and 2,6-dichloroisonicotinic acid (2,6-DCINA), were found to successfully increase to-
bacco plant resistance to pathogen attack through the induction and accumulation of
pathogenesis-related (PR) proteins [31,34]. It was further established that mono or multiple
substitution(s) at positions three and/or five on SA were more active at inducing the
PR-1a protein than those at positions two, four, and six, and SA itself [33]. Relatedly, a
screening of 60,000 unique chemicals for inducers of pathogen-responsive reporter genes
in Arabidopsis seedlings led to the discovery of 114 synthetic elicitor candidates, including
3,5-dichloroanthranilic acid (3,5-DCAA). Upon treatment with 3,5-DCAA, Arabidopsis ef-
fectively develops resistance to virulent isolates of the oomycete Hyaloperonospora parasitica
and Pseudomonas syringae DC3000 [28].

Adaptive metabolic reprogramming in plants is often a result of the exposure to a
single or a multitude of external stimuli or environmental pressures. Such variation can be
observed in a wide variety of primary and secondary metabolites, including ionic inorganic
compounds, hydrophilic carbohydrates, amino acids, organic compounds, and compounds
linked to hydrophobic lipids. Investigating the metabolic perturbations caused by chemical
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activators of priming or inducers of IR can significantly contribute to gaining insights into
the unique vs. shared features of the host response towards these inducers. In this study,
the host was barley (Hordeum vulgare L., ‘Hessekwa’ cultivar), the fourth most important
cereal crop in the world. Barley is primarily used for animal feed and human food and
alcoholic beverage production. The widely adaptable, short-seasoned, and early maturing
crop is farmed as a summer or winter crop in temperate and tropical climates, respectively.
In plant science, barley is commonly used as a model plant, particularly when assessing
plant resilience to environmental stress [35,36].

Untargeted metabolomics approaches combined with advanced chemometric tools
were employed to investigate the metabolic reprogramming in leaves following treat-
ment with synthetic (functional) analogues of SA: 3,5-dichlorosalicylic acid (3,5-DCSA),
3,5-dichloroanthranilic acid (3,5-DCAA), and 2,6-dichloropyridine-4-carboxylic acid
(2,6-DCP-4-CA, also known as 2,6-DCINA), in order to evaluate their potential for the
induction of a state of enhanced resistance in barley plants. The importance of metabolic
reprogramming and priming to improve abiotic stress tolerance in a variety of significant
crops is being supported by growing research.

2. Materials and Methods
2.1. Barley Plant Material and Growth Conditions

Barley seeds were collected from the experimental line “‘Hessekwa’ cultivated in
Bredasdorp, in the Western Cape region of South Africa. ‘Hessekwa’ is a rainfed winter
crop, and seeds were provided by the South African Barley Breeding Institute (SABBI). In
the current study, seeds were grown as previously described [37,38]. Briefly, the plants
were grown in a plant growth room under well-controlled conditions: 12 h fluorescence
light (=85 pmol m~2 s72) and 12 h dark cycle at 22-27 °C. Surfaced-sterilised (70% ethanol)
and soaked (in sterile water for 2 h) barley seeds were planted in pasteurised (at 70 °C)
soil. The plants were watered twice a week with distilled water containing a water-soluble
chemical fertiliser (Multisol ‘N’, Culterra, Muldersdrift, South Africa). The plants were
grown for 21 d (or 16 d post-emergence) before treatment with the inducers. At that
time, the seedlings were at the physiological stage 13 according to the Zadoks growth and
development scale [37,38].

2.2. Barley Plant Treatment with Priming Inducers

All chemicals, namely, 3,5-dichlorosalicylic acid (3,5-DCSA), 2,6-dichloropyridine-4-
carboxylic acid (2,6-DCP-4-CA), and 3,5-dichloroanthranilic acid (3,5-DCAA) were obtained
from Merck-Sigma-Aldrich, Johannesburg, South Africa. These inducers were dissolved in
dimethylsulphoxide (DMSO, 1 uL/mL; BDH Chemicals, England) mixed with 0.05% of wet-
ting agent (Effekto, Pretoria, South Africa). Control plants received the same concentration
of DMSO and wetting agent. Following the foliar application (40 sprays = +6 mL/pot) of
200 uM of 3,5-DCSA, 2,6-DCP-4-CA, and 3,5-DCAA, treatment groups were kept separately,
and leaves (the entire aerial parts of the plants, 1 cm above the surface) were harvested
after 12, 24, and 36 h, respectively. The concentration of the inducers and the time interval
of the investigation were chosen based on several optimisation studies that indicated no
morphological effects. The experimental design included three independent biological
replicates for each treatment.

2.3. Metabolite Extraction from Seedlings and Pre-Analytical Sample Preparation

Barley shoot tissues were harvested and snap-frozen in the liquid nitrogen to quench
metabolic activity. Metabolites were extracted from the leaves of each replicate with 80%
cold aqueous methanol (1:10 w/v ratio). Following homogenisation for 1 min with an Ultra-
Turrax homogeniser, and sonication for 10 s with a probe sonicator (Bandelin Sonopuls,
Berlin, Germany), the homogenates were centrifuged at 5100x g and 4 °C for 20 min.
Supernatants were concentrated to 1 mL using a rotary evaporator at 45 °C and further
evaporated to complete dryness in a dry bath pre-heated at 45 °C. The reconstitution of
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dried extract was completed with 50% UHPLC-grade methanol (Romil, Cambridge, UK)
in a 1:10 m /v ratio. In preparation for chromatographic analyses, extracts were filtered
through 0.22 pm nylon filters into chromatography vials fitted with 500 uL inserts, capped,
and stored at 4 °C.

2.4. Sample Analyses on Mass Spectrometry-Based Analytical Platforms (Ultra-High Performance
Liquid Chromatography—High Definition Mass Spectrometry (UHPLC-HDMS))

The Waters Acquity UHPLC hyphenated with a Waters SYNAPT G1 QTOF (quadrupole
time-of-flight) mass spectrometer system (Waters Corporation, Milford, MA, USA) was
used to analyse the aqueous-methanol extracts. The chromatographic separation of samples
was completed using a Waters HSS T3 reverse phase C18 column (150 mm x 2.1 mm x 1.8 um)
thermostatted at 60 °C. The concave gradient elution was carried out at a flow rate of
0.4 mL.min ! using a binary solvent system consisting of water (eluent A) and acetonitrile
(eluent B; Romil Pure Chemistry, Cambridge, UK), both of which contained 0.1% formic
acid. For the first min of the elution, 95% A and 5% B were kept constant. When the
gradient was applied, the chromatographic condition was changed to 10% A and 90% B for
10 s, followed by 5% A and 95% B for 1 min and 50 s, before being restored to the original
condition at the end of 28 min. Each sample was injected with a 2 pL. volume over the
course of a 30 min run. To prevent measurement bias, all sample extracts were randomised.
Additionally, pooled quality control (QC) samples were also used to evaluate the stability
of the LC-MS system. Blanks consisting of 50% MeOH were used to monitor potential
carry-over. Data acquisition was based on three independent biological replicates, and each
was analysed in triplicate; thus, n = 9.

The TOF MS analyser was used in V-optics mode, and centroid spectral data were
acquired using both positive and negative electrospray ionisation (ESI), with a scan range
of 50-1200 Da and a scan time of 0.1 s. The cone and desolvation gas flows were at
50 L.h~! and 550 L.h~!, respectively. Nitrogen was used as a nebuliser gas at a flow rate of
700 50 L.h~!. The sampling and extraction cone voltages were 40 V and 4.0 V, respectively,
while the capillary voltage was set at 2.5 kV. The desolvation temperature was set at
450 °C, and the source temperature was fixed at 120 °C. Leucine encephalin (50 pg-mL’l,
[M + HJ* =556.2771 and [M — H]~ = 554.2615) was used as lock mass, sampled every
15 s, and producing an average intensity of 350 counts per scan. The lock mass serves
to correct the centroid mass values in the sample for small deviations from the accurate
mass measurement. Both unfragmented and fragmented (using an MSF method, 10-40 eV)
data were acquired. Fragmentation data were used for downstream metabolite structural
elucidation and annotation.

2.5. Chemometrics: Data Mining

UHPLC-MS extracted raw data (analysed in positive and negative ionisation modes)
was processed using the MarkerLynx XS™ application management tool of the MassL-
ynx XS software, version 4.1 (Waters Corporation, Milford, MA, USA) to generate the
corresponding data matrices. For precise peak detection and alignment, the software uses
the unique ApexTrack (also termed ApexPeakTrack) algorithm. A modified Savitzky-Golay
smoothing and integration was used prior to the computation of peak intensities. The
sample was normalised using the total ion intensities associated with each peak. The
processing parameters were set at a mass range of 50-1200 Da, a mass window of 0.05 Da,
the intensity threshold (noise elimination level parameter) was set at 100 counts, a mass
tolerance of 0.05 Da, and a retention time (Rt) range of 1.5-25.0 min of the chromatograms.

For statistical modelling, generated data matrices were exported to the ‘soft inde-
pendent modelling of class analogy’ (SIMCA) software, version 14, equipped with the
‘omics skin’ function (Sartorius, Umed, Sweden). As specified in the results section, data
were scaled prior to computing chemometric models. As part of the chemometrics models
generated, the unsupervised method, principal component analysis (PCA), was applied to
reduce the dimensionality of the data and to reveal groupings, trends, and similarities ex-
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isting between treatments. Moreover, the supervised model, orthogonal projection to latent
structures-discriminant analysis (OPLS-DA), was also computed to classify the samples
(binary classification), generate descriptive statistics, and provide potential biomarkers.
Models were evaluated using the predictive power, Q?, and the explained cumulative varia-
tion in the matrix X, R?X (cum), also known as the ‘goodness of fit’ parameter. Additionally,
the cross-validated predictive residual analysis of variance (CV-ANOVA) was taken into
account to statistically evaluate the accuracy of the OPLS-DA models created. A p-value
of less than 0.05 suggested a strong model. Moreover, a permutation test was performed
on 100 randomly initiated permutations to validate the models. Discriminant features or
ions, with both high correlation and covariation, are located at the extreme ends of the
generated loading S-plots (e.g., [p(corr) > 0.5, <—-0.5, and (p1) > 0.1, <—0.1]) and their
statistical significance was assessed on variable importance in projection (VIP) plots which
summarise the importance of features. The VIP scores determine the level of significance
of each ion in the dataset, and all selected features had VIP scores between 1 and 2.

In the MetaboAnalyst 5.0 (www.metaboanalyst.ca/, accessed on 1 May 2022) [39] plat-
form, dendrogram heatmaps, which allowed the visualisation of the distribution of selected
metabolites across the conditions (different time-points and treatments), were constructed.
In addition, Metabolomics Pathway Analysis (MetPA), also housed in the MetaboAnalyst
bioinformatics software, was used to uncover the key metabolic pathways that define
induced responses in barley treated with 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA. KEGG
(Kyoto Encyclopedia of Genes and Genomes, www.genome.jp/kegg/pathway.html, ac-
cessed on 10 May 2022) [40] identifiers for each annotated metabolite were used as inputs,
and high-quality KEGG metabolic pathways were used as the backend knowledge base.

2.6. Metabolite Annotation

To comprehensively annotate the measured metabolome of barley shoot tissue, molecu-
lar networking methods were applied. Briefly, following conversion of ‘Waters” (.raw) spec-
tral files into the ‘analysis base file” (ABF) format using Reifys Abf converter software [41],
the spectral data were uploaded into the Mass Spectrometry-Data Independent AnaLysis
(MS-DIAL; http:/ /prime.psc.riken.jp/, accessed on 15 May 2022) [42] software for process-
ing with parameters set at mass accuracy 0.05; minimum peak height 10 amplitude, and the
Rt tolerance 0.2 min. The MS-DIAL processed files (GnpsMgf and GnpsTable) were then
exported into the Global Natural Product Social Sphere (GNPS; https:/ /gnps.ucsd.edu/,
accessed on 3 June 2022) [43] using the WinSCP server for molecular networking. A feature-
based molecular networking (FBMN) was computed with a mass tolerance set at 0.05; the
minimum pair cosine score was set at 0.6 with a minimum of 4. The search for analogues
setting was turned off. Furthermore, to increase the chemical insights that can be obtained
from the spectral data, FBMN outputs were combined with outputs from substructural
annotation by MS2 latent Dirichlet allocation (MS2LDA), in silico annotation (by Network
Annotation Propagation, NAP), and the automated chemical classification (through Classy-
Fire) into the enhanced molecular networking workflow, MolNetEnhancer. MS2LDA is
a tool that decomposes molecular fragmentation data derived from large metabolomics
experiments into annotated Mass2Motifs or discovers Mass2Motifs from experimental
data, while MolNetEnhancer enables the chemical annotation, visualisation, and discovery
of the subtle substructure diversity within molecular families [44,45]. Furthermore, an
expert-guided metabolite annotation was performed by manually inspecting individual
spectra and mass fragmentation as previously described [37,38]. The metabolite annotation
and putative identification was completed and confidently reported herein in accordance
with level 2 of the Metabolomics Standards Initiative (MSI) [46].
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3. Results
3.1. Chromatographic and Mass Spectrometric Analyses and Molecular Networking Approach to
Uncover the Metabolic Space of Barley Leaves Treated with Inducers

Metabolomics studies aim to identify and quantify small molecules involved in
metabolic processes. Due to its high throughput and good coverage of metabolites, UHPLC-
MS has increasingly been used as a platform of choice for such studies when combined
with soft electrospray ionisation (ESI). Reported herein, reverse phase chromatographic
separation with mass spectrometric detection revealed differences in peak population
(presence or absence) and peak intensities (reduced or increased) of analytes present in
methanol-extracted samples, visible on the MS chromatograms. These are time- and
treatment-related differences observed between the controls (non-treated) and treated
conditions (Figures S1-53). In addition, a broad coverage of midpolar to nonpolar was
also noted with analytes eluting throughout the run time. It is worth pointing out that
all three inducers, 3,5-DCAA, 3,5-DCSA, and 2,6-DCP-4-CA, were detected in the sam-
ples from treated plants. These inducers were characterised as depicted in Figure 1A-C,
showing the extracted ion chromatograms (XIC) of each inducer and the corresponding
spectra and structures. A pattern representative of the presence of chlorine atom(s) was
observed. The two isotopes of chlorine (**Cl and ¥ Cl) displayed fragment ions separated
by two m/z units. In addition, the inducers were also characterised by the loss of the
carboxyl group (neutral loss, NL:45) generating fragments with m/z of 159/161, 145/147,
and 160/162 for 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA, respectively. In some cases, the
loss of an HCI1 (NL:36) molecule was also observed. Furthermore, the presence of inducers
or their absorption by barley shoot tissue was demonstrated by an increase in the relative
concentration (peak area intensities) over time before dropping to the point of stability. The
highest relative concentration in barley was observed at 12 h for 3,5-DCAA and 3,5-DCSA;
and at 24 h for 2,6-DCP-4-CA. 3,5-DCAA was the highest in the plants at all the time points
under investigation (12 h, 24 h, and 36 h) (Figure 1D).

For metabolome characterisation, a molecular networking (MN) strategy, i.e., Mol-
NetEnhancer, was applied (as described in the methodology section). This allowed a
comprehensive exploration and enrichment of chemical annotations, discovering the subtle
substructural diversity within molecular families. Furthermore, this MN strategy allowed
the visualisation of molecular families with class annotations. Six molecular families were
visualised and highlighted in Figure 2. These were lipids and lipid-like molecules, phenyl-
propanoids and polyketides, organoheterocyclic compounds, benzenoids, organic oxygen
compounds, and alkaloids and derivatives. When zooming into these superfamilies, the
phenylpropanoids and polyketide superfamily was dominated mainly by flavonoid gly-
cosides. These superfamilies of metabolites served as a template for the annotation of the
discriminant metabolites.

3.2. Multivariate Data Analyses: Statistical Description, Evaluation, and Exploration of Changes
Observed in the UHPLC-MS Data

Unsupervised chemometrics methods were applied to reveal trends in the datasets
obtained from the UHPL-MS analyses. The principal components analysis (PCA) allowed
us to summarise information in multidimensional datasets. From the PCA models, some
distinct clustering is revealed, indicating treatment- and time-related differences between
and within samples (Figures 3 and 54). As a general rule, samples grouped together have
more in common (at a metabolome level) than those further apart.
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Figure 1. Presence of xenobiotic dichlorinated inducers in barley shoot tissue extracts from different
time points. (A—C): Extracted ion chromatograms (XIC) and corresponding mass spectrum character-
istics of the inducers: 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA; the structure of each compound is
also represented, and the fragmentation site is indicated with the red line. (D): Relative concentration
of inducers in barley shoot tissue. Error bars indicate the standard deviations of the average peak
areas of the samples.

Thus, assessing the scores plots of generated PCA models (Figures 3 and 54), treatment-
and time-related sample groupings can be observed, which point to underlying metabolic
reprogramming within barley shoot tissue due to the inducer treatments. Except for
3,5-DCSA in the positive ESI mode, controls are separated from the treated, irrespective
of the time point. Looking at the controls in each treatment, the time points 12 h and
36 h grouped together and separated from the 24 h, and a slightly similar pattern can
also be observed within treated samples (Figure 3C-H). This gives an indication of a
possible diurnal effect on the plants. When focusing on each time point (Figure 31-K), a
clear grouping pattern was particularly observed at 24 h between all treatments, showing
3,5-DCSA- and 2,6-DCP-4-CA-treated samples grouped but separated from the control and
DCAA treated samples grouping away from the control and other treatments (Figure 3]).
This observation drew more attention to the 3,5-DCAA treatment at 24 h. Although able
to indicate differences between treatment groups, unsupervised chemometrics are not
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classification or discrimination methods per se, hence less informative in terms of features
that explain the differences between sample groups. A supervised method was then
used, as described below, to uncover features or metabolites responsible for differential
sample groupings.

- Lipids and lipid-like molecules

- Phenylpropanoids and polyketides
- Organoheterocycliccompounds

Benzenoids

- Organic oxygen compounds
- Alkaloids and derivatives
IE No match

“lIIII>

o gesn
ﬁv’; 3?';3 008838888
T1HLLTe

Figure 2. MolNetEnhancer network of ESI(-) spectra obtained from shoot extracts of the barley
("Hessekwa’) samples. The enriched molecular network depicts structurally similar nodes as molec-
ular families/clusters, with the annotated metabolites, MS2LDA (MS2 latent Dirichlet allocation)
substructures, and Network Annotation Propagation (NAP) annotations, assigned class annotations,
represented by coloured nodes and nodes with no class annotation as grey.

3.3. Discriminant Analyses: Treatment- and Time-Related Metabolites and Fold Changes

The supervised learning method, orthogonal projection to latent structure discriminant
analysis (OPLS-DA), was performed, and an example is shown in Figure 4. In Figure 4A, the
OPLS-DA score plot shows group separation in an OPLS-DA score space. The predictive
capability of the computed OPLS-DA model was validated using a permutation test. This
consists of comparing the observed R? and Q? values with randomly permutated ones
(n = 100). As seen in the example below, the R? and Q? values of all computed models were
statistically better (or higher) than the 100 permutated ones (Figure 4B). The OPLS loading S-
plot allowed the extraction of variables related to each treatment and time point (Figure 4C).
Features with both high correlation and covariation were considered, [p(corr) > 0.5, <—0.5,
and (p1) > 0.1, <—0.1]. In addition, variable importance in projection (VIP) score plots
were used to evaluate the statistical significance of each feature. All selected features had a
variable VIP score above 1 (Figure 4D).
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Figure 3. Principal component analysis (PCA) score plots of ESI(-) data from shoot extracts of the
"Hessekwa’ cultivar of Hordeum vulgare. All data were UV (unit variance) scaled, and the calculated
Hoteling’s T? with a 95% confidence interval is represented by the ellipses present in each PCA score
plot. (A): a 12-component model of all conditions (including quality controls, QCs), explaining 59.5%
variation and predicting 41.6% variation; (B) a 12-component model of all conditions (excluding QCs)
explaining 60.7% variation, and predicting 42.2% variation. (C): a 6-component model of 3,5-DCAA
treated and non-treated samples at 12, 24, and 36 h, respectively, explaining 54.6% variation and
predicting 37.2% variation; (D): same as (C) but coloured based on time points; (E): a 7-component
model of 2,6-DCPCA treated and non-treated samples, explaining 60.6% variation and predicting
41.1% variation; (F): same as (E) but coloured based on time points. (G): a 7-component model of
3,5-DCSA treated and non-treated sample, explaining 53.8% variation and predicting 29.9% variation;
(H): same as (G) but coloured based on time points. (I): a 4-component model of all treated and non-
treated samples at 12 h, explaining 56.5% variation, and predicting 41.7% variation; (J): a 4-component
model of all treated and non-treated samples at 24 h, explaining 54.4% variation, and predicting
35.5% variation; (K): a 4-component model of all treated and non-treated samples at 36 h, explaining
50.1% variation, and predicting 33.2% variation. (The corresponding set of diagrams for ESI (+)
data is presented in Figure S4). As observed in (A,B), (C-H) were generated to better visualise the
time-dependent changes in each treatment, while (I-K) highlight the treatment-dependent variation
at each selected time point.
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Figure 4. Supervised learning methods for analyses of ultra-high performance liquid
chromatography—mass spectrometry (UHPLC-MS) data. Orthogonal partial least squares discrim-
inant analysis (OPLS-DA) modelling and feature selection were performed based on the unique
metabolite profiles of ‘Hessekwa C12h’ (control at 12 h) and ‘Hessekwa DCAA 12 h’ (treatment at
12 h) leaf extracts in negative ionisation mode. (A) OPLS-DA score plots show a clear separation
between the two conditions. The model is made of one predictive component and one orthog-
onal component (R?X = 57.5%, R%Y = 98.9%, Q? = 96.1%, CV-ANOVA p-value= 4.6539 x 1077).
(B) OPLS-DA validation: Permutation test analysis performed with 100 randomly selected models
and showing the above model to be the best among the permutated ones. (C) Loading S-plots
showing the features responsible for sample clustering, located at the ‘outlier” ends of the S-plots
with both high correlation and covariation, [p(corr) > 0.75 and (p1) > 0.1], are highlighted in red.
These features are statistically significant candidates as biomarkers related to the DCAA treatment.
(D) A variable importance in projection (VIP) plot corresponding to the model above and pointing
out the mathematical significance of each feature responsible for the discrimination of the treated vs.
control conditions. A VIP score >1 is considered as significant in the projection, and the higher the
score values, the more significant the features are.

In total, 66 discriminant metabolites belonging to the above-mentioned superfamilies
(Figure 2) were annotated / putatively identified as previously described by us [37,38]. These
compounds and the corresponding fold changes are presented in Table 1. Compounds with
a fold change (FC) > 1 were considered positively correlated to the treatment, and those
<1 were negatively correlated. In 3,5-DCAA-treated samples, the highest fold changes
were observed with isorhamnetin-3-O-glucoside (FC: 3.49) at 24 h, 4-O-p-coumaroylquinic
(FC: 5.58), sinapoylagmatine (FC: 3.08), and isovitexin 2”-O-arabinoside (FC: 6.34) at 36 h.
In the case of the 2,6-DCPCA treatment, the most positively correlated compounds were
mainly fatty acids and derivatives, such as 9,12,13-trihydroxy-10,15-octadecadienoic acid
(9,12,13-triHODE) isomer II (FC: 10.73), trihydroxyoctadecenoic acid (triHOME) (FC: 4.59) at
12 h; 9,12,13-triHODE isomer I, 9-oxo-12,13-dihydroxy-10E,15Z-octadecadienoic acid (9-oxo-
12,13-diHODE), and a 12-oxophytodienoic acid (OPDA) conjugate and linolenoylglycerol

94

N ©
N A
o =1
v
S
B



Metabolites 2023, 13, 666

isomer I, at both 12 and 36 h. With the 3,5-DCSA treatment, hordatine A isomer II (FC: 3.49),
isovitexin 2”-O-glucoside (FC: 10.97), isovitexin 2”-O-arabinoside (FC: 11.45), and a proline
(Pro) derivative, Pro betaine (FC: 15.26), were metabolites with the highest fold change
at 36 h. It was also noted that except for valine and proline betaine in extracts from
3,5-DCSA-treated leaves, all amino acids were negatively correlated to all treatments.
Subsequently, Venn diagrams were generated for better visualisation of differences across
time in individual treatments and at each time point and across treatments.

Table 1. List of all annotated (putatively identified) metabolites extracted from leaves of the barley
cultivar ‘Hessekwa’ treated with 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA, and harvested at 12, 24,
and 36 h post-treatment. The compounds were extracted from the OPLS-DA S-plots, and the fold
changes were calculated using a SIMCA software algorithm and are indicated where a metabolite
was selected as a significant biomarker. Blue: 3,5-DCAA, Green: 2,6-DCP-4-CA, Orange: 3,5-DCSA,
Purple: Control. Different shades of the same colour indicated a specific time point (ranging from
lighter to darker, with the former corresponding to 12 h and the latter to 36 h; e.g., 3,5-DCAA 12 h
was compared to Control 12 h and metabolites with a FC > 1 were shaded with light blue while those
with a FC < 1 were shaded with purple.

DCAA DCPCA DCSA
Nllsfclle Compounds (nlfitn) mlz Fold Change Fold Change Fold Change
12h 12h 12h

1 - p-Coumaric acid derivative 0.86 404.103 .

2 - 4-O-p-Coumaroylquinic acid 1.15 337.084 .

3 - 3-Hydroxycoumarin 1.25 161.043 .

4 - 3-O-p-Coumaroylquinic acid 3.06 337.112 .

5 - Sinapic acid hexose 5.14 385.113 .

6 - Dihydroferulic acid 4-O-glucuronide 7.01 371.096

7 + Coumaroylputrescine 2.39 235.145

8 + Coumaroylhydroxyagmatine 2.57 293.157

9 + Coumaroylagmatine 4.06 277.161

10 - Feruloylhydroxyagmatine 4.49 323.133

11 + Feruloylagmatine 5.30 307.172

12 + Sinapoylagmatine 6.17 337.186

13 - Sinapoylhydroxyagmatine 6.30 351.126

14 - Hordatine B hexose 3.81 787.364

15 - Hordatine A hexose 414 757.353

16 - Hordatine C hexose isomer I 4.63 817.376

17 - Hordatine C hexose isomer I 6.26 771.200

18 - Hordatine B isomer I 7.28 579.304

19 + Hordatine A Isomer I 7.72 551.304

20 - Hordatine A isomer II 7.76 549.294

21 + Hordatine B isomer IT 7.97 581.319

22 + Hordatine C + 46 isomer I 7.99 655.320

23 + Hordatine C isomer I 8.67 611.330

24 - Isoorientin 7-O-glucoside(Lutonarin) 6.43 609.144
Isoorientin

e - 7-O-[6"-sinapoyl]-glucoside 1053 815.205

26 - Isovitexin 7,6”-di-O-glucoside 8.15 755.205

27 + Isovitexin -7-O-glucoside (Saponarin) 8.39 595.166

28 - Isovitexin 7-O-rhamnosylglucoside 8.81 739.208

29 - Isovitexin 2”-O-glucoside 9.79 593.150

30 - Isovitexin 2”-O-arabinoside 9.93 563.139

31 - Isovitexin 10.59 431.097
Isovitexin

32 - 7-O-[6”-sinapoyl]-glucoside 1142 799.210
Isovitexin

33 - 7-O-[X"-feruloyl]-glucoside 11.82 769.200
(Feruloylsaponarin)

34 - Apigenin 7-O-arabinosylglucoside 11.90 563.140

35 - SA_lé‘_g;f‘llcr(‘) :ii'arab‘“"&de 897 563140

36 - Isoscoparin 7-O-glucoside 8.99 623.160

37 + Isoscoparin 2”,6”-di-O-glucoside 10.89 787.209
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Table 1. Cont.

ESI Rt DCAA DCPCA DCSA
Mode Compounds (min) mlz Fold Change Fold Change Fold Change

Isoscoparin

38 - 7—O—[6E-sinapoy1]—g1ucoside 11.53 829.221
Isoscoparin

it B 7—O—[6}’]’—feruloyl]—glucoside 11.95 799.211

40 - Isorhamnetin-3-O-glucoside 9.74 477.107

41 - 6-Prenylnaringenin 19.02 339.215

42 + Hydroxytryptamine 1.67 177.102

43 - Coumaroyltryptamine 2.60 289.129

44 + Valine 0.88 118.086

45 + Tyrosine 1.14 182.081

46 + Tyrosine derivatives 1.14 276.107

47 + Isoleucine 1.31 132.102 °

48 + Phenylalanine 1.65 166.087 .

49 + Proline betaine 2.05 144.139 .

50 - Tryptophan 2.43 203.080 .

51 - Asparaginylglucose 4.24 293.122 .

52 = Citric acid 1.14 191.017 ° °

53 - Isocitric acid 0.93 191.017 . - .

54 - Citric acid derivative 1.39 306.117 . . .

55 - Malic acid 0.95 133.012 D e | 074 |

56 - 12-Hydroxyjasmonate sulfate 16.61 305.129 . . - . .

57 _ Dihydrojasmonicacid (HzJA) 1680  419.173 . . . . .
conjugate

58 - 9,12,13, TriHODE isomer I 1653 327216 o [0SO 352 .

59 - 9,12,13, TriHODE Isomer II 16.64 327.216 ° ° ° 10.73 °

60 - TriHOME 17.25 329.232 ° . 4.59 .

61 — 9-Ox0-12,13-diHODE 1745 325200 . - . 631 .

62 - OPDA conjugate 19.55  309.205 « [o2sn . 3.90 .

63 + Linolenoylglycerol isomer I 20.69 353.267 . ﬁ 1.93 o

64 + Linolenoylglycerol isomer II 20.98 353.265 . ° - . .

65 + Linolenoylglycerol isomer III 21.80 353.263 . ° - ° .

66 + Linolenoylglycerol isomer VI 22.07 353.263 2.57 . . . .

e = annotated in MS chromatograms, (+) ESI positive mode, (-) ESI negative mode.

3.4. Time-Related Differences and Similarities in the Chemical Profiles of Barley Leaves, following
Foliar Application of 3,5-DCAA, 2,6-DCP-4-CA and 3,5-DCSA

The Venn diagrams in Figure 5 indicate that there is a wide diversity of metabolites
distributed across time in each treatment condition. Starting with extracts from 3,5-DCAA-
treated leaves (Figure 5A; Table 1), four metabolites were specifically found as discriminant
at 12 h, and these were feruloylagmatine (a precursor in the biosynthesis of hordatines
B and C), an isomer of hordatine A, linolenoylglycerol, and the flavonoid apigenin 6-C-
arabinoside 8-C-glucoside. At 24 h, specific discriminant metabolites included organic
acids citric and isocitric acid, flavonoids, such as isoscoparin 2”,6”-di-O-glucoside, and
phenolic- and fatty-derivatives. Twelve discriminant metabolites were found specifically
at 36 h post-treatment with 3,5-DCAA. These included some amino acids, a chlorogenic
acid and sinapoylagmatine. As part of the flavonoids and fatty acid derivatives, isovitexin
7,6”-di-O-glucoside, apigenin 7-O-arabinosylglucoside, 12-hydroxyjasmonate sulphate,
and linolenoylglycerol isomers I and II were noted. In addition to the specific metabolites
annotated, some were overlapping across time points. In total, 10 signatory metabolites
were found across all time points and were represented on a dendrogram heatmap to show
their differential distribution and to highlight the relationship among the sample groups.
As seen on the dendrogram heatmap below the Venn diagram in Figure 5A, the common
metabolites were mainly the barley-specific hydroxycinnamic acid amides (HCAAs), hor-
datine B isomer I and II, and the corresponding glycosylated form, hordatine C isomer
I, and coumaroylagmatine. In addition, dihydroferulic acid 4-O-glucuronide, lutonarin
(luteolin as aglycone), saponarin, isovitexin 7-O-rhamnosylglucoside, and isovitexin 7-O-
[6”-sinapoyl]-glucoside (all with apigenin as aglycone) were also found. The heatmap
shows an increase in the relative concentration of the HCAAs over time. Lutonarin was
also up-regulated at each time point. The dendrogram corresponding to the samples shows
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treatments branching apart from controls and an interesting association of control samples
at 12 and 36 h, both separated from 24 h.

A B

Isovit 7-0-[6"-sinapoyl]-glc
6-Prenylnaringenin

DCPCA

Hordatine B hexose
Hordatine A hexose

Isovit

Tryptophan

Coumaroylagmaﬂne
Hordatine B isomer Il
Hordatine B hexose

Hordatlne Cisomer|

DCAA
[ 1] || isovit 7-O-rhamnosylglc
] | | DihydroFerulic acid 4-O-gluc,
1 Isovit 7-O-[6"-sinapoyl]-glc |
1

Phenylalanine
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Hydroxytryptamine
Lutonarin
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Control 12h
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Figure 5. Venn diagrams and dendrogram heatmaps of discriminant metabolites. The distribution
of metabolites across time points (12, 24, and 36 h) following foliar application of (A) 3,5-DCAA,
(B) 2,6-DCP-4-CA, and (C) 3,5-DCSA is displayed. While Venn diagrams were generated from all
the annotated discriminant metabolites (Table 1), the dendrogram heatmaps were generated from
shared metabolites (red arrows) across all three-time points to highlight the differences in the relative
concentration over time. Metabolites common to the two groups are discussed in the text. The
numerical values in the Venn diagram correspond to the number of unique metabolites at each
time-point and overlapping metabolites across the different conditions.

Regarding extracts from 2,6-DCP-4-CA-treated leaves, five metabolites of the phenyl-
propanoids and fatty acid derivatives were found exclusively at 12 h. At 24 h, 11 metabo-
lites were specific to the time point, amongst which were 3-O-p-coumaroylquinic acid,
coumaroylputrescine, sinapoylagmatine, a feruloyagmatine derivative, coumaroylhydrox-
yagmatine, 3-hydroxycoumarin, and hydroxytryptamine. Finally, at 36 h, the five specific
discriminant metabolites included feruloylagmatine, hordatine A isomer 1I, dihydrojas-
monic acid conjugate, and linolenoylglycerol isomers Il and VI. Four metabolites were over-
lapping across the 12 and 24 h time points and between 12 and 36 h, where 11 metabolites
were shared and included coumaroyltryptamine, sinapoylhydroxyagmatine, saponarin,
Tyr, and linolenoylglycerol isomer I, to list a few. Coumaroylagmatine, lutonarin, and
malic acid were among the six metabolites shared between 24 and 36 h. Seven discriminant
metabolites were overlapping across all time points. Looking at the dendrogram heatmap
in Figure 5B, hordatine A and B hexose were less abundant at 12 h and 36 h. At these same
time points, isovitexin 7-O-[6”-sinapoyl]-glucoside and 6-prenylnaringenin were more
abundant. Isovitexin followed the same pattern as hordatine A and B hexose and was more
abundant at 24 h. A down-regulation of Trp and Phe at all-time points was also noted. On
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the dendrogram, the ‘treatment’ groups were clearly separated from the corresponding
controls; however, the treatment at 24 h was closer to the corresponding control.

In extracts from 3,5-DCSA-treated leaves, three metabolites were specifically found
at 12 h, namely, hordatine A hexose, isovitexin 7-O-[X"-feruloyl]-glucoside and Val. At 24
h, 11 metabolites were found, specific among which were hordatine B and hordatine C,
and asparaginylglucose. Finally, five were found at 36 h and included hordatine A isomer
II, isovitexin 7,6”-di-O-glucoside, apigenin 7-O-arabinosylglucoside, dihydrojasmonic
acid, and proline betaine. Here, seven metabolites were shared among the 12 and 24 h
treatment groups, including hordatine C hexose isomer I, malic acid, and an oxylipin,
12-oxo-phytodienoic acid (OPDA) conjugate. Sinapic acid hexose, linolenoylgycerol isomer
Iand II, Tyr, and Ile were overlapping between 12 and 36 h. Finally, coumaroylagmatine,
coumaroylhydroxyagmatine, sinapoylhydroxyagmatine, hordatine A, and C isomer I
was among the eight metabolites shared between 24 and 36 h. Common metabolites to
all three-time points included Trp and Phe, both down-regulated at all time points and
lutonarin, hydroxytryptamine and coumaroyltryptamine, all up-regulated throughout, as
shown on the heatmap. Again, all control samples clustered separately from the treated
and control 24 h branches away from control 12 and 36 h, respectively (Figure 5C).

3.5. Treatment-Related Similarities and Differences in the Chemical Profile of Barley Leaves,
following Foliar Application of 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA

For comparison of all treatments across the chosen time points, Venn diagrams were
generated and are represented in Figure 6. At 12 h, among the specific metabolites,
coumaroyl- and feruloylagmatine and hordatine B were found as discriminant mark-
ers in extracts from 3,5-DCAA-treated leaves, Val, and Ile in 3,5-DCSA-treated samples and
isocitric acid in 2,6-DCP-4-CA-treated samples. Hordatines A and B hexose, saponarin,
isovitexin 7-O-[X”-feruloyl]-glucoside, and Tyr were all found negatively correlated to
every treatment. The dendrogram shows a clear separation between the control and the
treated samples (Figure 6A).

At 24 h, metabolites responsible for the uniqueness of each condition involve hordatine
C hexose and sinapic acid hexose in extracts from 3,5-DCAA-treated leaves, hordatine C in
extracts from 3,5-DCSA-treated leaves and coumaroylputrescine, and sinapoylagmatine in
extracts from 2,6-DCP-4-CA-treated leaves. On the dendrogram heatmap, shared metabo-
lites to all three treatments were hydroxytryptamine, coumaroyltryptamine, lutonarin,
hordatine B, and its hexosylated form up-regulated in extracts from 3,5-DCAA-treated
leaves and closely related to the profile of the 3,5-DCAA treatment. Both coumaroylagma-
tine and coumaroylhydroxyagmatine were up-regulated in all three conditions but seemed
to be more associated with the 2,6-DCP-4-CA treatment. Metabolites closely associated
with the 3,5-DCSA treatment were a feruloylagmatine derivative and 6-prenylnaringenin,
both down-regulated in the treated samples (Figure 6B).

In Section 2.2, the PCA plots revealed an interesting trend at 24 h, where a clearer
sample separation was highlighted between the control and all treatments. Keeping
such observation in mind, the relative quantification of barley-important metabolites was
evaluated at 24 h. These metabolites were the hordatines and the main flavonoids present
in the plant, lutonarin, and saponarin. In addition, two alkaloids, coumaroyltryptamine
and hydroxytryptanine, previously not annotated in non-stressed plants [38], were also
evaluated (Figure S5). An increase in the biosynthesis of the selected metabolites is observed
upon priming, especially with 3,5-DCAA treated samples. Among these, saponarin was by
far the most abundant metabolite in the extracts, irrespective of the treatments.
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Figure 6. Venn diagrams and dendrogram heatmaps of discriminant metabolites. The distribution
of metabolites across treatments (3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA) at (A) 12, (B) 24, and
(C) 36 h post-treatment is displayed. While Venn diagrams were generated from all the annotated
discriminant metabolites (Table 1), the dendrogram heatmaps were generated from shared metabolites
(red arrow) to all three treatments to highlight the differences in the relative concentration at a
specific time point. The numerical values in the Venn diagrams correspond to the number of unique
metabolites associated with each treatment and the number of overlapping/shared metabolites
across the different conditions. Similarly to 12 h, at 36 h, hordatine B was specifically found in
extracts from 3,5-DCAA-treated leaves in addition to 12-hydroxyjasmonate sulfate, an isomer of
linolenoylglycerol, and other classes of metabolites. Examples of specific metabolites associated
with the 3,5-DCSA and 2,6-DCP-4-CA treatments included proline betaine and an OPDA conjugate,
respectively. Hordatine B hexose and an isomer of hordatine C were found across all treatments
at each time point, and the levels were relatively higher in the 3,5-DCAA samples. Sinapic acid
hexose, coumaroylagmatine, 6-prenylnaringenin, 9,12,13-triHODE isomer I, and linolenoyglycerol
isomers I and II were all found up-regulated in extracts from 2,6-DCP-4-CA treatments. The relative
concentration of sinapoylhydroxyagmatine, saponarin, isovitexin, isovitexin 7,6”-di-O-glucoside, Trp,
Leu, and Tyr were down-regulated at 36 h in all treated samples. Here, lutonarin was closely related
to 3,5-DCSA and up-regulated in all treated samples. Looking at the dendrogram, similar profiles
were observed between DCAA and the control samples and between 2,6-DCP-4-CA and 3,5-DCSA
treatments (C).

4. Discussion
4.1. Distribution of Metabolite Classes and Metabolic Pathways Analyses for Biological Interpretation

As discussed above, common and specific responses were observed, featuring fluc-
tuations in metabolites grouped as phenolic acids and derivatives, flavonoids, fatty acids
and derivatives, amino acids, organic acids, and alkaloids, listed in descending percentage
order across all treatments (Figure 7). These classes belonged to the superfamilies identified
on the MolNetEnhancer network (Figure 2). While nuanced differences in the % values
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were noted between the three treatments, the overall patterns were similar, suggesting that
the three dichlorinated inducers (3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA) trigger the
same type of response in the barley leaves.

3,5-DCAA

2,6-DCP-4-CA

I Phenolic acids and derivatives
I Flavonoids
Il Fatty acids and derivatives
I Aminoacids and derivatives
771 Organic acids

Alkaloids

i
1l

Figure 7. Metabolite class distribution of all annotated discriminant metabolites across all treatments
with dichlorinated inducers of acquired resistance. Discriminant metabolites in barley belonged to
different classes, as previously identified on the MolNetEnhancer network (Figure 2). Blue: 3,5-DCAA,
Green: 2,6-DCP-4-CA, and Orange: 3,5-DCSA.

In the environment, barley plants naturally interact with numerous living organisms,
instigating a perturbation in the immune system. SA is a key plant immune hormone that
is essential for the development of plant immunity. It was one of the first endogenous plant
compounds to be documented as an inducer of SAR [31,47,48] and, eventually, metabolic
changes. The barley cultivar, ‘Hessekwa’ was treated with synthetic functional analogues
of SA, namely, 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA, and metabolic perturbations and
associated reprogramming was evident from PCA models (Figure 3) and in Table 1 and
Figures 5 and 6.

Functional analyses (i.e., pathway enrichment analysis) using differential (discrim-
inant) metabolites (Figure 8; Table S1) revealed phenylpropanoid biosynthesis, alpha-
linolenic acid metabolism, aminoacyl-tRNA biosynthesis, the TCA cycle, Trp metabolism,
Phe, Trp, and Tyr catabolism, and the glyoxylate and dicarboxylate metabolism only to
name the most significant and/or the most impactful pathways. These pathways are asso-
ciated with both primary and secondary metabolism and were identified in all treatments
with different levels of significance and impact. These differences can be seen, for example,
in the 3,5-DCAA and 3,5-DCSA treatments, where the phenylpropanoid biosynthesis was
the most significant pathway and in the case of the 2,6-DCP-4-CA treatment, the TCA cycle.
Similar to this study, in tobacco and wheat plants, pathogen- and chemical-induced SAR
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was characterised by the de novo production of phenylpropanoid pathway chemicals in
the leaf, regardless of the signalling pathway [49,50].

B
@ Phenylpropanoid biosynthesis @ TCA cycle
" @ - °Q .Trp metabolism
“ 7] Aminoacyl-tRNA biosynthesis . L )
L4 .Alpha-lmolemc acid metabolism
= Alpha-linolenic acid metabolism o Glyoxylate and dicarboxylate metabolism
~ 7o
o .TCA cycle Phenylpropanoid biosynthesis
° @ Trp metabolism =
2 SR
. Glyoxylate and dicarboxylate metabolism ° Isoquinoline alkaloid biosynthesis
Isoquinoline alkaloid biosynthesis sdo @
e @ @)
d Phe metabolism
s-§ o O (5) Phe metabolism w18 © O &
O 8
00 0.1 02 03 04 0.0 01 02 03 04
Pathway impact Pathway impact

R |
Low Differential significance  High

C
oPhenylpropanoid biosynthesis
g -
o Aminoacyl-tRNA biosynthesis

o |
—w TCA cycle
g—‘ e @ Trp metabolism
‘Eo‘o s o @Alpha-linolenic acid metabolism

Glyoxylate and dicarboxylate metabolism

15

Isoquinoline alkaloid biosynthesis

°
78 Bionsynthesis of secondary metabolites
o
o g o o0& Phe metabolism
T T T T T ]
00 02 04 06 08 10

Pathway impact

Figure 8. Metabolomic Pathway Analysis (MetPA) as generated by MetaboAnalyst ver. 5.0 with
(A):3,5-DCAA, (B): 2,6-DCP-4-CA, and (C): 3,5-DCSA data. The size of the circle reflects the path-
way impact score, while the colour of each circle is based on p-values (darker colours imply more
significant changes of metabolites in the relevant pathway). TCA: tricarboxylic acid; Trp: tryptophan;
Phe: phenylalanine.

4.2. Biological Implication with Regard to Plant Protection

In addition to alterations in transcription, the adaptive responses of plants to environ-
mental cues also involve post-translational protein modifications, metabolite alteration,
and/or accumulation. These changes all work together to produce a particular physio-
logical response or phenotype. Depending on the system under investigation, chemical
and biological priming agents may each exhibit a level of specificity in their action mech-
anisms that prepares the plant in a different mode [51]. In this context, it was proposed
that metabolites that are strongly affected by chemical or biological inducers (the priming
agents) are named ‘priming compounds’ since their effect on plant metabolism is to trigger
the synthesis of ‘primed compounds’ that assist to counteract the stress. At the same time,
these additionally identified metabolites point to defence pathways that the plants deploy
to “get ready for the battle” [51].

It has been regarded that a primary metabolism only performs a supportive role in
plant defence and that the energy saved by the down-regulation of primary metabolism
is diverted and used for defence responses. However, the up-regulation of metabolic
pathways associated with primary metabolism may also occur during plant defence, and it
was proposed that such up-regulation modulates signal transduction cascades that lead to
plant defence responses [52]. Amino acids participate in plant growth and development,
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signalling processes, and stress responses. In addition to being building blocks for protein
biosynthesis, they also perform pivotal roles in several pathways associated with secondary
metabolism [53,54]. Free amino acids are essential for SAR in plants, and their presence
has previously been attributed to the plant’s tolerance [55,56]. The negative correlation
between the Tyr, Phe, and Trp levels and the treatments observed in this study might be
attributed to the rapid use of the compounds in the biosynthesis of secondary metabolites
involved in plant defence, and for de novo protein synthesis as in the case of pathogenesis-
related (PR) proteins. For instance, Phe is the substrate of the first committed step in the
phenylpropanoid pathway (the most significant pathway to respond to 3,5-DCAA and
3,5-DCSA, Figure 8), which results in the biosynthesis of phenolic compounds, including
hydroxycinnamic acids (HCAs) and flavonoids. In addition, amino acids can be converted
into precursors or intermediates in the TCA cycle, supporting the mitochondrial metabolism
and the production of ATP [57,58]. Consequently, it can be speculated that there is an
imbalance in the ratio between amino acid anabolism and catabolism. The level of amino
acids produced might not be proportional to the plant’s requirement for energy and
other processes.

Trp in barley seedlings is a precursor to simple indole alkaloids, gramine, and
tryptamine. Coumaroyltryptamine and hydroxytryptamine were found to be discrim-
inatory and positively correlated to the treatments (Figure S5; Table 1). The decrease in
Trp could also be linked to the accumulation of tryptamine derivatives which participate
in plant protection. In previous studies, tryptamine and derivatives accumulated in the
member of the grass family (Poaceae species) following the application of compounds,
such JA as and fungal pathogens [59,60]. The reliance of both the constitutive and inducible
defence mechanisms on the Trp pathway was previously demonstrated [60].

Commenting on energy, functional analogues of SA are used to activate induced resis-
tance; however, this process consumes a lot of energy and interferes with other metabolic
functions. Therefore, balancing the trade-off between defence and growth may be key to
a plant’s success [20]. Alterations in the production of organic acids, crucial contributors
to energy production, were noted, and the TCA cycle was one of the most significant
pathways observed, especially in the 2,6-DCP-4-CA treatment. There was a positive cor-
relation between malic acid with 2,6-DCP-4-CA and 3,5-DCSA treatments at 36 and 12 h,
respectively. Citric and isocitric acid were consistently found as discriminative metabolites
and negatively correlated to all treatments at 24 h. In Pastor et al., 2014, [51], the TCA cycle
was activated and potentiated in 3-aminobutyric acid (BABA)-primed Arabidopsis plants.
Organic acids are essential to all plant species as they constitute good storage for carbon,
perform a role in CO; fixation and stomatal conductance, help plants deal with excess
cations, and are reversibly implicated in the biosynthesis of amino acids and other com-
pounds [61,62]. Specifically, citrate is produced in the TCA cycle from the condensation of
oxaloacetate, the end product of a previous turn of the cycle, and acetyl-CoA and provides
a bridge between carbohydrate and fatty acid metabolism.

The majority of fatty acid derivatives were positively correlated to the treatments
at 12 and 36 h. These compounds are alternative sources of energy for plant growth
and development. Of special interest and part of discriminant metabolites are the JA
derivatives, such as 12-hydroxy-JA sulphate, only found in the 3,5-DCAA treatment, and
dihydro-JA found in both 2,6-DCP-4-CA and 3,5-DCSA treatments. Moreover, a conjugate
of OPDA, the precursor of JA, was also increased due to the 2,6-DCPCA and 3,5-DCSA
treatments. Jasmonates are by-products of the classical octadecanoid oxylipin pathway
deriving from alpha-linolenic acid metabolism, identified here as a significant metabolic
pathway [63,64]. Recent studies have elaborated on the direct and active roles of fatty acids
and their breakdown products on various defence mechanisms [65]. They are involved in
the regulation of plants’ basal, effector-triggered, and systemic immunity, and perform an
important role in NADPH oxidase activation which result in the biosynthesis of reactive
oxygen species (ROS). In addition to regulating plant growth and development, JA is
crucial in the resistance against both biotic and abiotic stresses. It acts as a mobile signal for
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SAR and is translocated via vasculature [66]. Despite being clearly characterised by the
molecules they synthesise, JA, SA, and ET signalling pathways interact both cooperatively
and antagonistically in a range of responses [13,66]. While the first reports elaborated
on the inhibitory effect of SA on JA actions in tomatoes, positive crosstalk between the
two phytohormones has also been highlighted in a number of systems [67,68]. These
hormones were not annotated in the study; however, as mentioned above, precursors of JA
and JA derivatives were annotated, suggesting the activation of this pathway and a state of
alertness (primed state).

Phenolic acids and conjugated derivatives are end products in the phenylpropanoid
pathway. The activation of the phenylpropanoid pathway is associated with enhanced
resistance to stresses. The chlorogenic acid, 4-O-p-coumaroylquinic acid, was found up-
regulated in 3,5-DCAA treated plants at 36 h. Sinapic acid hexose accumulated in all
treated plants at 12 and 36 h. Pastor et al. [51] hypothesised that phenolics and sinapates
are compounds produced in primed plants that support the biosynthesis of metabolites
functioning in cell wall reinforcement. Coumaroylagmatine, a well-known precursor of hor-
datine A and B, was positively correlated to all treatments at 24 and 36 h. Feruloyagmatine
and sinapolyagmatine, on the other hand, were only found to be positively correlated to
2,6-DCP-4-CA at 24 h and 3,5-DCAA at 36 h, respectively. Increased production of HCAAs
was reported in maize after insect herbivory attack [69,70]. In a study by [58], the HCAA
coumaroylputrescine accumulated in barley leaves treated with JA. Here, the positive corre-
lation of the compound to the 2,6-DCP-4-CA treatment at 24 h was also observed. Similarly,
to the precursors, hordatine A, B, and C production, was increased mostly at 24 h in both
3,5-DCAA and 3,5-DCSA (Figure S5; Table 1, and hordatine B at 36 h in the case of the
2,6-DCP-4-CA treatment (Table 1). The synchronised increase in the relative content of both
hordatines and precursors highlights the role of both the phenylpropanoid- and polyamine
pathways in plant immunity. The role of these barley-specific metabolites in antimicrobial
defences was previously highlighted [37,38], and the increase in their production can be
related to the preconditioning of the plants. From the time point at which the increase in
the production of hordatines and precursors occurred, it might be speculated that in the
‘Hessekwa’ cultivar it takes at least 24 h to induce a positive correlation to the treatment.
In terms of specific markers for each treatment in this class of metabolites, a derivative
of p-coumaric acid, 4-O-p-coumaroylquinic acid, and p-coumaroylputrescine were only
found up-regulated by 3,5-DCSA, 3,5-DCAA, and 2,6-DCP-4-CA, respectively. It might be
suggested that each treatment uses different molecules to perform similar functions.

Flavonoids are structurally related compounds performing crucial roles in biotic and
abiotic stresses [71], and in transcriptional and growth regulation [72]. The glycosylated
derivatives of luteolin and apigenin (lutonarin and saponarin, respectively) are the most
dominant flavonoids in barley and were annotated as discriminant metabolites in all
treatments at almost all time points. While lutonarin was always up-regulated, saponarin
levels increased only at 12 and 24 h in samples from 3,5-DCSA treated plants and at
24 h with 3,5-DCAA treatment. Both compounds are good antioxidants [73] and are
proposed as protectants against UV-B radiation [74]. The aglycones have very similar
chemical structures and do not differ meaningfully in their antibacterial activity. Likewise,
the presence and location of the sugar group(s) in the flavone glucosides do not have a
significant effect on the antibacterial activity [75]. Isovitexin 2'-O-glucose was up-regulated
only at 24 h and down-regulated at 12 and 36 h, while 6-prenylnaringenin followed the
opposite pattern. Here, the diurnal and nocturnal responses might influence the pattern of
accumulation since some mechanisms are activated in the presence of light and others in
the absence.

Several studies have demonstrated that induction of plant immune and defence re-
sponses can be associated with enhanced expression of the phenylalanine ammonia-lyase
(PAL) gene(s). PAL is the first enzyme in the phenylpropanoid pathway and is responsible
for the production of phenolic compounds, such as phenolic acids and derivatives, and
flavonoids. The fluctuation of these compounds in the plants is evidence of the plants’
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reaction to the treatments. Despite the fact that SA is the only specific phenolic molecule
that is extensively used as a biochemical marker for SAR, the implication of phenolics in
the identification of plant damage and plant signalling during the development of SAR is
acknowledged. In wheat, DCPCA significantly increased the phenolic content [42]. In fact,
the first artificial substances that were demonstrated to activate SAR were 2,6-DCINA acid
and its methyl ester [19,76,77]. In tobacco, 2,6-DCINA and 3,5-DCSA were reported to be
efficient at enhancing PR1 protein expression and resistance against the tobacco mosaic
virus (TMV) [34,77]. Compared to SA, the dichlorinated 3,5-DCSA was found to be more
active at inducing resistance against TMV [32]. 3,5-DCAA has been established as an
inducer of transient and rapid resistance to pathogens in Arabidopsis by simultaneously
engaging two different branches of the plant defence signalling network: NPR1-dependent
and NPR1-independent responses [28]. The interaction of 3,5-DCAA with defence sig-
nalling pathways takes place either downstream or independently of SA perception and
accumulation. Here, in the absence of SA-related metabolites as discriminant biomarkers,
it might be speculated that these treatments in barley, or at least in the ‘Hessekwa’ cultivar,
are not SA-dependent. In priming, multiple layers of induced defence mechanisms can
be involved. Enhanced responses developed upon treatment with these inducers were
mostly observable through the activation of the TCA cycle, phenylpropanoid pathway, and
alpha-linolenic acid metabolism, converting the metabolome of the naive plants to a primed
state. This was attained by the fluctuation of common and specific protective metabolites,
such as the accumulation of JA conjugates. Due to the nature of untargeted metabolomics,
it is difficult to distinguish between “priming agents” and ‘primed compounds’ [51], but
the annotated metabolites and the identified metabolic pathways were supportive of a
defensive role and its link to priming. The investigation of molecular and biochemical
mechanisms in priming events is still ongoing [78], and this study is a contribution in
that regard.

5. Conclusions

Timeous activation of defence mechanisms has proven to be of great importance
for the plant’s survival under environmental stressors. In this context, the fluctuation of
several metabolites was observed on the shoot tissue of the barley cultivar ‘Hessekwa’
using xenobiotic dichlorinated substitutes of salicylic acid, anthranilic acid, and isonico-
tinic acid (3,5-DCSA, 3,5-DCAA, and 2,6-DCP-4-CA /2,6-DCINA). It is known that even
a subtle change in the substitution site of a compound can significantly affect the physic-
ochemical properties thereof and, ultimately, the biological activity; this was reiterated
in this study. 3,5-DCAA, 2,6-DCP-4-CA, and 3,5-DCSA were proposed as chemicals with
either induced /acquired resistance or priming activity. There is a relationship between
the two concepts, and while there is considerable overlap between the phenotypes of the
SAR and ISR states, the underlying triggers and mechanisms of action differ. With priming
inducers, it has recently become apparent that defence priming should be regarded as an
adaptive part of induced resistance and that specific defence mechanisms also depend
strongly on the primed state. The question has been raised whether metabolism (and thus
also metabolites, i.e., the ‘primed compounds’) can store and process information regarding
induced/imprinted /primed responses to changing environments.

Applying untargeted metabolomics approaches, specific and, interestingly, shared
mechanisms were highlighted; notably the activation of the phenylpropanoid pathway,
the TCA cycle, and the alpha-linolenic acid metabolism by all three inducers. With regard
to metabolites annotated in the study, it is important to note that in some cases, they
were either conjugated compounds, substrates, or precursors in the biosynthesis of the
main components in plant immunity. For example, no signalling molecules (SA, JA, and
ET) were present as discriminant metabolites. Instead, JA derivatives and oxylipins, key
components in the phytohormone biosynthesis, were found to be discriminative and were
mostly up-regulated in treated samples conditions. The presence of related compounds
but not the main actors themselves can be perceived as the plant’s readiness to quickly
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produce more specific defence-related metabolites in response to environmental stress
(e.g., pathogen attacks). It was then suggested that plants use metabolic imprints (i.e., the
metabolic changes that last beyond recovery from stress events) and priming (e.g., the
imprints that function to prepare for upcoming stresses) to integrate diverse environmental
stress histories. The lack of SA accumulation in this study led to the speculation that the
mechanism of priming by dichlorinated xenobiotics (at least in the ‘Hessekwa’ cultivar of
barley) does not rely on SA and derivatives but rather on JA and derivatives. Hordatines
(known phytoanticipins/phytoalexins in barley), their hexosylated conjugates and precur-
sor molecules were also found as important discriminant markers of inducer treatment
with a time-lapse of 24 h required to enhance the biosynthesis. In addition, the flavonoid
profile was also altered and specific markers were apigenin 6-C-arabinoside 8-C-glucoside,
isoscoparin 7-O-[6"-sinapoyl]-glucoside, and isovitexin 2”-O-glucoside, associated with the
3,5-DCAA-, 2,6-DCP-4-CA-, and 3,5-DCSA-treatments, respectively. Although examples of
flavanones and flavonols were amongst the discriminant metabolites, the large number
of flavones (as glycosidic derivatives of apigenin and luteolin) were especially prevalent.
The increase in the production of tryptamine derivatives, precursors in the biosynthesis of
various indole alkaloids, pointed to their participation in defence-related mechanisms and
their contribution to the preconditioned state.

Metabolomics approaches, combined with chemometric analysis, have proven to be
valuable tools in revealing the metabolic perturbation and reprogramming resulting from
the above-mentioned treatments. Chemometrics tools allowed the exploration of large
datasets and also to discriminate among the different conditions. All three dichlorinated
xenobiotic priming inducers were good candidates in perturbing plant metabolic pathways
associated with metabolites involved in defence. Although presenting specific markers, the
mechanisms of action seem to be similar. Regardless of nuanced differences, their effects
appear to work toward the same goal of establishing an enhanced defensive environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo13050666/s1, Figure S1. Ultra-high performance liquid chromatography—mass spec-
trometry (UHPLC-MS) base peak intensity (BPI) chromatograms (negative ionisation) of shoot
extracts from the ‘Hessekwa’ cultivar treated with DCAA, DCPCA, and DCSA for 12, 24, and 36 h.
(Comparison of time-dependent changes). Figure S2. Ultra-high performance liquid chromatography—
mass spectrometry (UHPLC-MS) base peak intensity (BPI) chromatograms (positive ionisation) of
shoot extracts from the ‘Hessekwa’ cultivar treated with DCAA, DCPCA, and DCSA for 12, 24,
and 36 h. (Comparison of time-dependent changes). Figure S3. Ultra-high performance liquid
chromatography—mass— spectrometry (UHPLC-MS) base peak intensity (BPI) chromatograms (neg-
ative ionisation) of shoot extracts from the “‘Hessekwa’ cultivar treated with DCAA, DCPCA, and
DCSA and harvested after 12 h, 24 h, and 36 h. (Comparison according to inducer). Figure S4.
Principal component analysis (PCA) score plot models of ESI (+) data from shoot extracts of the
"Hessekwa’ cultivar of Hordeum vulgare. Figure S5. Relative quantification (based on average peak
area values) of selected primed/induced metabolites at 24 h. Hordatine A, B, and C; flavones lu-
tonarin, saponarin, and alkaloids hydroxytryptamine and coumaroyltryptamine. Table S1. Metabolic
pathways generated from Metabolomics Pathway Analysis (MetPA) in MetaboAnalyst 5.0 involve
selected annotated metabolites. Blue: 3,5-DCAA; Green: 2,6-DCP-4-CA, and Orange: 3,5-DCSA.
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Abstract: 3-cyclocitral (3CC) is one of the significant oxidative products of -carotene. It primes
plants for multiple stress acclimation without compromising plant growth. Metabolic reorganiza-
tion is necessary to maintain a balance between growth and defense. However, the BCC-mediated
changes in a plant’s metabolic network are unknown. Here, we demonstrate how BCC-induced
metabolic changes enable Solanum lycopersicum L. (tomato) plants to promote defense and main-
tain growth under stress. An analysis of early (0-240 min) and late (72 h) changes in the tomato
metabolome after CC-treatment using liquid chromatography and tandem mass spectrometry
identified 57 compounds. A principal coordinate analysis suggested that CC treatment significantly
changes the metabolite profile. A variable importance in projection (VIP) analysis revealed 16 and
19 discriminant metabolites from early and late samples, respectively (VIP > 1.0). Upregulated
metabolites were mainly amino acids and phytophenols. Pathway enrichment analysis showed
that BCC treatment influenced amino acid metabolism at early and later times; however, phenyl-
propanoid and isoquinoline biosynthesis were influenced only at the later time. A 66.6% similarity in
the upregulated metabolites of CC- and simulated-herbivory-treated plants confirmed BCC’s role
against herbivores. We conclude that BCC steers a temporal separation in amino acids and defense
metabolite accumulation that optimizes resource allocation to growth and defense.

Keywords: apocarotenoids; herbivory; liquid chromatography-mass spectrometry; metabolomics;
stress signaling

1. Introduction

Environmental stresses are deleterious for the survival of plants. Solanum lycopersicum
L. (tomato), one of the major food crops in the family Solanaceae, is also challenged by mul-
tiple environmental stresses, namely fungal pathogens, herbivores, cold, drought, etc. [1,2].
To counteract environmental challenges, plants optimize their defense strategies via stress
sensing, signaling, and reorganizing their metabolic profile under the environmental stim-
uli. The chloroplast plays a central role in plant defense signaling as it harbors biosynthetic
pathways of significant defense metabolites; chloroplast-associated carotenoids are crucial
for protecting the photosynthetic apparatus from photo-oxidative damage [3] because the
presence of a C40 polyene backbone makes carotenoids susceptible to oxidative cleav-
age. Cleavage of carotenoids occurs enzymatically by carotenoid cleavage dioxygenase
or non-enzymatically by reactive oxygen species (ROS). The oxidative carbonyl products
of carotenoids are known as apocarotenoids [4,5]. Apocarotenoids are well known as
the precursors of abscisic acid, a phytohormone involved in abiotic stress responses [6].
In recent years, the identification of novel apocarotenoids has established their role in
stress signaling [5,7]. Previous studies showed that singlet oxygen (1O,)-mediated cleav-
age of [3-carotene produces many apocarotenoids, where (3-cyclocitral (3CC) is the major
apocarotenoid [8].

Interestingly, drought, photooxidative stress, and herbivory increase the level of
BCC [9-12]. Studies have shown that exogenous application of BCC can induce 10,-
responsive genes, marker genes for photo-oxidative stress [8]. Recently, we found that FCC
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treatment triggers the accumulation of transcripts related to both abiotic and biotic stresses.
Our study also revealed that exogenous application of FCC primes plants against drought
and develops resistance against herbivory [11,13]. These results suggest that 3CC causes
functional changes in addition to trancriptomic changes. On the other hand, CC treatment
enhances the growth of primary roots and the branching of lateral roots [11]. As defenses
are costly, a trade-off between growth and defense is often evident in stress-exposed
plants. However, BCC treatment enhances both plant growth and defense. Metabolites
can influence plant growth, the branching pattern of roots and shoots, the size, shape, and
position of leaves, etc. [14-16]. Therefore, metabolic reorganization is a prerequisite to
maintaining a balance between growth and defense. However, BCC-mediated changes in
the plant metabolome are yet to be revealed.

In the ‘omics’ field, metabolomics identifies large-scale changes in the plant
metabolome. It is highly challenging, as plant metabolites possess different physical
and chemical properties and vary significantly in their concentrations [17]. Metabolomics
can be investigated using two main approaches: targeted and untargeted [18,19]. Initially,
chromatographic techniques, such as liquid chromatography (LC) and gas chromatography
(GC), separate the metabolites, and mass spectroscopy (MS) investigates the quantitative
changes in the plant metabolome [20]. The use of nuclear magnetic resonance (NMR)
spectroscopy is also evident in metabolomics analysis [21]; however, as the sensitivity of
MS is high, it is preferred over NMR spectroscopy for analyzing plant metabolites [22]. The
tomato has been considered a model fruit. Its metabolomic profiles have been studied to
discriminate different varieties, determine geographical origin, examine fruit development
and ripening, and investigate seasonal changes [23]. A comparative metabolomics study of
Ralstonia solanacearum-infected tomato leaves, stems, and roots revealed the metabolic
changes after being infected with R. solanacearum [24]. This study identified the metabolites
providing plant defense against R. solanacearum [24]. However, a comparative metabolomics
study of tomato plants after apocarotenoid treatment has yet to be executed.

In light of the reported results and previous findings, we hypothesized that CC
treatment reorganizes plants’ metabolic networks to enhance plant growth and defense.
Therefore, in the current study, we aimed to reveal how exogenous application of CC
changes the metabolic signature of the tomato plants that enables them to maintain growth
under stress using an LC-MS-based approach.

2. Materials and Methods
2.1. Plant Material, Growth Conditions, and Treatments

Seeds of tomato (var. Pusa Ruby) were germinated on cocopeat. 15-day-old seedlings
were transferred in pots (9 cm X 9 cm) that contained soil, cocopeat, and vermiculite (5:4:1)
and raised for five weeks. These plants were treated with 1 mL of pure BCC (treatment),
or water (control) kept in a watch glass in a transparent, closed glass container [11,25].
Tissues were harvested in liquid nitrogen 0, 30, 60, 90, 180, 240 min, and 72 h after treatment.
Insect herbivory was simulated in tomato plants by wounding the tomato leaves with
a fabric pattern wheel parallel to the mid-vein and applying 20 uL of oral secretion of
Spodoptera litura larvae diluted with sterile water (1:1) to the wound [26]. Tissues were
harvested in liquid nitrogen 72 h after treatment. All harvested tissues were stored at
—80°C until further use.

2.2. Extraction of Metabolites and Data Acquisition in LC-QTOF-MS/MS

Leaf samples of tomato plants were pulverized in liquid nitrogen. An amount of
200 mg of tissue was extracted with 1 mL methanol spiked with the internal standard
formononetin (10 ug ml~1) by vortexing continuously for 15 min. Further, the extracts were
centrifuged at 15,000 x g at 4 °C for 20 min. The collected supernatant was filtered and
subjected to LC-QTOF-MS/MS (Agilent Technologies, Stuttgart, Germany) for analysis.

The extracts were separated on an XDB-C18 column (150 mm x 4.6 mm x 5 pm;
Agilent Zorbax-Eclipse) using 0.1% (v/v) formic acid (solvent A) and acetonitrile with
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0.1% formic acid (solvent B) as mobile phases. Compounds were eluted with a solvent
gradient profile consisting of 95% A for 1 min followed by a gradient that reached 95% B
by 15 min, returned 95% A by 17.5 min, and continued until 20 min. The injection volume
was adjusted to 10 pL. The eluted compounds were detected using the centroid mode for
both negative and positive ionization modes. The pump limit was 1 min; the draw speed
and eject speed were set to 200 uL. min~! and 400 uL min~!, respectively. The maximum
pressure limit in the column was 800 bar, and the retention time exclusion tolerance was set

to (£) 0.2 min. The ion source (dual ESI) was adjusted with a limit of 2 precursors min~ 1.

2.3. LC-QTOF-MS/MS Data Analysis

Initially, a personal compound database library (PCDL) was prepared by accessing
different databases and libraries for the metabolites from Solanaceae plants. The PCDL
library and the Mass Hunter Qualitative Analysis BO.07.00 tool (Agilent Technologies) were
used to analyze the spectra of the metabolites. The MS/MS data were procured from four
replicate samples to assess the biological variations in the control, fCC-, and simulated-
herbivory-treated samples. Compounds with an abundance greater than 10,000 counts
and a score of more than 75 were considered for further analysis. These compounds were
identified with a mass threshold of 7 ppm and a peak distance threshold of 10 ppm in
MS/MS mode using the ‘find by formula’ function in the Mass Hunter software. The
molecular ion and daughter ions in MS and MS/MS modes were compared with the
reference or predicted spectra available at the Human Metabolome Database (HMDB),
MassBank, and Pubchem.

2.4. Statistical Analysis

Principal coordinate analysis (PCoA) of metabolomics data was performed in PAST
3 [27]. A heatmap was prepared with the web tool ClustVis (https:/ /biit.cs.ut.ee/clustvis/;
accessed on 1 December 2022). Metaboanalyst 5.0 (https://www.metaboanalyst.ca/;
accessed on 1 December 2022) was used for orthogonal partial least square discriminant
analysis (OPLS-DA), variable importance in projection (VIP), fold-change analysis, and
pathway analysis. Venn diagrams were created using Venny 2.1 (https:/ /bioinfogp.cnb.
csic.es/tools/venny/; accessed on 1 December 2022) [28]. Normalized peak areas were
analyzed by one-way ANOVA followed by Fisher’s least significant difference (LSD) post
hoc test. The significance was determined at p < 0.05.

3. Results
3.1. Application of BCC Altered the Metabolite Profile of Tomato Plants

Previous reports showed that exogenous BCC could improve plants” tolerance to
different stresses but did not reduce plant growth [9,11]. Therefore, to investigate how
BFCC improves plants’ tolerance without compromising plant growth, we analyzed the
metabolome of tomato plants after BCC treatment and compared it with control plants.
Samples were collected at 0, 30, 60, 90, 180, and 240 min after FCC treatment to assess
FCC-mediated early changes in the metabolome (Figure S1). Similarly, to track the pCC-
induced late metabolic changes, samples were collected at 72 h after CC treatment (Figure
S1). A total of 57 compounds were identified from positive and negative modes across all
the time points. Compounds were identified based on the daughter ion spectra at three
energy levels 10 eV, 20 eV, and 40 eV (Table S1). Among the identified compounds, 45
and 31 were accumulated at early (0-240 min) and late (72 h) time points, respectively.
A heatmap created with the identified compounds showed that the metabolic profiles of
FCC-treated samples differed from that of the control (Figure 1a). Principal coordinate
analysis (PCoA) showed a total variability of 70.35%, where the maximum variation was
captured in coordinates 1 (44.67%) and 2 (25.68%). Interestingly, CC-treated samples from
0-240 min were grouped separately from the control samples from the same time points
(0-240 min). However, the control and fCC-treated samples from 72 h were grouped in
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the same coordinate in the PCoA plot (Figure 1b). This suggests that 3CC-mediated early
changes in the metabolite profile were more prominent than later changes.
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Figure 1. Variation in the metabolites after CC treatment across different time points. (a) The metabo-
lites showed variation in their accumulation pattern across different time points after being treated with
BCC. The color scheme at the top-right corner codes for the z-scores (—3 to +3) calculated over binary
coordinates of the samples. The average linkage clustering computed between the samples is based on
the Manhattan distance and depicted at the top of the heatmap. (b) The principal coordinate analysis
(PCoA) was performed with the identified metabolites using the Jaccard coefficient and transformation
exponent value 2. It showed that the maximum percentage of the variation was captured in coordinates
1 and 2. The values in parentheses show the percentages of the variation.
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Orthogonal T score [1] (12.7%)

3.2. Regulation of Metabolites in Early Time Points after BCC Treatment

The PCoA plot indicated a pronounced effect of BCC on metabolite accumulation
within 0-240 min after the treatment. To find out the discriminant metabolites that were
responsible for separating the control and 3CC-treated samples, the peak area of 45 identi-
fied compounds from 0-240 min time scale were normalized with the internal standard
and analyzed for an orthogonal partial least square discriminant analysis (OPLS-DA) and
variable importance in projection (VIP) analysis. OPLS-DA showed that the control and
PCC-treated samples were well separated in the score plot (Figure 2a). The data confirmed
that the metabolic blend of the control and BCC-treated samples were different. VIP
analysis determined the relative contribution of the metabolites to the variation between
the control and BCC-treated samples. The analysis identified a total of 16 discriminant
compounds (VIP score > 1.0) (Figure 2b).
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Figure 2. BCC-induced early metabolic changes and discriminant metabolites. To examine the
differences in the metabolic profile in tomato plants early after CC treatment, orthogonal partial
least square discriminant analysis (OPLS-DA) and variable importance in projection (VIP) analysis
were performed with the normalized peak area of the metabolites identified from 0-240 min after
BCC treatment and in control plants. (a) An OPLS-DA plot showed the control group clustered to
the left region and the BCC-treated group clustered to the right area in the OPLS-DA score plot.
The shaded ellipses represent the confidence interval of 95% from OPLS-DA models. (b) A variable
importance in projection (VIP) plot showed that the metabolites responsible for the significant
separation observed between the two sample groups were indicated by a VIP score > 1.0. An increase
in VIP score indicates a high contribution of the metabolites to the group separation. The red and
blue boxes on the right indicate whether the metabolite concentration was high (red) or low (blue) in
the BCC-treated plants compared to control plants.

Further, the fold-change analysis revealed that, out of 16 discriminant compounds, 11
were upregulated (logo FC > 2), and four were downregulated (log, FC < —2.0) (Figure S2).
Though the logy FC value of one of the discriminant metabolites (aspartate) was 1.8, its VIP
score was 1.01; therefore, it had the most negligible influence in separating the control and
FCC-treated sample groups. The normalized peak area of the discriminant metabolites
from all the time points was further analyzed by one-way ANOVA and Fisher’s LSD
post hoc test. Significantly different metabolites were determined at p < 0.05 (Table 52)
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and visualized by mapping their regulation in the network of metabolic pathways for
each time point (Figure 3a). The analysis showed that the upregulated metabolites were
mainly amino acids and their derivatives (i.e., tryptophan, leucine, aspartate, glutamate,
homoserine, and o-acetylserine), followed by phytophenols (i.e., shikimate, rutin, and
coumaric acid), carbohydrates and their derivatives (i.e., UDP-glucose and galactose),
and carboxylic acid (i.e., salicylic acid). Cinnamic acid, linoleic acid, nicotinic acid, and
sucrose were significantly downregulated metabolites. Most of the compounds were upreg-
ulated, so a pathway enrichment analysis was performed with the upregulated compounds.
It revealed that the pathways related to (1) aminoacyl-tRNA biosynthesis (p = 0.0001),
(2) glycine, serine, and threonine metabolism (p = 0.001), (3) lysine biosynthesis (p = 0.0010),
(4) cysteine and methionine metabolism (p = 0.0028), (5) arginine biosynthesis (p = 0.0059)
(6) phenylalanine, tyrosine, and tryptophan biosynthesis (p = 0.0088), (7) alanine, aspartate,
and glutamate metabolism (p = 0.0088) (8) galactose metabolism (p = 0.0131), and (9) in-
dole alkaloid biosynthesis (p = 0.0267) were significantly influenced (hypergeometric test;
p < 0.05) by BCC application (Figure 3b). The above data suggest that BCC treatment
mainly boosted plants” amino acid metabolism within a few hours of treatment.

3.3. Regulation of Metabolites at a Late Time Point after BCC Treatment

Generally, in plants, accumulation of defense metabolites takes place 3—4 days after
exposure to stress [29]. Surprisingly, the PCoA plot indicated that the metabolic blend of
BCC-treated samples from 72 h was less different than that of the control samples. This
result suggests that quantitative changes were more critical than qualitative changes in
later times. The Venn diagram constructed with the metabolites detected 72 h after BCC
treatment showed that, among 31 identified compounds, 19 were commonly present (63%)
in control and BCC-treated plants, and only eight compounds (25%) were detected explic-
itly after CC treatment (Figure 4a). However, the OPLS-DA (Figure 4b) and fold-change
analysis (Figure S3) showed that, though the metabolite profile of control and BCC-treated
plants were qualitatively similar, they were quantitatively different. Further, we identified
the discriminant metabolites from 3CC-treated samples after 72 h of treatment by VIP
analysis. This revealed 19 discriminant compounds, of which 15 compounds (78%) were
significantly upregulated (1og2FC > 2.0), and four compounds (21%) were significantly
downregulated (log2FC < —2.0). The upregulated compounds included mainly phytophe-
nols (i.e., isoferulic acid, ferulic acid, coumaric acid, and quinic acid), followed by amino
acids (i.e., homoserine, threonine, valine, tyramine, and aspartate), carbohydrates and
their derivatives (i.e., galactose, glucose, and mannose), organic acids (i.e., citric acid and
fumaric acid), and steroidal alkaloids (i.e., x-tomatine) (Figure 4c). Significantly downreg-
ulated metabolites were serine, solasodine, solasonin, and linoleic acid (Figure 4c). The
pathway enrichment analysis of the upregulated discriminant compounds revealed their
involvement in (1) glycine, serine, and threonine metabolism (p = 0.0014), (2) lysine biosyn-
thesis (p = 0.0017), (3) aminoacyl-tRNA biosynthesis (p = 0.0038), (4) tyrosine metabolism
(p = 0.0056), (5) arginine biosynthesis (p = 0.0071), (6) citrate cycle (p = 0.0088), (7) va-
line, leucine and isoleucine biosynthesis (p = 0.0106), (8) alanine, aspartate and glutamate
metabolism (p = 0.0106), (9) cysteine and methionine metabolism (p = 0.0433), (10) phenyl-
propanoid biosynthesis (p = 0.0433), and (11) isoquinoline alkaloid biosynthesis (p = 0.0437)
(hypergeometric test; p < 0.05) (Figure 4d). The data suggest that CC treatment en-
hanced the pathways related to plant defense at later time points, keeping the amino acid
biosynthesis and metabolism boosted.
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Figure 3. Mapping the relative expression of discriminant metabolites early after CC treatment and
their influence on metabolic pathways. The normalized peak area of the discriminant metabolites
from control and BCC-treated samples of different time points (0, 30, 60, 90, 180, and 240 min)
were subjected to one-way ANOVA; the significance was determined by Fisher’s LSD at p = 0.05.
(a) Significantly up- and down-regulated metabolites from different time points are mapped on
the pathways modified from the KEGG database. (b) Pathway analysis using the upregulated
discriminant metabolites shows altered pathways after BCC treatment (left panel). The x-axis depicts
pathway impact values obtained from the pathway topology analysis, and the y-axis depicts the -log
of the p values obtained from the pathway enrichment analysis (p < 0.05). Circular nodes represent
the metabolic pathways. The size of the circular nodes positively corresponds with the impact of the
proposed pathway based on the pathway topology. The node color, from yellow to orange, shows
different levels of significance based on pathway enrichment analysis (yellow—-low; orange-high). The
most significantly altered pathways are characterized by both a high —log(p) value and a high impact
value. Nine pathways were significantly altered after BCC treatment (right panel). Metabolites in
black font were identified in the study, but greys were not. Grey boxes indicate no significant changes
in the metabolite accumulation at p< 0.05.
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Figure 4. fCC-induced late metabolic changes, discriminant metabolites, and their influence on
metabolic pathways. (a) A Venn diagram created with the identified metabolites from control
and BCC-treated samples showed many metabolites regulated commonly and specifically in them.
(b) OPLS-DA plot showed distinct clusters of the control group to the left region and the BCC-
treated group to the right region of the plot. The shaded ellipses represent the confidence interval
of 95% from OPLS-DA models. (c) A variable importance in projection (VIP) plot showed that the
metabolites responsible for the significant separation observed between these two sample groups
were indicated by a VIP score > 1.0. An increase in VIP score indicates a high contribution of the
metabolites to the group separation. The red and blue boxes on the right indicate whether the
metabolite concentration was high (red) or low (blue) in the BCC-treated plants compared to control
plants. (d) Pathway analysis using the upregulated discriminant metabolites shows altered pathways
after BCC treatment (upper panel). The x-axis depicts pathway impact values obtained from the
pathway topology analysis, and the y-axis depicts the —log of the p values obtained from the pathway
enrichment analysis (p < 0.05). Circular nodes represent the metabolic pathways. The size of the
circular nodes positively corresponds with the impact of the proposed pathway based on the pathway
topology. The node color, from yellow to orange, shows different levels of significance based on
pathway enrichment analysis (yellow-low; orange—high). The most significantly altered pathways
were characterized by both a high —log(p) value and a high impact value. A total of 11 pathways
were significantly altered after CC treatment (lower panel).
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3.4. BCC Treatment Induces a Similar Metabolic Response as Simulated Herbivory

Previously, we found that BCC treatment was also able to enhance resistance against a
generalist herbivore, Spodoptera littoralis, in Arabidopsis thaliana [13]. To investigate if the
discriminant metabolites are also influenced after insect herbivory, we compared the levels
of BCC-induced metabolites with simulated-herbivory-treated and control plants after 72 h
of treatment. Interestingly, out of the 15 discriminant compounds from BCC-treated plants,
ten compounds (66.6%) were significantly upregulated after simulated herbivory compared
to the control (Figure 5). The upregulated compounds included ferulic acid, isoferulic acid,
coumaric acid, a-tomatine, tyramine, aspartate, citric acid, galactose, glucose, and mannose
(Figure 5). In addition, PCC-treated samples accumulated significantly more amounts of
quinic acid, threonine, valine, homoserine, and fumaric acid (One-way ANOVA; Fisher’s
LSD; p < 0.05) (Figure 5). The data suggest that CC treatment can induce a similar blend
of compounds that are upregulated after insect herbivory with a few more amino acids and

phytophenol.
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Figure 5. Comparative levels of metabolites after BCC treatment and simulated herbivory. The
normalized peak area of the upregulated discriminant metabolites identified after 72 h of BCC
treatment was compared with that of control and simulated-herbivory-treated (W+OS) plants. The
accumulation of phytophenols, (a) ferulic acid (F,9 = 7.975; ppcc = 0.006, pw..os = 0.008), (b) isoferulic
acid (Fz/g =9.012; ppcc = 00036, PW+0Ss = 00078), (C) coumaric acid (Fz/g = 5554, ppcc = 0014, PW+0s
=0.081), and (d) x-tomatine (Fp9 = 37.185; pgcc and w+0s < 0.001) were significantly more in BCC-
and simulated herbivory-treated plants, but (e) quinic acid (Fp9 = 8.672; pgcc = 0.0057, pw.0s = NA)
was upregulated only after CC treatment. Similarly, the levels of amino acids, (f) tyramine was also
upregulated in CC- and simulated-herbivory-treated plants (F; 9 = 4.368; pgcc = 0.034, pw.0s = 0.027);
however, levels of (g) aspartate (Fp9 = 4.082; pgcc = 0.022, pw.0s = 0.069), (h) threonine (F, 9 = 28.458;
ppcc = 0.0002, pw.os = 0.364), (i) valine (F»9 = 10.038; pgcc = 0.005, pw+os = 0.599), and (j) homoserine
(Fo,9 =35.912; pgcc < 0.001, pw.os = 0.341) were upregulated only after 3CC treatment. Accumulation of
carbohydrates and their derivatives, (k) glucose (F2,9 = 137.907; pgcc and w=+0s < 0.001), (1) galactose (Fp
=33.337; ppcC and w+0s < 0.001), and (m) mannose (Fp9 = 260.128; pacc = 0.014, pgcc and w+os < 0.001)
were also upregulated after both BCC treatment and simulated herbivory; however, accumulation of
organic acids (n) citric acid (Fy9 = 1.980; pgcc = 0.077, pw.0s = 0.356), and (o) fumaric acid (F,,9 = 40.004;
ppcc = 0.005, pwios = 0.0006) was only increased after CC treatment. The mean normalized peak
area (=SE) was analyzed from four replicate plants by one-way ANOVA and Fisher’s LSD post hoc test.
Different letters indicate significant differences at p < 0.05.
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4. Discussion

Plant growth and productivity are severely affected by environmental stress. However,
plants adapt to this unfavorable condition by optimizing their defense strategies. Therefore,
the machinery of stress perception, signal transduction, and, ultimately, production of
defense responses have been extensively studied. The plant hormones jasmonic acid [30],
abscisic acid [31], ethylene [32], and salicylic acid [33], are known as stress signaling
molecules; however, the growth hormones auxin, gibberellins, and strigolactones also
participate as signaling molecules in plant-environment interactions [34]. In recent years
researchers have uncovered apocarotenoids as potential signaling molecules. Studies have
shown that BCC, the oxidative product of 3-carotene, is a significant apocarotenoid that can
induce 'O,-responsive genes, essential for photooxidative stress in Arabidopsis thaliana [8].
We found that the exogenous application of BCC reprograms the transcriptome of tomato
plants [25] by triggering multiple stress-responsive genes, essential to counteract both
abiotic and biotic stresses. We also found that CC can prime tomato plants against drought
and induce resistance against insect herbivores in A. thaliana plants [11,13]. However, fCC
treatment does not negatively affect plant growth but enhances root growth and lateral
branching [10,11]. Generally, plants compromise their photosynthetic ability under stress,
and, at the same time, they invest in defense; this reduces the carbon flux towards growth
and causes a growth—defense trade-off [35]. Previous studies on tomato metabolomics
have revealed that the leaf, stem, and root metabolome present different signatures upon
infestation. In addition, metabolomic markers can be used to monitor or predict the
performance of plants and their response to environmental stresses [36]. These facts
stimulated the hypothesis that CC specifically upregulates those metabolites that play a
dual role in improving plant growth and defense. It is also possible that defense metabolites
are upregulated after accomplishing plant growth requirements in 3CC-treated plants,
which avoids diversion of carbon flux from growth toward defense. To examine this,
we compared the metabolome of 3CC-treated plants with control plants to reveal FCC-
induced metabolic changes in tomato plants. In addition, we also compared fCC-induced
metabolic changes with simulated-herbivory-induced changes to reveal CC’s influence on
the defense metabolites related to insect herbivory. Our results showed that 3CC treatment
mainly influenced the metabolism of amino acids and the accumulation of phytophenols.

Traditionally, amino acids are designated as the building blocks of protein; however,
they also serve as intermediates for other biosynthetic pathways. Therefore, apart from
plant growth and development, they also influence the generation of metabolic energy
and signaling processes [37] and confer resistance to both abiotic and biotic stress [38—40].
In a recent study, it was demonstrated that pathogen-inoculated tomato plants’ primary
metabolic pools were altered [41]. Similarly, CC treatment induced many primary metabo-
lites very early after the treatment. We found that fCC treatment increased the levels of
tryptophan and its precursor shikimate. Shikimate is the common intermediate of the
amino acid tryptophan and phenylalanine biosynthetic pathways. As tryptophan is the
precursor for auxin and 5-hydroxytryptamine biosynthesis, an increase in the tryptophan
level may contribute to plant growth. On the other hand, phenylalanine accumulation re-
mained unaltered after BCC treatment; however, the derivatives of phenylalanine, namely,
coumaric acid, rutin, and salicylic acid, were significantly increased (Figure 3a). These
metabolites are known for their antioxidant and antipathogenic properties [42—44]. More-
over, rutin and coumaric acid application resulted in increased photosynthesis, chlorophyll
content, and shoot growth [45,46]. In addition, the amino acids glutamate and glycine were
also increased after CC treatment. Glutamate is the precursor of chlorophyll tetrapyrrol
protoporphyrin IX biosynthesis, where d-aminolaevulinic acid (ALA) is the major interme-
diate [47]. Interestingly, the application of *C-labeled glycine can instantly be incorporated
into ALA in dark-grown barley leaves [48]. Moreover, exogenous glycine application
can stimulate root hair formation and [49] induce plant growth [50,51]. These findings
are consistent with our previous results that showed that fCC treatment could enhance
chlorophyll accumulation and root growth in tomato plants [11].
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BCC treatment can also enhance the levels of aspartate, which serves as a precursor
of many biosynthetic pathways required for growth and defense [52]. For example, it
is a precursor for the aspartate oxidase pathway that synthesizes nicotinamide adenine
dinucleotide (NAD), an essential component of chlorophyll synthesis [53]. Therefore, pre-
sumably, fCC-induced increase in glutamate, glycine, and aspartate accumulation supports
increased chlorophyll content in fCC-treated plants. Another vital role of aspartate is to
transfer the reduction equivalents from the glycolytic pathway to the mitochondria for
ATP generation via the malate-aspartate shuttle [54]. Recent studies showed that mito-
chondrial components of the malate-aspartate NADH shuttle act as a longevity factor
that induces the extension of lifespan in yeast. Therefore, presumably by enhancing the
malate-aspartate shuttle, stress-induced excess reducing powers are ameliorated in mito-
chondria that ultimately helps plant survival during stress. Moreover, the accumulation
of aspartate is closely related to stress acclimation. For example, aspartate concentration
was increased significantly in drought-exposed Brassica napus plants [55]. It is known that
out of the eight essential amino acids, four amino acids, namely methionine, threonine,
lysine, and isoleucine, are produced from aspartate [56]. An increase in aspartate after 3CC
treatment is translated into an increase in the levels of homoserine (a common intermedi-
ate of methionine, threonine, and lysine), and specifically threonine, but not methionine,
lysine, and isoleucine. 3CC also induced the accumulation of leucine. An increase in threo-
nine and leucine may be attributed to the critical components of serine/threonine protein
kinases [57] and leucine-rich repeat (LRR) proteins [58], respectively, and facilitates the
perception of stress signals and protein—protein interactions. An increase in the transcripts
of serine/threonine protein kinases and LRR proteins after CC application [25] suggests
the same.

Abiotic stresses, such as drought and salinity, cause osmotic stress in the plant. To
maintain osmolarity, plants produce compatible solutes to maintain cell turgor. These
non-toxic compounds fall into three categories, namely, amino acids, onium compounds,
and sugars/polyols [59]. Proline is one of the significant osmolytes; however, we found
proline levels remained unaltered until three days after fCC treatment. Our previous study
showed that proline significantly increased after 21 days of BCC treatment. Therefore
proline may be upregulated after three days of BCC treatment. However, homoserine
is a non-protein amino acid, and increased levels of homoserine can be attributed to the
production of the homoserine betain, a known osmolyte in salt stress [60]. Mannose is
another important metabolite that also works as an osmolyte and, in addition, enhances
antioxidant metabolism and reduces chlorophyll degradation [61].

Accumulation of phytophenols is significantly increased after BCC treatment. They
contribute to plant color and protect plants from oxidative stress, pathogen infestation,
and herbivore attack [62]. Phytophenols are biosynthesized utilizing amino acids as the
precursors; however, a few phenolic compounds are also derived from the shikimic acid
pathway [63]. Coumaric acid is one of the phytophenols that is biosynthesized through
the shikimate pathway [64] and can be converted into phenolic acids [65,66]. Therefore, an
increase in the levels of coumaric acid and its phenolic acids, namely, ferulic acid and its
isomer isoferulic acid, suggest a role of CC in the production of defense metabolites against
abiotic and biotic stress. This view is further strengthened by the commonly upregulated
defense metabolites in BCC- and simulated-herbivory-treated samples. Interestingly, o-
tomatine, a glycoalkaloid specifically present in tomato that deters insect herbivores, is
significantly greater in CC-treated plants than simulated-herbivory-treated plants. Similar
trends were evident in the accumulation of quinic acid. Together, this suggests that CC
can upregulate defense metabolites that prime tomato plants against multiple stresses.
However, a few metabolites, namely cinnamic acid, nicotinic acid, linoleic acid, solasodin,
and solasonin, that are related to plant defense, were downregulated significantly. A high
turnover of cinnamic acid to coumaric acid and rutin probably restricts its accumulation.
Similarly, the allocation of aspartate towards homoserine production can limit aspartate
allocation towards nicotinic acid. Downregulation of linoleic acid after CC treatment is
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surprising, as linoleic acid levels are known to be increased within an hour of herbivory
and pathogen attack. After being attacked by herbivores, linoleic acid is liberated from cell
membranes and is converted to jasmonate, which regulates transcription of the defense
genes [67]. In our previous transcriptomic study, we did not find upregulation of any
genes from the jasmonate biosynthetic cascade [25]. In the current study, we could not
detect jasmonic acids or their derivatives; however, the levels of a-tomatine, a jasmonate-
dependent glycoalkaloid [68], increased. Together, these suggest that 3CC operates in
a jasmonate-independent way in tomato plants. The other glycoalkaloids, solasodine,
and solasonine were downregulated after BCC treatment. As o-tomatine is the major
glycoalkaloid in tomato plants, downregulation of others may be cost-effective.

5. Conclusions

In the current study, we found that exogenous 3CC elicits changes in the metabolome
of tomato plants. Interestingly, these changes were more significant at early time points
after CC treatment than later ones. CC mainly regulates amino acid and phytophenol
metabolism. Interestingly, BCC-treated plants precisely upregulated metabolites having a
role in improving both growth and defense; moreover, regulation of amino acid and phy-
tophenol metabolism at different times optimized the growth of tomato plants. Therefore,
BCC is a promising molecule for inducing resilience against biotic and abiotic stress. In
general, most research has focused on the effect of priming molecules on plant phenotypic
changes. However, our study sought to reveal the molecular changes that contribute to
understanding the molecular mechanisms underlying priming.
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Abstract: Aluminum (Al) toxicity is a major threat to global crop production in acidic soils, which
can be mitigated by natural substances such as pyroligneous acid (PA). However, the effect of PA
in regulating plant central carbon metabolism (CCM) under Al stress is unknown. In this study;,
we investigated the effects of varying PA concentrations (0, 0.25 and 1% PA/ddH,0 (v/v)) on
intermediate metabolites involved in CCM in tomato (Solanum lycopersicum L., ‘Scotia”) seedlings
under varying Al concentrations (0, 1 and 4 mM AICl3). A total of 48 differentially expressed
metabolites of CCM were identified in the leaves of both control and PA-treated plants under
Al stress. Calvin—Benson cycle (CBC) and pentose phosphate pathway (PPP) metabolites were
considerably reduced under 4 mM Al stress, irrespective of the PA treatment. Conversely, the PA
treatment markedly increased glycolysis and tricarboxylic acid cycle (TCA) metabolites compared
to the control. Although glycolysis metabolites in the 0.25% PA-treated plants under Al stress were
comparable to the control, the 1% PA-treated plants exhibited the highest accumulation of glycolysis
metabolites. Furthermore, all PA treatments increased TCA metabolites under Al stress. Electron
transport chain (ETC) metabolites were higher in PA-treated plants alone and under 1 mM, Al but
were reduced under a higher Al treatment of 4 mM. Pearson correlation analysis revealed that CBC
metabolites had a significantly strong positive (r = 0.99; p < 0.001) association with PPP metabolites.
Additionally, glycolysis metabolites showed a significantly moderate positive association (r = 0.76;
p < 0.05) with TCA metabolites, while ETC metabolites exhibited no association with any of the
determined pathways. The coordinated association between CCM pathway metabolites suggests
that PA can stimulate changes in plant metabolism to modulate energy production and biosynthesis
of organic acids under Al stress conditions.

Keywords: wood vinegar; metabolomics; TCA cycle; carbohydrate metabolism; Solanum lycopersicum

1. Introduction

Soil acidity is widespread and accounts for 50% of the global agricultural lands that
support up to 80% of world vegetable production [1]. Aluminum (Al) is the most abundant
metal in the lithosphere, and its availability is dependent on soil acidity levels [2]. Al
exists in soils as non-toxic oxides and Al-silicates, to which several plant roots are exposed.
However, when soil pH drops below 5, Al dissociates into trivalent forms that are toxic
to most plants, including tomato, even at low concentrations [2]. These sensitive plants
exhibit a wide range of Al-induced phytotoxicity, with the inhibition of root growth being
the most significant effect [2,3]. Al disrupts root cells, leading to physiological drought
by restricting water and nutrient uptake [4]. It also reduces leaf elongation, impairs the
photosynthetic ability of plants and instigates the accumulation of reactive oxygen species
(ROS) [5,6]. Al-induced buildup of ROS facilitates membrane lipid peroxidation, loss of
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cell membrane integrity and damage to cellular components including nucleic acids and
proteins [7]. Consequently, these phytotoxic effects result in marked yield reduction and
total crop failure [4,8].

Generally, plants have evolved cellular and metabolic mechanisms to mitigate Al-
induced phytotoxicity. The exclusion and internal detoxification mechanisms of Al tol-
erance have been well-characterized in plants [2,4]. The exclusion mechanism involves
preventing Al entry into root cells by secreting organic acids (OA) to chelate Al within
the rhizosphere. The internal tolerance mechanism involves intracellular detoxification
of Al and sequestration of the non-toxic AI-OA complexes in the vacuole [4]. These key
mechanisms of Al tolerance can be linked to the central carbon metabolism (CCM) and its
associated mitochondrial activity, but they are understudied. Furthermore, plant exposure
to stress requires a rapid metabolic shift to maintain appropriate metabolism. As a result,
several regulatory mechanisms must interact with various metabolic routes to regulate
fluxes through the different intermediate pathways associated with CCM [9]. The CCM
pathway supplies the fundamental carbon needed to sustain growth and productivity
under stress conditions and comprises the Calvin-Benson cycle (CBC), glycolysis, pentose
phosphate pathway and tricarboxylic acid (TCA) cycle, followed by oxidative phospho-
rylation for ATP production through the electron transport chain (ETC) [9-11]. Recently,
several studies have demonstrated that Al stress alters metabolic profiles in plant, which
may enhance Al tolerance [12-14]. Although most of these studies have focused on the
root metabolism of Al tolerance, the effects of Al stress on metabolic changes in aerial parts
or plants are poorly understood.

Mitochondrial metabolism plays an important role in Al tolerance by facilitating car-
bohydrate consumption for OA and cellular ATP biosynthesis [2,8]. Consequently, the
glycolytic influx is increased under stress conditions to support not only energy produc-
tion but also OA generation during Al detoxification. Notably, the TCA cycle produces
high malic and citric acids in response to Al stress. These organic acids bind to Al ions,
reducing Al toxicity both in the intracellular environment and around the rhizosphere [2].
Therefore, the end products of photosynthesis are highly utilized for OA generation during
Al stress [6,12,15], which suggests that Al tolerance is linked to improved photosynthe-
sis. Similarly, leaf metabolism under Al stress represents an important characteristic of
plant growth and productivity, and the identification of metabolic alterations modulating
photosynthesis and respiration may contribute to improving Al tolerance in plants.

Recent research and development have focused on the use of novel strategies to
improve plant growth and resilience due to the multicomplex interaction of various en-
vironmental stresses [16]. As a result, the use of biostimulants to enhance crop growth,
productivity and tolerance to environmental stresses has attracted the interest of both
researchers and farmers [17,18]. Pyroligneous acid (PA) is one widely used biostimulant
that is known to improve crop growth, resilience to environmental stresses and productiv-
ity [19,20]. PA is a translucent reddish-brown liquid produced through the carbonation of
organic biomass in the presence of limited oxygen [19]. It consists of a complex mixture of
over 200 water-soluble bioactive compounds, including organic acids, phenolics, sugar and
alcohol derivatives [19,21,22]. However, its chemical composition depends on the feedstock,
temperature, residence time and heating rate. In agriculture, PA has been demonstrated to
promote seed germination, vegetative growth and yield in several crops [3,19,23].

Accumulating evidence has revealed that seed priming with PA treatments enhances
plant tolerance to Al and drought stress by regulating genes and proteins involved in
energy production and antioxidant defense systems [3,19,23]. Under drought stress, Wang
et al. [23] reported that PA stimulates the differential accumulation of proteins involved in
carbohydrate metabolism in wheat (Triticum aestivum L.) seedlings. This increase in drought
tolerance was related to increased activities of enzymes associated to glycolysis and the
TCA cycle. Similarly, Ofoe et al. [3] showed that PA enhances peroxidase activities and
promotes the expression of auxin response factor and antioxidant genes in primed seedlings
under Al stress, thus promoting Al tolerance. These findings suggest that PA can promote
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normal cellular balance and metabolic processes under stress conditions but require further
investigation. Despite the accumulating efforts to study the simulation of plant growth
and stress tolerance by PA, the metabolic mechanism underlying plant response to PA and
Al stress remains unknown. Furthermore, no studies to date have explored the impact of
PA on CCM regulation in plants under Al stress. In this study, we examined the metabolic
profile involved in the CCM of PA-treated Scotia tomato seedlings under varying Al stress
conditions. This investigation provides metabolic insights governing biochemical pathways
that are crucial for understanding how PA mediates Al tolerance in plants.

2. Materials and Methods
2.1. Plant Material and Experimental Conditions

The experiment was conducted from January to March 2022 and repeated from March
to May 2022 at the Department of Plant, Food, and Environmental Sciences, Faculty of
Agriculture, Dalhousie University, Truro. Scotia tomato seeds were purchased from Halifax
seeds (Halifax, Canada), and PA derived from white pine (Pinus strobus) biomass was
produced by Proton Power Inc (Lenoir City, USA). Details of the PA and its chemical
constituents were previously published by Ofoe et al. [21].

The Scotia tomato seeds were initially sterilized with 10% NaClO for 10 min and
thoroughly washed 3 times with sterile distilled water. The seeds were further sterilized
with 70% ethanol for 5 min and washed thoroughly with sterile distilled water. The
sterilized seeds were sown in a Pro-Mix® BX (Premier Tech Horticulture, Riviere-du-
Loup, QC, Canada) and grown for four weeks in a growth chamber (Conviron Controlled
Environments Ltd., Winnipeg, MB, Canada) with 16/8 h day/night photoperiod, 24/22 °C
day /night temperature regime, 300 umol m~2 s~ ! light intensity and a relative humidity
of 70%. Uniform seedlings with an 8-cm root length at the 3rd to 4th true leaf stage were
transplanted into a 10.2-cm plastic pot containing 500 g of sterilized sand with an average
particle size of 0.5-1.0 mm. The seedlings were maintained with a 25% strength Hoagland
nutrient solution (pH = 5.0) at planting for a week under a growth chamber to acclimatize.

2.2. Experimental Treatment and Design

After one week of acclimation, half-strength followed by full-strength nutrient solu-
tions were amended with varying PA and Al concentrations and applied every week. PA
treatments were applied to the nutrient solution at 0%, 0.25% and 1% PA /ddH,0 (v/v),
with Al (AICl3) concentrations of 0, 1 and 4 mM. The nutrient solution (pH = 4.5) was
renewed every 3 days to maintain adequate moisture content. Throughout the entire study
period, the pH of the amended nutrient solution (PA with or without Al) was monitored
frequently and adjusted to 4.5 using either sodium hydroxide (NaOH) to increase the pH or
HCl to reduce the pH. The study was arranged in a 3 x 3 factorial completely randomized
design with five replications.

2.3. Plant Sample Preparation

The fully expanded leaf tissues on the third and fourth petioles from the top (15 leaves
per treatment) were collected 40 days after transplanting and immediately frozen in liquid
nitrogen. The frozen samples were ground into a fine powder and stored in a —80 °C
freezer for central carbon metabolite analyses.

2.4. Metabolite Quantitation Using LC-MRM/MS

Targeted metabolite quantitation was performed at the University of Victoria Genome
BC—Proteomics Centre of The Metabolomics Innovation Centre, Canada. Ground samples
(50 mg) were mixed with 80% methanol and homogenized with two metal balls on an
MM400 mill mixer (Retsch, Haan, Germany) for 3 min at a shaking frequency of 30 Hz. The
mixture was then sonicated in an ice-water bath for 5 min and centrifuged at 12,000x g
at 5 °C for 20 min. Next, 250 pL of the supernatant was mixed with 150 pL of water and
150 pL of dichloromethane. The mixture was vortexed for 30 s and centrifuged at 21,000 x g
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for 20 min. Subsequently, 80 pL aliquots of the supernatant were dried under a nitrogen
gas flow, and the residues were used for the following assay.

2.4.1. TCA Cycle

A standard solution of all targeted carboxylic acids was prepared using 80% methanol,
with concentrations ranging from 200 to 1000 uM. For each sample, 50 uL of both the
standard solution and the sample supernatant were mixed with an equal volume of 200
mM 3-nitrophenyl hydrazines (NPH) solution and 150 mM carbodiimide hydrochloride
(EDC)-6% pyridine solution. The mixture was then incubated at 30 °C for 40 min. After the
reaction, 450 uL of water was added to each solution, and 10 pL of the resulting solution
was injected into a C18 liquid chromatography (LC) column (2.1 x 100 mm, 1.8 um) for
quantification of carboxylic acids using ultrahigh LC-multiple reaction monitoring/mass
spectroscopy (UPLC-MRM/MS) with (—) ion detection. The UPLC-MRM/MS was per-
formed on an Agilent 1290 UHPLC system coupled to a Sciex 4000 QTRAP MS instrument
(AB Sciex, Concord, ON, Canada). The metabolite-dependent parameters used in the
UPLC-MRM/MS were based on the procedure described by Han et al. [24].

2.4.2. Glucose and Selected Sugar Phosphates

The dried residue of each sample was mixed with 50 uL of 50% methanol. Then,
50 pL of each serially diluted standard solution of glucose, ribose, ribose-5-phosphate,
glucose-6-phosphate and mannose-6-phosphate were mixed with 100 puL of 25 mM 3-
amino-9-ethyl carbazole (AEC), 50 pL of 50 mM sodium cyanoborohydride (NaCBH3)
and 20 pL of LC/MS grade acetic acid. The mixtures were incubated at 60 °C for 70 min,
and 200 uL of water and 300 pL of chloroform were added. Following centrifugation
at 12,500 g for 5 min, 50 uL of each supernatant was mixed with an equal volume of
water, and 10 pL of the resulting solution was injected into a pentafluorophenylpropyl
(PFP) LC column (2.1 x 150 mm, 1.7 pm) for UPLC-MRM/MS analysis. The UPLC-
MRM/MS analysis was performed on an Agilent 1290 UHPLC system coupled to an
Agilent 6495B QQQ instrument (Conquer Scientific, Poway, CA, USA) with positive-ion
detection. The metabolite-dependent parameters used in the UPLC-MRM/MS were based
on the procedure described by Han et al. [25].

2.4.3. Other Metabolites

An internal standard (IS) solution containing 25 isotope-labelled metabolites, includ-
ing adenosine diphosphate (ADP), adenosine triphosphate (ATP), fructose-6-phosphate
(fructose-6P), fructose-bisphosphate, glycerol-3-phosphate, nicotinamide adenine dinu-
cleotide (NAD), NADH, glucose-1-phosphate, ribose-5-phosphate and others, was prepared
in 50% methanol with concentrations ranging from 0.00002 to 10 pM. The dried residue
of each sample was dissolved in 100 pL of the IS solution. Then, 10 pL of the resulting
solution and standard solutions were injected into a C18 LC column (2.1 x 100 mm, 1.9 um)
for UPLC-MRM/MS analysis with (—) ion detection. The UPLC-MRM/MS analysis was
performed on a Waters Acquity UPLC system coupled to a Sciex QTRAP 6500 Plus MS
instrument. A tributylamine acetate buffer—acetonitrile/methanol (1:1, v/v) was used
as the mobile phase for gradient elution (10% to 50% B over 25 min) at a flow rate of
0.25 mL/min and a temperature of 60 °C.

2.5. Data Analysis

The concentrations of the detected analytes in the above assays were calculated using
internal standard calibration. This involved interpolating the constructed linear regression
curves of individual compounds using the analyte-to-internal standard peak area ratios
measured from injections of the sample solution. The data analysis of the metabolites
was performed using Analyst 1.6.2. A multivariate statistical analysis including two-
dimensional (2D) principal component analysis (PCA) and hierarchical clustering was
performed to assess the differential metabolism per group. The analysis was performed
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using XLSTAT version 2022.3 (Addinsoft, New York, NY, USA), and Euclidean distance
was utilized for constructing the hierarchical clustering analysis.

3. Results and Discussion
3.1. Overall Metabolic Changes in PA-Treated Plants under Al Stress

Metabolites are the end products of cellular processes, and their levels are influenced
by coordinated responses of biological systems to changes in internal and external condi-
tions [26]. Although the metabolic analysis of plant responses to both PA and Al stress is
relatively unknown, this study provides a comprehensive understanding of the complex
metabolic changes that occur in PA-treated tomato plants under Al stress. Our cluster
analysis of both PA-treated and control plants under Al stress revealed two main groupings
based on the global metabolic profile (Figure 1B). While the effect of PA was somewhat
comparable to the control group, distinct metabolic changes were observed with 1% PA
under 1 mM Al stress, but not with 0.25% PA and 1 mM Al alone (Figure 1A,B). Moreover,
the clustering of the control group, PA alone, 0.25% PA under 1 mM Al and 1 mM Al alone
treatments indicated that the effect of 1 mM Al was less toxic to the tomato plants and
resulted in a stable metabolic profile. In contrast, a considerable alteration in metabolic pro-
file was observed in PA-treated and control groups under 4 mM Al stress, with the 1% PA
treatment exhibiting the most pronounced effect (Figure 1A,B). These results were expected,
as previous studies have shown that high PA and Al concentrations induce phytotoxic
effects, while lower concentrations stimulate plant growth and productivity [12,20,27-29].

w W
S W

Control 0.25% PA 1% PA

[=} W
t t

Dissimilarity
(3] [ ]

—
W

3 /s,
% 4

W

0.25% PA+1 mM Al 1% PA+1 mM Al

&7

Figure 1. Response of Scotia tomato seedlings to pyroligneous acid (PA) treatment under aluminum
stress (Al). (A) Morphological effect on tomato growth. (B) Cluster analysis of overall central carbon
metabolite composition in the leaves.

3.2. Differential Accumulation of Metabolites in PA-Treated Plants under Al Stress

Exposure of plants to adverse environmental conditions, including Al stress, neces-
sitates rapid metabolic reprogramming to stimulate stress tolerance. These metabolic
changes are coordinated among diverse pathways to alter fluxes related to the different
CCM routes [9]. Table 1 shows the total differential abundance of metabolites involved
in specific pathways within the CCM. In total, 48 metabolites were detected (Figure S1;
Table S1) and categorized into five groups based on their biological function in the CCM
routes: CBC, glycolysis, PPP, TCA cycle and ETC (Table 1). Among these groups, glycolysis
was the main differentially expressed metabolic pathway, accounting for approximately
75% of the total identified metabolites (Figure S2). Additionally, the TCA cycle accounted
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for approximately 25%, while the remaining groups comprised less than 1% of the total
differentially expressed metabolites (Figure S2).

Table 1. Total metabolites involved in central carbon metabolic pathways in the leaves of tomato
(Solanum lycopersicum, ‘Scotia’) seedlings treated with pyroligneous acid (PA) under aluminum
(Al) stress.

Treatment CBC Glycolysis PPP TCA ETC
(nmol g~1 FW) (umol g~1 FW) (nmol g~1 FW) (umol g~1 FW) (nmol g—1 FW)

Control 23.79 21.72 30.01 6.97 5.63

1mM Al 15.54 15.18 20.70 6.08 5.38

4 mM Al 6.10 20.63 5.97 7.77 4.88

0.25% PA 16.15 20.72 22.90 8.66 6.51

0.25% PA + 1 mM Al 11.10 15.81 13.40 7.99 6.05

0.25% PA + 4 mM Al 5.30 15.60 5.23 8.03 5.75

1% PA 17.18 38.16 20.97 10.18 8.17

1% PA + 1 mM Al 6.50 32.36 6.33 11.97 7.07

1% PA + 4 mM Al 5.33 56.65 5.13 10.92 3.53

CV (%) 55.70 52.56 64.72 21.97 22.43

CBC, Calvin-Benson cycle; PPP, pentose phosphate pathway; TCA, tricarboxylic acid cycle; ETC, electron
transport chain.

3.2.1. Calvin-Benson Cycle

The Calvin—Benson cycle is the main biochemical pathway for carbon fixation in the
chloroplast stroma of C3 plants [30]. During this process, plants utilize light energy to syn-
thesize sugars and other carbon intermediates [31]. The regulation of CBC under stressful
environments has been identified as a survival strategy for plants [31]. In the present study,
both PA application and Al stress greatly affected the total CBC metabolites in the leaves
of tomato seedlings (Table 1). PA treatments slightly reduced the total CBC metabolites
compared to the control (Table 1). Similarly, Al stress exhibited a phytotoxic effect on
CBC metabolites, especially under 4 mM Al, and this effect was further pronounced in
PA-treated plants, suggesting that PA treatment could lead to decreased photosynthetic
capacity under Al stress (Table 1). Moreover, the reduction in CBC metabolites under 4 mM
Al stress can be attributed to low levels of all CBC metabolites except for sedoheptulose-7P
(Figure 2A). This result agrees with previous studies that demonstrated a decrease in carbon
fixation in tomato [32], spinach (Spinacia oleracea) [33], citrus [5,34,35] and rice (Oryza sativa)
seedlings [36] under Al stress. Similarly, the decrease in total CBC metabolites caused
by 0.25% PA, irrespective of Al exposure, may be attributed to low contents of all CBC
metabolites except for DHAP, ribulose-5P and sedoheptulose-7P. While 3-phosphoglyceric
acid, DAP, fructose 1,6-bisP and ribulose-bisP were increased in the 1% PA condition under
4 mM Al, the reduction in total CBC metabolites in 1% PA-treated plants under Al stress
could be due to decreased glyceraldehyde-3P, fructose 6-phosphate, sedoheptulose-bisP,
sedoheptulose-7P, ribose-5P and ribulose-5P (Figure 2A). Although PA treatment led to a
reduction in total CBC metabolites, the impact of PA under Al stress could be considered
slightly lower compared to 4 mM Al alone.

Previous research has suggested that the Al-induced downregulation of CBC results
from both stomatal and non-stomatal factors [31,34]. Stomatal closure is thought to reduce
leaf CO, influx, which further impairs CBC processes [31]. However, some studies have
indicated that stomatal closure alone cannot fully explain the Al-induced reduction in CBC.
This is because intracellular CO; levels were higher in Al-stressed leaves or comparable to
those of control leaves, irrespective of stomatal conductance [5,6,32,34,37]. Pereira et al. [38]
also indicated that Al-induced reduction in CBC was associated with thylakoid structural
damage in lemon (Citrus limon) seedlings. Although the activities of CBC enzymes were
not examined in this study, several studies have reported that heavy metal stress inhibits
the activities of CBC enzymes, leading to a reduction in the overall CBC process [39-42].
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Hence, the decrease in total CBC metabolites in both control and PA-treated plants under
Al stress could be due to Al-induced structural damage and reduction in CBC enzyme
activities [38,40].
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Figure 2. Heat map of metabolites involved in (A) the Calvin—Benson cycle and (B) the glycolysis

pathway in leaves of Scotia tomato seedlings treated with pyroligneous acid (PA) under aluminum
(Al) stress. Metabolite concentrations in each compartment are normalized across all data for an
individual compound such that similar colour intensities between compounds can represent widely
differing concentrations. The red colour represents a lower concentration, and the green colour
represents a higher concentration of a particular metabolite.

3.2.2. Glycolysis

Balanced energy flow under environmental stress plays a crucial role in plant growth,
development and stress tolerance. Glycolysis is a significant catabolic pathway that
breaks down carbohydrates to provide energy for physiological and cellular operations in
plants [9]. In this study, carbohydrate catabolism via the glycolysis pathway was higher in
1% PA-treated plants, irrespective of Al treatment (Table 1). In the absence of Al exposure,
the total glycolysis metabolites were markedly increased in the 1% PA-treated plants by
approximately 0.75-fold compared to the control. When exposed to Al stress, glycolysis
metabolites were sightly downregulated in the control plants, while the 1% PA treatment
increased the total glycolysis metabolites by approximately 2-fold and 1.75-fold compared
to the 1 mM Al and 4 mM Al treatments, respectively (Table 1). Moreover, the increase in
total glycolysis metabolites with 1% PA treatment in the absence of Al exposure was due to
high glucose and pyruvate acid contents (Figure 2B). On the other hand, the increase in total
glycolysis metabolites in 1% PA-treated plants under Al stress can be ascribed to high levels
of glucose, fructose 1,6-phosphate, DHAP, 3- and 2-phosphoglyceric acid, PEP, pyruvic
acid, NADPH and ATP (Figure 2B). These findings are consistent with the results reported
by Niedziela et al. [43] who observed that key enzymes of glycolysis were enhanced in
Al-treated plants, leading to accelerated production of pyruvate and acetyl CoA.
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Studies have shown that Al stress leads to energy deprivation in plant growth and
development. As a result, tolerant plants accumulate high levels of glucose to produce ade-
quate ATP through glycolysis [12,13,44]. For instance, in Al-tolerant rice, Wang et al. [14]
showed that glycolytic pathway proteins are enhanced, which could maintain basic respi-
ration needs and/or generate ATP for Al stress tolerance. A similar increase in glycolytic
flux was noted in Al-tolerant citrus leaves [12]. The magnitude of glucose production in
plants through the CBC is crucial in confirming Al stress tolerance [36]. Accumulation
of glucose under Al stress also functions as an osmoprotectant, which decreases osmotic
potential, regulates turgor dynamics and promotes the maintenance of membrane integrity
and overall cellular homeostasis [7,45]. This osmoregulation enables plants to maintain
sufficient carbohydrate reserves for sustaining essential metabolism under Al stress [36].
These findings indicate that the 1% PA treatment can trigger a metabolic switch from
growth to survival mode via glucose metabolism for energy generation. Furthermore, bios-
timulants have been reported to enhance plant tolerance to various stresses [46]. Similar
to many other biostimulants, PA has been reported to enhance the production of proteins
and metabolites associated with carbohydrate metabolism and energy production [3,23].
Consistent with the study of Wang et al. [23], PA treatment increased the abundance of
glycolytic metabolic pathway proteins, increasing plant tolerance to drought. Additionally,
the bioactive compounds in PA may act as signaling molecules to regulate key metabolic
pathways, including CCM, and/or stimulate differential gene expression to promote plant
growth and resilience to Al stress [3,21,23]. Hence, increasing glycolytic metabolites with
1% PA treatment can be considered as an effective strategy to meet the energy demand for
Al tolerance and adaptation.

3.2.3. Pentose Phosphate Pathway

The PPP is a critical metabolic pathway for glucose degradation and is important
for providing reducing power and intermediate metabolites for other pathways [47]. The
present study showed that the total PPP metabolites were affected by both PA and Al
treatment (Table 1; Figure 3A). The total PPP metabolites were reduced by approximately
0.23-fold and 0.3-fold with 0.25% PA and 1% PA, respectively, compared to the control. The
decrease in total PPP metabolites in 1% PA-treated plants can be attributed to low levels
of ribulose-5P and sedoheptulose-7P, although 6-phosphogluconate levels were higher
compared to the control (Figure 3A). On the other hand, Al stress markedly reduced the
total PPP metabolites, and PA treatment could not alleviate these effects compared to the
control (Table 1). For instance, under 1 mM Al, the total PPP metabolites were substantially
reduced by approximately 0.35-fold and 0.69-fold with 0.25% PA and 1% PA treatments,
respectively, compared to 1 mM Al treatment alone. The reduction in total PPP metabolites
in 0.25% PA-treated plants can be attributed to low glucose-6P, ribose-5P, glyceraldehyde-3P,
fructose-6P, erythrose-4P and sedoheptulose-7P contents. Similarly, the reduction in total
PPP metabolites following the application of 1% PA can be attributed to low glucose-6P,
ribulose-5P, ribose 5-D, glyceraldehyde-3P, fructose-6D, erythrose-4P and sedoheptulose-
7P contents, although 6-phosphogluconate levels were higher compared to the 1 mM Al
treatment alone (Figure 3A).

The 4 mM Al significantly reduced the total PPP metabolites, which were not different
from those of 0.25% and 1% PA-treated plants under the same conditions of Al stress
(Table 1). Furthermore, the substantial reduction in total PPP metabolites in both control
and PA-treated plants under 4 mM Al can be attributed to low levels of all PPP metabolites
except 6-phosphogluconate and sedoheptulose-7P contents (Figure 3A). Nicotinamide
adenine dinucleotide phosphate (NADPH) is the primary reducing power in the PPP
pathway and is used to maintain cellular redox homeostasis via antioxidant production [47].
However, the levels of NADPH were not affected by PA treatment but were reduced under
4 mM Al stress (Figure 3A). It has been established that Al stress leads to ROS accumulation,
which causes cellular damage and programmed cell death [48]. The results of this study
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indicate that a reduction in NADPH levels under Al stress could increase ROS generation
and compromise the antioxidant defense system in plants.
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Figure 3. Heat map of metabolites profile involved in (A) pentose phosphate pathway and (B) tri-
carboxylic acid (TCA) cycle in leaves of Scotia tomato seedlings treated with pyroligneous acid (PA)
under aluminum (Al) stress. Metabolite concentrations in every compartment are normalized across
all data for an individual compound such that similar colour intensities between compounds can
represent widely differing concentrations. The red colour represents a lower concentration, and the
green colour represents a higher concentration of a particular metabolite.

3.2.4. Tricarboxylic Acid Cycle

The TCA cycle is a central biochemical pathways for respiratory substrate oxidation
and the production of ATP for all cellular functions [49]. In response to Al stress, the TCA
cycle serves as a reservoir for organic acids (OA) production, which has been strongly
linked to Al tolerance in most plants [2,4]. Our study revealed that the total TCA cycle
intermediate metabolites were affected by PA and Al treatments (Table 1; Figure 3B). In the
absence of Al stress, the total TCA cycle metabolites increased by approximately 0.24-fold
and 0.46-fold with PA treatment compared to the control. The increased total TCA cycle
metabolites with 0.25% PA could be due to increased levels of oxaloacetic acid, citric acid,
succinic acid, fumaric acid and malic acid (Figure 3B). Likewise, the increased total TCA
cycle metabolites with 1% PA treatment can be ascribed to high contents of all TCA cycle
metabolites except for acetyl-CoA and aconitic acid, which were not altered compared to the
control (Figure 3B). Similarly, in response to Al stress, PA-treated plants accumulated high
levels of TCA cycle metabolites compared to plants treated with Al alone. Exposing the
plants to 4 mM Al without PA increased the total TCA cycle metabolites by approximately
0.11-fold due to high levels of citric acid, aconitic acid, x-ketoglutaric acid and malic acid
(Figure 3B). It has been established that primary metabolic constituents associated with
Al tolerance are strongly linked to mitochondrial metabolism and OA production [2,4,8].
Organic acid production in response to Al stress is the most-characterized mechanism for
Al tolerance, with citrate and malate being the common TCA cycle metabolites identified
in several plants [4,8,13]. For instance, tomatoes produce and secrets malate, which chelate
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Al ions into non-toxic forms [50]. The increased OA production observed under Al stress
in this study is consistent with previous studies in which mitochondrial citrate and malate
levels were enhanced and shown to improve Al tolerance in tomato [50], maize (Zea
mays) [8,13,15], buckwheat (Fagopyrum esculentum) [51], cabbage (Brassica oleracea) [52] and
wheat (Triticum aestivum) [53].

Furthermore, both 0.25% PA and 1% PA treatments resulted in the accumulation of
approximately 0.31-fold and 0.97-fold of the total TCA cycle metabolites, respectively,
under 1 mM Al compared to plants treated with 1 mM Al alone. Under 4 mM Al, the
total TCA cycle metabolites increased by approximately 0.03-fold and 0.41-fold in 0.25%
PA and 1% PA-treated plants, respectively, compared to plants exposed to 4 mM Al alone
(Table 1). The increase in total TCA cycle metabolites with 1% PA treatment under Al stress
could be due to high levels of all TCA metabolites except for aconitic acid, which was
reduced (Figure 3B). Similarly, Wang et al. [23] reported that PA treatment enhanced the
TCA cycle in wheat seedlings under drought stress due to increased activities of malate
dehydrogenase. Additionally, Sweetlove et al. [49] suggested that the activities of the
different TCA cycle enzymes are independent of each other, and the TCA metabolites vary
in their flux levels. Although the activities of these enzymes were not examined in this
study, the increased TCA cycle metabolites following PA treatment could be associated
with an increase in enzyme activities. This indicates that PA can promote the TCA cycle to
produce sufficient ATP to accommodate the energy demand of plants under Al stress [23].
Evidence from numerous studies revealed that some plants accumulate high levels of TCA
cycle metabolites internally to detoxify Al in roots and leaf cells and compartmentalize
Al-OA complexes into the vacuole [2,51]. This internal Al complexation could prevent Al
from interacting with macromolecules, including nucleic acids and proteins. Although this
Al tolerance mechanism is mostly associated with hyperaccumulators [4,51], the increased
TCA cycle metabolites in the leaves of both PA and control-treated plants under Al stress
could suggest the stimulation of internal detoxification of Al ions, thereby promoting Al
tolerance. Moreover, the TCA cycle metabolites are not only known to chelate Al ions. For
instance, citrate plays an important role in antioxidant production and is involved in respi-
ratory assimilation to produce energy for stress defense [54]. Additionally, x-ketoglutaric
acid is critical in respiration and nitrogen metabolism for amino acid biosynthesis, which
regulate osmotic potential and mediate stress tolerance in plants [55]. Hence, the increased
TCA cycle metabolites in PA and control plants under Al stress can also be linked to amino
acid and nucleic acid biosynthesis for Al tolerance.

3.2.5. Electron Transport Chain (ETC)

The electron transport chain is one of the most critical pathways for both cellular
respiration and photosynthesis [49]. It consists of an array of electron transporters that
oxidize reducing equivalents for energy generation via ATP biosynthesis [11]. The results
of this study revealed that PA and Al treatment altered the total ETC metabolites in tomato
leaves (Table 1; Figure 4). The total ETC metabolites were increased by approximately
0.16-fold and 0.45-fold in 0.25% PA and 1% PA-treated plants, respectively, compared
to the control in the absence of Al stress (Table 1). This increase in ETC metabolites
following PA treatments could be due to high levels of FMN, FAD, NAD and NADH
contents (Figure 4). Nonetheless, the levels of ADP and ATP remained unchanged with
PA treatments (Figure 4). When exposed to Al stress, the tomato plants slightly reduced
their total ETC metabolites by approximately 0.13-fold under 4 mM Al, while those under
1 mM Al exhibited no considerable change. The reduction in total ETC metabolites with
4 mM Al can be attributed to low ADP and ATP contents compared to the control (Figure 4).
Accumulating evidence has revealed that Al stress impairs the activities of ETC complexes
and could result in decreased metabolite production [38,56-58].
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Figure 4. Heat map of metabolites profile involved in electron transport chain in the leaves of
Scotia tomato seedlings treated with pyroligneous acid (PA) under aluminum (Al) stress. Metabolite
concentrations in each compartment are normalized across all data for an individual compound, such
that similar colour intensities between compounds can represent widely differing concentrations. The
red colour represents a lower concentration, and the green colour represents a higher concentration
of a particular metabolite.

Moreover, both 0.25% and 1% PA treatments under 1 mM Al increased the total ETC
metabolites by approximately 0.12-fold and 0.31-fold, respectively, compared to plants
exposed to 1 mM Al The increased total ETC metabolites in the 0.25% PA-treated plants
can be associated with increased FMN, FAD, NAD and ATP contents, while that of 1%
PA-treated plants is due to high FMN, FAD, NAD, NADH and ATP contents (Figure 4).
However, the total ETC metabolites were slightly increased in plants treated with 0.25% PA
under 4 mM Al, while 1% PA decreased the total ETC metabolites compared to 4 mM Al
alone (Table 1).

Additionally, the increase in ETC metabolites with 0.25% PA can be attributed to
a slight increase in FMN, FAD, NAD and NADH contents, while the reduction in ETC
metabolites with 1% PA treatments was due to low NADH contents (Figure 4). ATP syn-
thase is critical for ATP production in ETC [11]. According to Su et al. [58], Al stress targets
and damage subunits of ATP synthase, thereby reducing the amount of ATP generated.
With a limitation in ATP production and electron transport, electrons leakage is enhanced,
which could result in uncontrollable ROS generation and oxidative stress-induced cell
death [11,57]. Interestingly, Wang et al. [23] reported that the relative abundance of pro-
teins related to ATP synthesis was increased in PA-treated wheat seedlings under drought
stress. although ATP-related proteins were not examined in this study, the increase in ATP
production in PA-treated plants alone and with 1 mM Al stress partially aligns with the
findings of Wang et al. [23]. In plant stress adaptation, the energy cost is high, and the
enhancement of ETC processes with PA treatments suggests that restoring energy supply
via ATP production is critical to protect several basal metabolic processes under Al stress.
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3.3. Associations between Central Carbon Metabolites

To further examine the association among the intermediate metabolites of the CCM
routes in the PA-treated tomato seedlings under Al stress, a 2D PCA and Pearson correlation
were used (Table 2; Figures 5 and 6). The Pearson correlation analysis showed that the
total CBC metabolites had a significantly (p < 0.001) strong positive association with the
total PPP metabolites and a weak negative association with glycolysis and TCA cycle
metabolites (Table 2). Additionally, the total glycolytic metabolites had a significantly
(p < 0.05) moderate positive correlation with total TCA cycle metabolites and a weak
negative association with total PPP and ETC metabolites (Table 2). These findings are
consistent with the results reported by Niedziela et al. [43], who demonstrated that key
enzymes of glycolysis were enhanced in Al-treated plants, leading to accelerated pyruvate
and acetyl CoA production for OA synthesis. These results suggest that energy production
plays a crucial role in supporting basic cellular function under Al stress, and that plants
channel their photosynthetic carbon for stress adaption [14]. On the other hand, total PPP
metabolites exhibited non-significant (p > 0.05) weak negative and positive associations
with the total TCA cycle and ETC metabolites, respectively (Table 2). Similarly, the total
TCA cycle metabolites had a weak positive correlation with the total ETC metabolites.
The increase in glycolytic flux under Al stress proved that carbon skeletons produced via
glycolysis are used primarily for OA production to detoxify Al ions, thereby promoting Al
tolerance [13,50,51].

Table 2. Pearson correlation coefficients (r) amongst the specific central carbon metabolic pathways
in Scotia tomato seedlings treated with pyroligneous acid (PA) under aluminum (Al) stress and their
corresponding significance levels at p < 0.05.

Variables CBC Glycolysis PPP TCA
. r=—0.240
Glycolysis p=0533
r=0.993 r=—-0274
PPP p =0.000 p=0475
r=—0436 r=0.762 r=—0461
Tea p=0.240 p=0.017 p=0.211
ETC r=0.319 r=-0.303 r=0.302 r=0.147
p=0.403 p=0.429 p=0.430 p =0.706

CBC, Calvin-Benson cycle; PPP, pentose phosphate pathway; TCA, tricarboxylic acid cycle.

Although some of the total metabolites showed a non-significant (p > 0.05) weak
correlation with other metabolites, the CBC, glycolysis and PPP shared common metabolites
which showed significant (p < 0.05) associations (Figure 5; Table S2). For example, RuBP
had a significantly (p < 0.01) strong positive association with fructose 1,6BP and ATP,
and a moderate positive association with glucose-6P and xylulose-5P (Figure 5; Table S2).
Similarly, sedoheptulose-7BP showed a significantly (p < 0.01) moderate positive correlation
with fructose-6D, erythrose-4P and glucose-6P, and a non-significant (p > 0.05) moderate
positive association with ATP and xylulose-5P. Additionally, both ribose-5P and ribulose-5P
had a significantly (p < 0.01) strong positive association with erythrose-4P and glucose-6P,
and a moderate association with fructose-6P. However, both sedoheptulose-7P and ribulose-
5P exhibited a significantly (p < 0.01) strong negative association with pyruvic acid, while
ribulose-5P had a moderate association with xylulose-5P (Figure 5; Table S2). Moreover,
the correlation analysis among the individual metabolites confirmed that the glycolysis
intermediates had a significant (p < 0.05) association with the TCA cycle intermediate
metabolites (Figure 5; Table S2). Fructose-1,6BP had a strong positive association with
succinic acid and fumaric acid and a negative association with aconitic acid. Glucose had a
strong association with isocitric acid, x-ketoglutaric acid and succinic acid, and a moderate
association with oxaloacetic acid and citric acid (Figure 5; Table 52). Similarly, pyruvic
acid had a strong positive association with oxaloacetic acid, citric acid, isocitric acid and
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a-ketoglutaric acid, and a moderate positive association with succinic acid and acetyl-CoA
(Figure 5; Table S2).
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Figure 5. Pearson correlation matrix among individual metabolites of the central carbon metabolic
pathway in Scotia tomato seedlings treated with pyroligneous acid (PA) under aluminum (Al)
stress. The red colour represents a strong negative association, and the green colour represents
a strong positive association. DHAP, dihydroxyacetone phosphate; NADP, nicotinamide adenine
dinucleotide phosphate; FMN, flavin mononucleotides; FAD, flavin adenine dinucleotide; ADP,
adenosine diphosphate; ATP, adenosine triphosphate.

A 2D PCA biplot revealed a projection of response variables in the factor spaces (F1
and F2) and explained approximately 82% of the total disparity in the dataset (Figure 6). The
control treatment exhibited a strong influence on both the CBC and PPP, and a moderate
influence on ETC. Similarly, both 0.25% PA and 1% PA showed a strong influence on
ETC and a moderate influence on the CBC and PPP (Figure 6). However, under Al
stress, 0.25% PA and 1 mM Al moderately influenced the CBC and PPP, while 1% PA
showed a strong influence on TCA and glycolysis. Additionally, 1% PA under 4 mM Al
showed a moderate influence on glycolysis and TCA, while both 0.25% PA under 4 mM
Al and 4 mM alone had no influence on the CCM metabolites (Figure 6). These findings
are consistent with the findings of Wang et al. [23], who reported that PA promotes the
glycolysis pathway, which fuels the TCA cycle to produce sufficient energy for stress
tolerance. In summary, the coordinated association between the determined metabolites
confirmed that PA stimulates alterations in plant metabolism to increase energy production
and organic acids biosynthesis for Al stress tolerance (Figure 7).
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Figure 6. A two-dimensional principal component analysis (2-D PCA) biplot showing relationships
amongst the explanatory variables (total metabolites involved in specific central carbon metabolic
pathways) Calvin—Benson cycle (CBC), glycolysis, pentose phosphate pathway (PPP), tricarboxylic
acid (TCA) cycle and electron transport chain (ETC) of Scotia tomato seedlings treated with pyrolig-
neous acid (PA) under aluminum (Al) stress. The projection of the variables in the 2-D factor space (F1
and F2) explained a total of 81.78% of the variations in the dataset. Variables that are closely located
are not different compared to variables located at a distance within a quadrant or between quadrants.
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Figure 7. Overview of metabolic changes of key central carbon pathways in the leaves of Scotia tomato
seedlings treated with pyroligneous acid (PA) under aluminum (Al) stress. Ru5P, ribulose-5-phosphate;
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3PGA, 3-phosphoglyceric acid; G3P, glyceraldehyde-3-phosphate; F1,6BP, fructose-1,6-bisphosphate;
F6P, fructose-6-phosphate; E4P, erythrose-4-phosphate; Se7BP, sedoheptulose-1,7-bisphosphate; Se7P,
sedoheptulose-7-phosphate; R5P, ribose-5-phosphate; RuBP, ribulose-1,5-bisphosphate; G6P, glucose-
6-phosphate; DHAP, dihydroxyacetone phosphate; 2PG, 2-phosphoglyceric acid; PEP, phospho-
enolpyruvic acid; 6PGlu, 6-phosphogluconate; Xu5P, xylulose-5-phosphate; NADP, nicotinamide
adenine dinucleotide phosphate; FMN, flavin mono-nucleotides; FAD, flavin adenine dinucleotide;
ADP, adenosine diphosphate; ATP, adenosine triphosphate. The red colour of the metabolic pattern
represents a lower concentration, and the green colour represents a higher concentration of a particu-
lar metabolite. The treatments that match the corresponding colour patterns were arranged from left
to right as control (C), 1 mM Al (1), 4 mM Al (4), 0.25% PA (A), 0.25% PA + 1 mM Al (A1), 0.25% PA +
4 mM Al (A4), 1% PA (B), 1% PA + 1 mM Al (B1) and 1% PA + 4 mM Al (B4).

4. Conclusions

Acidic soils are widespread, and Al stress is a major limiting factor for plant growth
and productivity in acidic soils. In the present study, we comprehensively investigated the
metabolic response of key intermediate metabolites in central carbon metabolism routes
in PA-treated tomato seedlings under Al stress. A total of 48 differentially expressed
metabolites involved in the Calvin-Benson cycle, glycolysis, pentose phosphate pathway,
tricarboxylic acid cycle and electron transport chain were identified in the leaves of both
control and PA-treated tomato plants under Al stress. Aluminum stress considerably
reduced the levels of these metabolites, while PA treatment triggered dynamic metabolic
alterations and played an important role in Al stress adaptation. The coordinated asso-
ciation among these identified metabolites revealed that PA stimulates changes in plant
metabolism to modulate energy production and the biosynthesis of organic acids for Al
stress tolerance. However, further investigation is required to examine how PA treatment
influences the genes and enzymes involved in these CCM routes under Al stress.
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pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle and electron transport chain (ETC))
in leaves of tomato ‘Scotia” seedlings treated with pyroligneous acid (PA) under aluminum (Al)
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Abstract: Plants are sessile, and their ability to reprogram their metabolism to adapt to fluctuations in
soil water level is crucial but not clearly understood. A study was performed to determine alterations
in intermediate metabolites involved in central carbon metabolism (CCM) following exposure of
Mexican mint (Plectranthus amboinicus) to varying watering regimes. The water treatments were
regular watering (RW), drought (DR), flooding (FL), and resumption of regular watering after
flooding (DHFL) or after drought (RH). Leaf cluster formation and leaf greening were swift following
the resumption of regular watering. A total of 68 key metabolites from the CCM routes were found to
be significantly (p < 0.01) impacted by water stress. Calvin cycle metabolites in FL plants, glycolytic
metabolites in DR plants, total tricarboxylic acid (TCA) cycle metabolites in DR and DHFL plants,
and nucleotide biosynthetic molecules in FL and RH plants were significantly (p < 0.05) increased.
Pentose phosphate pathway (PPP) metabolites were equally high in all the plants except DR plants.
Total Calvin cycle metabolites had a significantly (p < 0.001) strong positive association with TCA
cycle (r = 0.81) and PPP (r = 0.75) metabolites. Total PPP metabolites had a moderately positive
association with total TCA cycle metabolites (r = 0.68; p < 0.01) and a negative correlation with total
glycolytic metabolites (r = —0.70; p < 0.005). In conclusion, the metabolic alterations of Mexican mint
plants under different watering regimes were revealed. Future studies will use transcriptomic and
proteomic approaches to identify genes and proteins that regulate the CCM route.

Keywords: edaphic stress; Jamaican thyme; Crassulacean acid metabolism; TCA cycle; Calvin cycle;
nucleotide pathway; glycolysis; pentose phosphate pathway

1. Introduction

A universal shift in weather patterns due to sustained global climate change has
resulted in fluctuations in edaphic stress conditions, particularly drought, flooding, soil
salinity, and soil impedance [1]. Plants are subject to such harsh and variable edaphic stress
conditions because they are sessile. Typically, plant responses to the onset of edaphic stress
include inhibition of plant root hydraulic conductance; reductions in stomatal conductance
and photosynthesis; reprogramming of affected metabolic pathways; and, ultimately,
cessation of plant growth and cell death [2-6]. The initial biochemical response to soil
water stress is the production of free radicals and reactive oxygen species such as hydrogen
peroxide and superoxide, which adversely affect plant morpho-physiological functions
and interrupt metabolic processes to the detriment of the plant [7,8]. According to Stoychev
et al. [9], such stress conditions lead to alterations in energy metabolism for survival and
adaptation.

The Calvin cycle occurs in the stroma of the chloroplast after photolysis (light reaction),
and so it is referred to as the dark reaction phase of photosynthesis. From the light reaction,
energy in the form of ATP and NADPH is generated and later used to produce glucose
and downstream carbohydrate molecules in the Calvin cycle [10]. The carbohydrates from
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the Calvin cycle enter the central carbon metabolism (CCM) route via the glycolytic path-
way [11,12]. The CCM is a complex series of enzymatic steps for the conversion of sugars
into metabolic precursors in cells [7,8,13]. The CCM route, which consists of the glycolytic
pathways, the pentose phosphate pathway (PPP) for sugar interconversion, and the tricar-
boxylic acid (TCA) cycle for final complete oxidation [7,14], provides 12 metabolites that
are the basic carbon precursors of all biosynthetic pathways [15]. PPP is divided into an
oxidative phase that produces ribose-5-phosphate for the synthesis of nucleic acids and a
non-oxidative phase that produces NADPH [16]. The latter is an important reducing power
for the synthesis of fatty acids, nucleotides, and non-essential amino acids for numerous
metabolic pathways. So far, the impact of drought, flooding, or water stress recovery on
CCM is understudied, but there are few reports on the individual pathways.

Cellular respiratory metabolism in plants via the TCA cycle occurs in the matrix of
the mitochondrion, and it is essential for energy supply to different organelles for the
maintenance of various physiological functions. A study conducted by Moradi et al. [6]
revealed that drought disrupted the thyme (Thymus sp.) TCA cycle and reduced the
synthesis of amino acids. In contrast, drought-induced metabolic reprogramming in
Arabidopsis resulted in an increase in TCA cycle intermediate metabolites [17,18]. Kumar
et al. [5] examined inbred maize (Zea mays) plants under water stress conditions and
revealed that TCA cycle metabolites like succinate, x-ketoglutarate, and fumarate were
reduced in drought-tolerant varieties while citrate and isocitrate were increased in drought-
sensitive varieties. In addition, drought altered NADP+ concentration and electron receptor
potential for the electron transport chain due to a reduction in NADPH+ and H+ availability
for the TCA cycle. However, none of these studies reported on flooding or drought-flooding
cycles. The ability of a plant to tolerate water stress is dependent on cellular concentrations
of metabolic solutes like proline, betaine, fructose, and sucrose [19]. Research conducted
using drought-tolerant wheat (Triticum aestivum) varieties showed that under severe water
stress conditions, pyruvic acid, phenylpyruvate, fructose-6-phosphate, glucose, sucrose,
and fructose were remarkably increased via the glycolytic pathway [3,5], suggesting an
increase in sugar synthesis under water stress conditions. Nucleotide metabolism is the
most critical cellular component for plant growth and affects many metabolic processes [20].
Purine and pyrimidine nucleotides are the building blocks for nucleic acid biosynthesis,
which provides the required energy for the biosynthesis of carbohydrates, proteins, lipids,
and secondary metabolites known to be central to all cellular metabolisms [21,22].

Water is crucial for plant growth and development, and globally, increasing numbers
of farm operations are impacted by drought or flooding conditions because of changes in
precipitation patterns caused by global climate change and competition with the rising
global population and the manufacturing industries requirements for water [2,23]. There-
fore, a fundamental understanding of plant response to fluctuations in water stress will
be highly valuable for the development of stress-tolerant crops and the management of
crop water requirements. Mexican mint (Plectranthus amboinicus) is an herbaceous peren-
nial plant that belongs to the Lamiaceae family with a diverse array of ethnobotanical
characteristics, culinary properties, and aroma-medicinal compounds [6,24]. Like most
other plants, these properties can be affected by drought or flooding to varying degrees
(Moradi et al. 2014 [6]). Although Mexican mint can survive drought conditions to some
extent, its growth and chemical composition may be remarkably altered in prolonged stress
conditions.

Mexican mint is physiologically a Crassulacean acid metabolism (CAM) plant that
fixes CO, into C4 acids at night [25]. Because CAM plants absorb CO, at night, their stomata
are closed much of the day to conserve water and can tolerate limited drought conditions.
However, the biochemical and physiological mechanisms underpinning the Mexican mint
plant’s response to drought or flooding are not reported. Based on current knowledge, it
was hypothesized that exposure of Mexican mint plants to prolonged drought or flooding
will cause extensive disruption to CCM, but the plant will recover as soon as regular
watering resumes. Therefore, the present study determined variations in metabolites of the
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different CCM routes following prolonged exposure of Mexican mint plants to drought
or flooding and reversals to regular watering. This knowledge may be extended to other
plants under the current dispensation of climate change and global warming.

2. Materials and Methods
2.1. Location

This research was conducted in the Plant Physiology and Stress Laboratory of the
Department of Plant, Food, and Environmental Sciences, Faculty of Agriculture, Dalhousie
University, and targeted metabolite quantitation was performed at the University of Victoria
Genome BC (UVic GBC)—Proteomics Centre of The Metabolomics Innovation Centre,
Canada, between December 2021 and April 2022.

2.2. Preparation and Rooting of Cuttings

Cuttings of soft tissue branches from the youngest second and third nodes on the
main stem of healthy and well-watered Mexican mint mother plants were collected from
the PFES greenhouse plant stock. Each cutting was trimmed to 5 cm in height with four
pairs of corresponding leaves. Mexican mint is an easy rooting plant, so rooting hormone
was not used. Four nodes on the stem part of the cuttings were embedded in moist perlite
(Perlite Canada Inc., Montreal, QC, Canada) contained in a plastic flat tray of dimensions
50 cm length x 28 cm width x 6.5 cm depth. The planted trays were covered with a
dome-shaped transparent plastic cover to maintain >95% relative humidity environment
to induce rooting. The trays were placed on a planting shelf with 24 h fluorescence light
at 22 °C. The cuttings were watered every other day, but the leaves were finely sprayed
with water twice a day with no addition of fertilizer. The rooted cuttings were ready for
transplanting after three weeks.

2.3. Planting of Rooted Cuttings and Growing Condition

Uniformly rooted cuttings were transplanted into 15 cm diameter plastic pots with
saucers underneath, and each pot contained 200 g of Promix-BX mixed with 150 g of
vermicast. The Promix-BX potting medium (Premier Horticulture Inc., Quakertown, PA,
USA) contained 75-85% sphagnum peat moss, horticultural grade perlite, vermiculite, and
dolomitic and calcitic limestone, and the vermicast was produced by Red Wiggler (Eisenia
fetida) worms purchased from Growing Green Earthworm Castings (Lower Wedgeport, NS,
Canada). The potted plants were arranged in a completely randomized design with four
replications in a Biotronette Mark II Environmental Chamber (Lab-Line Instruments Inc.,
Melrose Park, IL, USA). The growth chamber was set at a 24° /20 °C day/night temperature
cycle and a 12/12 h day/night light cycle. The plants were grown for 120 days, during
which they were regularly watered to field capacity every three days prior to the imposition
of water stress treatment. Pots were rearranged weekly to offset unpredictable occurrences
due to variations in the environment.

2.4. Water Stress Treatment

To understand how the central carbon metabolism of plants recovering from water
stress after reversal of drought (i.e., <10% field capacity) or flooding (i.e., oversaturation)
is altered, the treatments used were regular watering (RW) at field capacity; continuous
drought (DR); continuous flooding (FL); dehydration and resumption of regular watering
after continuous flooding for 8 weeks (DHFL); and rehydration and resumption of regular
watering after continuous drought for 8 weeks (RH). Regular watering was done every
other day to maintain the field capacity of the growing medium. Flooding was simulated
by complete submergence of the 15 cm diameter pot with the Mexican mint plant in water
contained in a 20 cm diameter plastic pot. The experiment was arranged in a completely
randomized design with four replications in the growth chamber.
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2.5. Central Carbon Metabolites
2.5.1. Sample Preparation

The green leaves of the potted Mexican mint plants were harvested after 8 weeks of
water stress treatment and immediately dipped in liquid nitrogen (N), ground into a fine
powder, and stored at —80 °C until analysis. The ground leaf tissue samples on ice were
shipped by overnight courier to UVic GBC for targeted metabolite quantitation. Triplicate
samples (50 mg) of ground leaf tissue per treatment were separately added to 500 L of
80% methanol and homogenized using a MM400 mill mixer (Retsch, Haan, Germany).
The mixture was then sonicated for 5 min in an ice-water bath, followed by centrifugation
at 21,000 g for 20 min at 5 °C. A quantity of 250 uL of the supernatants was removed
and combined with 150 pL of dichloromethane and 150 uL of water. After centrifugal
clarification of the mixture and vortex mixing for 30 s, triplicate samples of 80 uL aliquots
of the supernatant were dried in a N gas flow. There were three biological replicates and
two technical replicates. The obtained residues were used for the assays described below.

2.5.2. Tricarboxylic Acid Cycle Assay

Standard stock solutions were prepared based on the method description provided
by Han et al. (2013) [26]. The standard stock solutions of all targeted carboxylic acids
were prepared in 80% methanol at concentrations of 200-1000 pM. A total of 50 uL of each
standard solution or the supernatant of each sample was mixed and reacted with 50 uL
of a 200 mM 3-nitrophenylhydrazines (NPH) solution at 30 °C. Following the reaction,
450 pL of water was added to each solution, and 10 pL of the resulting solution was injected
into a C18 liquid chromatography (LC) column (2.1 x 100 mm, 1.8 pm) for quantification
of the carboxylic acid by ultrahigh LC-multiple reaction monitoring/mass spectroscopy
(UPLC-MRM/MS), and ion detection was performed on an Agilent 1290 UHPLC coupled
to a Sciex 4000 QTRAP MS instrument (AB Sciex, Concord, ON, Canada) [26].

2.5.3. Glucose and Selected Sugar Phosphates

An 80 L aliquot of the dried residue of each sample was mixed with 50 L of 50%
methanol. After that, 50 mL of standard solutions of glucose, ribose, ribose-5-phosphate,
glucose-6-phosphate, and mannose-6-phosphate were serially diluted before being com-
bined and reacted with 100 mL of 25 mM 3-amino-9-ethylcarbazole (AEC) solution, 50 mL
of 50 mM sodium cyanoborohydride (NaCBHj3) solution, and 20 mL of LC/MS grade
acetic acid for 70 min at 60 °C. A quantity of 300 uL of chloroform and 200 pL of water
were added during the reaction period, after which each supernatant was centrifuged at
12,500x g for 5 min and vortexed for 15 s before adding 50 mL of water. Finally, 10 uL of
the mixture was injected into a pentafluorophenylpropyl (PFP) LC column (2.1 x 150 mm,
1.7 um) to run UPLC-MRM/MS on an Agilent 1290 UHPLC coupled to an Agilent 6495B
QQQ instrument (Conquer Scientific, Poway, CA, USA) with positive-ion detection as
previously described by [26].

2.5.4. Other Metabolites

In 50% methanol, a solution known as an internal standard (IS) was created that
contained 25 isotope-labelled metabolites including adenosine monophosphate (AMP),
adenosine-5-triphosphate (ATP), uridine monophosphate (UMP), uridine triphosphate
(UTP), uridine diphosphate (UDP)-glucose, fructose-6-phosphate (fructose-6P), fructose-
bisphosphate, glycerol-3-phosphate, nicotinamide adenine dinucleotide (NAD), NADH,
glucose-1-phosphate, ribose-5-phosphate, and others. Moreover, all the targeted metabo-
lites were produced as serially diluted standard solutions in the IS solution at concentrations
ranging from 0.00002 to 10 M. Eighty liter aliquots of dried residue were dissolved in 100 L
of the IS solution. Ten microliters of each sample solution or each standard solution was
injected onto a C18 LC column (2.1 x 100 mm, 1.9 um) to run UPLC-MRM/MS and nega-
tive ion detection on a Waters Acquity UPLC system coupled to a Sciex QTRAP 6500 Plus
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MS instrument using tributylamine acetate buffer-acetonitrile/ methanol (1:1, v/v) as the
mobile phase with a gradient of 0.25 mL/min (from 10% to 50% B over 25 min) and 60 °C.

2.6. Calculation and Statistical Analysis

Concentrations of the detected analytes in the above assays were calculated with IS
calibration by interpolating the constructed linear regression curves of individual com-
pounds using the analyte-to-internal standard peak area ratios measured from injections of
the sample solution. All data obtained were subjected to a one-way analysis of variance
(ANOVA) using Minitab version 21 (Minitab, Inc., State College, PA, USA). Tukey’s hon-
estly significant difference post-test was used to separate treatment means at p < 0.05. A
multivariate statistical analysis of grouped compounds, two-dimensional principal compo-
nent analysis (PCA), and hierarchical clustering for differential metabolism per group were
constructed with Euclidean distance using XLSTAT version 2022.3 (Addinsoft, New York,
NY, USA).

3. Result and Discussion
3.1. Plant Growth

The effects of prolonged drought and flooding stresses on plant growth and produc-
tivity are well documented [13,27], but not much has been reported on stress reversal.
The results of the present study revealed that although morphological recuperation of
Mexican mint through rehydration of drought-stressed (RH) plants and dehydration of
flooded (DHFL) plants can be fast and occur within 4 h, the overall recovery of total plant
size and leaf greening similar to that of regularly watered (RW) plants can be delayed
(Figure 1A). This was proven by the resumption of leaf cluster formation on RH and DHFL
plants compared to the stressed, i.e., drought (DR) and flooded (FL) plants, respectively
(Figure 1A).
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Figure 1. Response of Mexican mint (Plectranthus amboinicus) plants to varying watering regimes. (A)
Plant growth, (B) two-dimensional principal component analysis of metabolic profiles, and (C) a bar
chart of total concentrations of intermediate metabolites along the central carbon metabolic (CCM)
routes with error bars. Regular watering (RW), drought (DR), flooding (FL), resumption of regular
watering after flooding (DHFL) or after drought (RH).
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3.2. Total CCM Metabolites

Plants produce large quantities of specialized metabolites, which are end-products of
cellular regulatory activities [28], but the compositions of these metabolites can be highly
modulated by stress conditions [5,6,29], as demonstrated in the present study (Figure 1B,C).
Anecdotally, Mexican mint as a CAM plant is known to tolerate some extent of water deficit
stress [25], but its tolerance level and the mechanistic response to prolonged and continuous
water stress conditions are unknown up to now. To understand this mechanism, changes
in metabolites involved in CCM under different watering regimes were assessed. A two-
dimensional PCA biplot presented in Figure 1B explained ca. 72% of the overall variations
in total metabolites. The first (F1) and second (F2) factors represent ca. 41% and 31%,
respectively. The PCA revealed three distinct clusters that clearly discriminated between
the different water treatments with respect to the total metabolites of the CCM routes.
Based on the cluster formation, it seemed the metabolism of RH and DHFL plants was
adjusted after 8 weeks of stress recovery and resumed normal growth and metabolism that
was similar to the RW plants. These results suggested that, irrespective of the prolonged
drought and flooding, the Mexican mint plants underwent metabolic reprogramming when
regular watering was resumed, as previously reported for intermediate metabolites in flood-
stressed clover (Trifolium spp.) [9], drought-stressed Arabidopsis [17], and corn [5]. Drought
or flooding causes remarkable degradation of chlorophyll and a significant impairment
of photosynthesis, in addition to increased osmotic adjustment and MDA content [7,27].
These may explain the yellowing and stunting of the DR and FL plants compared to the
RW plants.

3.3. Metabolites Profile of the Different CCM Routes

The results showed that the abundance of intermediate metabolites involved in the
CCM routes was significantly (p < 0.05) altered due to water stress (Table 1). During
water stress, plants go through rapid metabolic adjustment to maintain proper metabolism
as an adaptation mechanism [12]. The process of metabolic adjustment requires several
regulatory mechanisms to mediate signaling between multiple metabolic pathways and to
initiate alterations in the composition of metabolites throughout the various CCM routes [7].
Metabolic analysis in the present study revealed the presence of 68 putative metabolites
in the Mexican mint plants, which were categorized into five carbon-mediated metabolic
groups for Calvin cycle, glycolysis, TCA cycle, PPP, and nucleotide biosynthesis [14].

Table 1. Total metabolites involved in specific central carbon metabolic routes in Mexican mint
(Plectranthus amboinicus) plants under varying watering regimes.

Calvin Cycle Glycolysis TCA PPP 1\.Iucleot1de.3
Treatment (nmol/g) (mmol/g) (mmol/g) (nmol/g) Biosynthesis

(nmol/g)

DR 31.33b 29.42a 59.86a 56.67b 288.65b

FL 67.75a 9.04b 36.62bc 182.62a 701.27a

DHFL 47.61ab 2.57¢ 51.62ab 196.32a 310.62b

RH 41.06b 2.07¢c 27.59¢ 149.38a 879.76a

RW 36.95b 1.90c 37.83bc 147.73a 267.60b
p-value 0.002 0.00 0.002 0.000 0.000

PPP, pentose phosphate pathway; TCA, tricarboxylic acid. Regular watering (RW), drought (DR), flooding (FL),
resumption of regular watering after flooding (DHFL) or after drought (RH). Values are means of three replications,
and different alphabetical letters denote significant differences according to Tukey’s honestly significant difference
post-test analyses at a significant level of p < 0.05.

Remarkable shifts in total concentrations of intermediate metabolites and energy
generation were noticed with variations in watering regimes (Table 1). It is reported that
plant response to water stress begins with rapid production of reactive oxygen species
that act as an alarm signal that triggers acclimatory-defense responses by specific signal
transduction pathways [7,8]. Consequently, these reactions result in a series of metabolic
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reprogramming in the plant. This can explain the significant (p < 0.05) alterations in total
metabolites of the different CCM routes and energy generation in the Mexican mint plants
following water stress imposition and water stress recovery, as shown in Table 1 and
explained further below.

3.3.1. Calvin Cycle Intermediates

The production of downstream carbohydrate molecules, including glucose in the
Calvin cycle, was significantly (p < 0.05) influenced by the different watering regimes
(Table 1, Figure 2). Interestingly, the concentrations of total metabolites involved in the
Calvin cycle were reduced non-significantly (p > 0.05) by ca. 15% in Mexican mint plants
exposed to DR compared to those under RW (Table 1). On the contrary, the concentrations
of total Calvin cycle metabolites were significantly (p < 0.001) increased by ca. 83% in FL
plants compared to RW plants (Table 1). Plants that recovered from water stress, i.e., RH
and DHFL plants, had their total Calvin cycle metabolites slightly increased by ca. 11%
and 29%, respectively, although not significantly (p > 0.05) different from that of the RW
plants (Table 1). This means that the water-stressed Mexican mint plants recovered their
photosynthetic capabilities upon rehydration after a period of drought or upon dehydration
after a period of flooding, and their photosynthetic capabilities approached those of the
RW plants.

The ANOVA shows that the individual intermediate metabolites involved in the Calvin
cycle varied significantly (p < 0.05) with variation in watering regime (Supplementary
Table S1). Specifically, fructose-1,6-bisphosphate (F1,6BP) and ribulose-1,5-bisphosphate
(RuBP) were significantly (p < 0.05) highest in DR plants. However, the overall reduction in
total Calvin cycle metabolites in DR plants (Table 1) can be attributed to low concentrations
of sedoheptulose-7-phosphate (Se7P), erythrose-4-phosphate (E4P), F1,6BP, dihydroxyace-
tone phosphate (DHAP), 3-phosphoglyceric acid (3PG), and ribulose-5-phosphate (Ru5P),
as shown by the heatmap in Figure 2. The result suggested a possible reduction in the
rate of photosynthesis in the DR plants, which was consistent with previous reports for
other plants where drought reduced the abundance of numerous Calvin cycle proteins
and other associated enzymes involved in photosynthesis [30-32]. Although enzymatic
activities were not investigated, Wingler et al. [33] suggested that the reduction in Calvin
cycle metabolites can be ascribed to impairment in photorespiratory enzyme activities,
which can affect photosynthesis under drought stress. In soybean (Glycine max), Chen
et al. [34] revealed that drought stress repressed the expression of genes involved in the
Calvin cycle and resulted in a substantial reduction in photosynthetic abilities.

On the other hand, the increase in Calvin cycle metabolites in FL plants can be ascribed
to increased concentrations of Se7P, E4P, F6P, ribose-5-phosphate (R5P), and Ru5P (Figure 2).
Previous studies demonstrated that the ability to maintain photosynthesis was strongly
associated with flood tolerance in several plant species [35,36]. It was found that under
flooding conditions, most flood-tolerant plants switch from aerobic to anaerobic respiration
to increase photosynthetic carbon production. Such a flood adaptation mechanism could
have been one of the reasons for increased Calvin cycle metabolites in FL plants, as reported
for Kandelia candel by Pan et al. [37]. Furthermore, Se7P produced from sedoheptulose-1,7-
bisphosphate (Sel,7BP) through the action of the enzyme sedoheptulose-bisphosphatase
is critical for RuBP regeneration. Therefore, the increase in Se7P concentration in FL
plants probably indicated an increase in photosynthetic rate and carbohydrate synthesis,
as previously noticed by [38]. RH and DHFL plants had high concentrations of DHAP
and Glyceraldehyde-3-phosphate (G3P), similar to concentrations found in RW plants
(Figure 2). Collectively, G3P and DHAP are termed triosephosphates and can interconvert
via the catalyzation of isomerase [39]. G3P and DHAP are important intermediates for
photosynthesis and glycolysis.

Studies have shown that during glycolysis, ca. 0.05-0.3% of glucose is non-enzymatically
transformed into methylglyoxal, which can be increased following plant exposure to stress-
ful conditions [40-42]. The present finding suggested that G3P, a key end-product of
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photosynthesis, was increased in plants under regular watering (i.e., RW) or plants that
resumed regular watering after stress (i.e., RH and DHFL) compared to DR or FL plants.
Sugar accumulation in response to drought and flooding has been reported by many au-
thors [43-45]. Glucose is produced at the end of the Calvin cycle, and therefore, the increase
in concentrations of glucose in both DR (high) and FL (from moderate to high) plants
(Figure 3) can be considered a biochemical strategy to supply substrates for high-energy
generation through glycolysis [11] as the stressed plants switched to a survival mode [9].
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Figure 2. A heat map depicting the individual concentrations of intermediate metabolites of the
Calvin cycle in Mexican mint (Plectranthus amboinicus) plants under varying watering regimes
(n = 3). 3-phosphoglyceric acid (3PG), glyceraldehyde-3-phosphate (G3P), dihydroxyacetone
phosphate (DHAP), fructose-1,6-bisphosphate (F1,6BP), fructose-6-phosphate (F6P), erythrose-4-
phosphate (E4P), sedoheptulose-1,7-bisphosphate (Sel,7BP), sedoheptulose-7-phosphate (Se7P),
ribose-5-phosphate (R5P), ribulose-5-phosphate (Ru5P), and ribulose-1,5-bisphosphate (RuBP).
Metabolite concentrations in each block compartment are normalized across all data for an individual
compound such that similar color intensities between compounds can represent widely differing
concentrations. The red color represents a lower concentration, and the green color represents a
higher concentration of a particular metabolite. The compartments were arranged from left to right
as follows: regular watering (RW), drought (DR), resumption of regular watering after drought (RH),
flooding (FL), and resumption of regular watering after flooding (DHFL).

3.3.2. Glycolytic Pathway Intermediates

The 3C sugar from the Calvin cycle enters the glycolytic pathway. In this study,
we observed that the enzymatic breakdown of glucose via glycolysis was significantly
(p < 0.001) higher in DR plants followed by FL plants when compared to RW plants
(Supplementary Table S2). Total glycolytic metabolites were increased by ca. 1448% in DR
plants and ca. 376% in FL plants compared to those of the RW plants (Table 1). Specifically,
the increase in glycolytic metabolites in DR plants can be attributed to high concentrations of

149



Metabolites 2023, 13, 539

glucose, F1,6BP, phosphoenolpyruvic acid (PEP), pyruvic acid (PA), NADH, and adenosine
triphosphate (ATP) (Figure 3; Supplementary Table S2). Additionally, the increase in
glycolytic metabolites in FL plants can be attributed to high concentrations of F6D, PEP,
and PA. These observations suggested that PEP and PA levels were increased in Mexican
mint plants under both drought and flood conditions. Because total glycolytic pathway
metabolites were not significantly (p > 0.05) altered in RH and DHFL plants, we suggested
that glucose metabolism was altered by DR and FL conditions but was normalized after
the plants were exposed to regular watering conditions, as portrayed by the RH and DHFL
plants, respectively.
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Figure 3. A heat map depicting the individual concentrations of intermediate metabolites of the
glycolysis pathway in Mexican mint (Plectranthus amboinicus) plants under varying watering regimes
(n = 3). Glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-bisphosphate (F1,6BP),
glyceraldehyde-3-phosphate (G3P), dihydroxyacetone phosphate (DHAP), 3-phosphoglyceric acid
(3PG), 2-phosphoglyceric acid (2PG), phosphoenolpyruvic acid (PEP), and pyruvic acid (PA). Metabo-
lite concentrations in each block compartment are normalized across all data for an individual
compound such that similar color intensities between compounds can represent widely differing
concentrations. The red color represents a lower concentration, and the green color represents a
higher concentration of a particular metabolite. The compartment was arranged from left to right as
follows: regular watering (RW), drought (DR), resumption of regular watering after drought (RH),
flooding (FL), and resumption of regular watering after flooding (DHFL).

Numerous studies have consistently reported that stress imposed by drought and
flooding conditions accelerates glycolysis as a strategy for providing energy for stress
defense activation and adaptation. For instance, Guo et al. [3] reported that glucose,
PA, and PEP concentrations in wheat were considerably increased in drought-tolerant
genotypes. Similarly, glucose and other glycolytic intermediate metabolites accumulated in
Pinus painaster [46], Thymus vulgaris, T. Kotschyanus [23], and Lotus japonicus [47] in response
to drought. Moreover, water stress instigated “energy crises” through the impairment of
oxidative phosphorylation of the mitochondrion, resulting in a drastic reduction of ATP
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production [48,49]. Researchers have shown that sugar accumulation plays a crucial role in
carbon resource allocation and plant growth [50]. To survive the “energy crises” under such
stressful conditions, tolerant plants increase their glycolytic influx by accumulating more
glucose to produce sufficient ATP via glycolysis to maintain basic cellular functions and
regenerate NAD* to maintain the glycolytic flux [48]. Furthermore, it has been reported
that pyruvate metabolism plays a critical role in plant water stress tolerance [3,37,51]. A
previous study by Pan et al. [37] also showed that Kandelia candel plants accumulated high
concentrations of PA under flooding due to increased activities of 6-phosphofructokinase
(PFK) and pyruvate kinase (PK). Additionally, PA production from glycolysis can be
directed to a recycled pool of NAD+ through the fermentation pathway and/or serve
as a hub for the biosynthesis of amino acids, fats, and sugars [52,53]. In poplar (Populus
sp.) plants, PA accumulation under flood conditions was strongly linked to amino acid
biosynthesis as a flood tolerance mechanism [54]. Although the activities of these enzymes
were not examined in the present study, the increased PA concentrations in DR and FL
plants (Figure 3) were consistent with previous findings. This suggested that the glycolytic
pathway was crucial for modulating energy metabolism, which can lead to increased amino
acid production in Mexican mint plants under water stress. Nevertheless, further studies
are required to examine the detailed mechanisms involved.

3.3.3. Pentose Phosphate Pathway Intermediates

Changes in the cellular abundance of PPP intermediate metabolites have been reported
to strongly affect several other metabolic pathways [55]. In the present study, it was found
that the total concentration of PPP metabolites was not significantly (p > 0.05) different
amongst FL, DHFL, RH, and RW plants, and their average of 168.93 nmol/g was ca. 189%
more than that of the DR plants (Table 1). Comparatively, the concentration of total PPP
metabolites in DHFL plants was non-significantly (p > 0.05) the highest, followed by FL
plants, and moderate in RW and RH plants. The low concentration of total PPP metabolite
in DR plants can be associated with significant (p < 0.001) reductions in G6P and E4P,
although the concentrations of R5P and xylulose-5-phosphate (Xu5P) were significantly
(p < 0.001) enhanced compared to the RW plants (Figure 4; Supplementary Table S3). On
the contrary, there was an increase in total PPP metabolite concentration in the FL plants
(Table 1) that can be ascribed to a significant (p < 0.001) increase in the concentrations of
R5P, RubP, Se7P, E4P, and F6P (Figure 4).

Similarly, increased concentrations of G6P, E4P, G3P, and F6P accounted for the high
concentrations of total PPP metabolites in DHFL plants (Figure 4; Supplementary Table S3).
It was established that PPP is primarily responsible for the major supply of NADPH for
several biosynthetic pathways in cells and contributes to antioxidant production [56]. The
increased NADPH in DR plants possibly indicated an enhancement of the antioxidant
system, as reported for drought-stressed soybean plants by [57]. This suggested that
maintaining redox potential could be a necessity for Mexican mint plant protection against
drought-induced oxidative stress [58]. Overall, the RH plants had a similar PPP metabolite
profile to the RW plants, and the abundance of G6P, 6PG, R5P, Xu5P, G3P, and Se7P in
RW, RH, and DHFL plants were similar (Figure 4). Consequently, the concentration of the
resultant product, i.e., glucose, in RW, RH, and DHFL plants entering the glycolytic pathway
was similar (Figure 3), since PPP runs parallel to glycolysis in the cytosol. Interestingly,
the concentration of NADPH in FL and DHFL plants was similarly low as that found in
RW plants (Supplementary Table S3). The increase in R5P, E4P, and F6P concentrations
in FL plants as a result of the flooding, suggests stress tolerance mechanisms can lead to
enhanced production of downstream compounds, including nucleotides, aromatic amino
acids, and fatty acids [16,59,60]. Overall, Mexican mint plants increased PPP metabolic flux
under flooding stress to achieve energy homeostasis—a mechanism reported for K. candel
by Pan et al. [37].
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Figure 4. A heat map depicting the individual concentrations of intermediate metabolites of the
pentose phosphate pathway in Mexican mint (Plectranthus amboinicus) plants under varying watering
regimes (n = 3). Glucose-6-phosphate (G6P), 6-phosphogluconate (6PGlu), ribulose-5-phosphate
(RubP), ribose-5-phosphate (R5P), xylulose-5-phosphate (Xu5P), glyceraldehyde-3-phosphate (G3P),
sedoheptulose-7-phosphate (Se7P), fructose-6-phosphate (F6P), erythrose-4-phosphate (E4P), and
glucose-3-phosphate (Glu3P). Metabolite concentrations in each block compartment are normalized
across all data for an individual compound such that similar color intensities between compounds
can represent widely differing concentrations. The red color represents a lower concentration, and
the green color represents a higher concentration of a particular metabolite. The compartment
was arranged from left to right as follows: regular watering (RW), drought (DR), resumption of
regular watering after drought (RH), flooding (FL), and resumption of regular watering after flooding
(DHFL).

3.3.4. Tricarboxylic Acid Cycle Intermediates

It was found that both total and individual TCA cycle intermediate metabolites were
significantly (p < 0.002) affected by the different watering regimes (Table 1; Figure 5). Total
TCA cycle metabolites were significantly (p < 0.001) increased by ca. 58% in DR plants
and ca. 36% in DHFL plants compared to their RW counterparts (Table 1). In contrast,
drought stress reduced TCA cycle metabolites in maize, rice, and sesame (Sesamum in-
dicum) plants [32,61,62]. This contrasting report could be attributed to differences in plant
genotype, i.e., Mexican mint versus maize, rice, and sesame. The fewest total TCA cycle
metabolites were found in RH plants and were not significantly (p > 0.05) different from
those of the RW and FL plants. When compared to RW plants, flooding stress did not
alter the total concentration of the TCA metabolites in the Mexican mint plants. This
conformed with previous reports for flood-tolerant soybean [63,64], Acanthus ilicifolius [65],
Lotus japonicus [66], and rice [67] plants. According to Menezes-Silva et al. [68], plants
can intensify their defense against stress by maintaining information from previous stress
events. This “stress memory” in plants involves physiochemical processes such as photo-
synthesis, maintenance of water status, and osmotic adjustment [69]. These can explain the
results of the present study, which showed that the removal of flooding (i.e., DHFL plants)
increased total TCA cycle metabolites compared to FL or RW plants (Table 1). It therefore
seemed obvious that the ability of DHFL plants to withstand future stress was enhanced
compared to FL and RW plants. Although the reductions in TCA cycle metabolites did not
significantly (p > 0.05) impact ATP production in this study, such reductions could likely
alter TCA-mediated amino acid production [70], which must be investigated in future
studies.

More specifically, there was a remarkable increase in eight out of nine of the individual
TCA cycle intermediate metabolites in the FL plants (Supplementary Table S4) compared to
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the other treatments. The concentrations of incoming PA from glycolysis and the TCA cycle
intermediate metabolites—isocitric acid, a-ketoglutaric acid, succinic acid, fumaric acid,
and malic acid—were particularly high in FL plants compared to all the other treatments
(Figure 5). This suggests greater mitochondrial activity in FL plants to generate carbon
skeletons for amino acid biosynthesis [70]. The highest concentrations of isocitric acid,
aconitic acid, and citric acid were noticed in DR plants, which had the least concentrations
of oxaloacetic acid, acetyl-CoA, malic acid, and o-ketoglutaric acid.
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Figure 5. A heat map depicting the individual concentrations of intermediate metabolites of the
tricarboxylic acid cycle in Mexican mint (Plectranthus amboinicus) plants under varying watering
regimes (n = 3). Metabolite concentrations in each block compartment are normalized across all data
for an individual compound such that similar color intensities between compounds can represent
widely differing concentrations. The red color represents a lower concentration, and the green color
represents a higher concentration of a particular metabolite. The compartments were arranged from
left to right as follows: regular watering (RW), drought (DR), resumption of regular watering after
drought (RH), flooding (FL), and resumption of regular watering after flooding (DHFL).

Apart from oxaloacetic acid, which was comparatively high in RW plants, all the other
metabolites were low. The low concentrations of succinic acid, isocitric acid, acotinic acid,
and citric acid in RW plants were similar to those in RH and DHFL plants (Figure 5). Partic-
ularly, the RH plants had low concentrations of all the individual TCA cycle intermediate
metabolites. For the DHFL plants, the increase in TCA cycle metabolites can be ascribed to
high levels of acetyl-CoA, oxaloacetic acid, and malic acid. According to Sweetlove et al.
(2010) [70], TCA cycle intermediate metabolites do not have similar flux, and the activities
of the different enzymes in the different steps are independent of each other. As such, the
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suppression of one enzyme within the cycle does not alter the activity of the other enzymes.
Therefore, the high concentrations of TCA cycle metabolites in FL. and DHFL plants can
be attributed to the link between the TCA cycle and other associated pathways, including
ammonium assimilation and the biosynthesis of amino acids, nucleotides, and secondary
metabolites that contribute to plant stress tolerance [69,70].

Studies showed that changes in malate, citrate, x-ketoglutaric acid, and fumarate
during flood stress occurred in many different plants [63,64,66]. The accumulation of succi-
nate is obvious during flood-induced hypoxia conditions since succinate dehydrogenase
requires oxygen [52]. Additionally, both drought and flood stresses stimulate the accumu-
lation of citrate in plants [23,64]. In addition, citrate is not only involved in amino acid
metabolism but also serves as an antioxidant and intermediate in respiratory metabolisms
to generate energy for defense pathways in stress adaptation mechanisms [71]. Further-
more, x-ketoglutaric acid plays an important role in respiration and N assimilation for the
biosynthesis of proline, glutamate, glutamine, and arginine. These amino acids function
in regulating osmotic potential and act as osmolytes to maintain protein integrity and
to mediate water stress tolerance in plants [3,52]. Therefore, like many other plants, the
accumulation of these metabolites can be essential for water stress tolerance in Mexican
mint plants.

3.3.5. Nucleotide Biosynthetic Pathway Intermediates

Apart from guanine monophosphate (GMP), all the determined nucleotide pathway
intermediate metabolites were significantly (p < 0.05) influenced by variation in watering
regime (Table 1; Supplementary Table S5). Nucleotide metabolism is the most critical
cellular component for plant growth and affects several metabolic processes [20]. These
nucleotides are essential for information storage and recovery in dividing and expanding
tissues. The results revealed that total nucleotide intermediate concentrations were signifi-
cantly (p < 0.001) highest in RH (ca. 229%) and FL (ca. 162%) plants compared to RW plants
(Table 1). Total concentrations of nucleotide intermediates in DR, DHFL, and RW plants
were not significantly (p > 0.05) different and ranged from 267 to 311 nmol/g. Evidence
from several studies revealed that nucleotide biosynthesis increased drought tolerance
in plants such as Arabidopsis [72], orchids (Dendrobium spp.) [73,74], pitaya (Hylocereus
undatus) [75], drought-tolerant wild wheat (Triticum boeoticum) [76], and soybeans [55].
Based on these previous reports, we surmised that nucleotide metabolism would be a
critical mechanism for water stress tolerance in Mexican mint. These nucleotides may also
allow for the repair and maintenance of water stress-induced cellular damages, which, as a
result, might have promoted water stress tolerance in RH and DHFL plants.

Furthermore, the de novo biosynthesis of purine is characterized by the formation of
adenosine monophosphate (AMP) and GMP [20]. AMPs are synthesized from activated
ribose (5-phosphoribosyl-1-pyrophosphate), key amino acids such as glutamine and glycine,
and 10-formyl tetrahydrofolate [20]. GMPs are obtained from deamination of AMP or
direct transport of inosine 5'-monophosphate (IMP) in the chloroplast [20]. The results
of the present study showed that the relative concentrations of the individual nucleotide
intermediates, i.e., guanine diphosphate (GDP), GTP, AMP, and adenosine diphosphate
(ADP), known to be involved in purine biosynthesis, were significantly (p < 0.001) increased
in DR plants, except for GMP (Figure 6). Conversely, these metabolites were significantly
(p < 0.05) reduced in the FL plants, except for GMP, which was highest in both FL. and RW
plants.

During the de novo biosynthesis of pyrimidine, uridine monophosphate (UMP) is typi-
cally formed from phosphoribosyl diphosphate (PRPP), aspartate, and carbamoylphosphate
to play a critical role in cytosine monophosphate (CMP) biosynthesis [20,22]. The results of
the present study indicated that concentrations of UMP, uridine triphosphate (UTP), uridine
diphosphate (UDP), and CMP metabolites were significantly (p < 0.001) increased in DR
plants compared to RW plants (Figure 6). Ultimately, UMP, UDP, and CMP concentrations
were increased in FL plants, while UTP concentrations were slightly reduced. Intriguingly,
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purine and pyrimidine nucleotides may also function as co-substrates for carbohydrate
metabolism. For example, ADP-glucose is an activated precursor for starch synthesis, while
UDP and UTP are directly involved in the synthesis, degradation, and transportation (i.e.,
in the form of UDP-glucose or UTP-glucose) of various forms of carbohydrate, including
sucrose, sugar components of glycoproteins, and cell wall matrix polysaccharides [22,77].
UDP-glucose acts as a glucosyl donor for the biosynthesis of hormones and secondary
metabolites [77]. Furthermore, ADP-glucose and UDP-glucose/UDP-mannose concentra-
tions in the Mexican mint plants were significantly (p < 0.05) elevated in FL plants but were
not altered in DR plants compared to the RW plants (Figure 6). These findings suggested
that carbohydrate metabolism and secondary metabolite syntheses can enhance flood
tolerance. This provides a new insight into drought and flooding tolerance in Mexican mint

plants.
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Figure 6. Changes in nucleotide biosynthetic pathway metabolites in Mexican mint (Plectranthus
amboinicus) plants in response to varying watering regimes (n = 3). (A) Adenosine monophosphate
(AMP), (B) guanine monophosphate (GMP), (C) guanine diphosphate (GDP), (D) adenosine diphos-
phate (ADP), (E) guanine triphosphate (GTP), (F) uridine monophosphate (UMP), (G) cytosine
monophosphate (CMP), (H) uridine triphosphate (UTP), (I) uridine diphosphate (UDP), (J) ADP-
glucose, (K) GDP-fucose, and (L) UDP-glucose/UDP-mannose. Different alphabetical letters on
the bars denote significant differences according to Tukey’s honestly significant difference post-test
analyses at a significant level of p < 0.05.

3.4. Association between the Central Carbon Metabolism Routes

A multivariate analysis using 2-D PCA biplots and the Pearson correlation coefficient
(r) was used to further demonstrate the nature of the association amongst the different
routes involved in CCM as influenced by variation in watering regime. The PCA biplot in
Figure 7 showed a projection of the response variables in the factor space, which explained
ca. 96% of the total variations in the dataset. It was found that total metabolites in the
Calvin cycle had a significantly (p < 0.001) strong positive association with those of the
TCA cycle (r = 0.81) and PPP (r = 0.75) intermediate metabolites. Total PPP intermediate
metabolites had a significantly (p < 0.01) moderately positive association with the TCA
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cycle intermediate metabolites (r = 0.68), and a negative correlation with total glycolysis
intermediate metabolites (r = —0.70; p < 0.005; Table 2).
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Figure 7. A two-dimensional principal component analysis biplot showing relationships amongst
the total metabolites involved in the Calvin cycle, glycolysis, pentose phosphate pathway (PPP),
tricarboxylic acid (TCA) cycle, and nucleotide biosynthetic pathway of Mexican mint (Plectranthus
amboinicus) plants under varying watering regimes. The projection of the variables in the 2D factor
space (F1 and F2) explained a total of ca. 96% of the variations in the dataset. Variables that are
closely located are not different compared to variables located at a distance within a quadrant or
between quadrants (n = 3). Regular watering (RW), drought (DR), resumption of regular watering
after drought (RH), flooding (FL), and resumption of regular watering after flooding (DHFL).

Table 2. Pearson correlation coefficients (r) amongst the specific central carbon metabolic pathways
in Mexican mint (Plectranthus amboinicus) under varying watering regimes at a significance level of

p <0.05.
TCA Glycolysis Calvin Cycle PPP
Glycolysis (nmol/g) rp::B(?éé%S
Calvin cycle (nmol/g) ; Z g%é‘é rp::_(](.)ﬁl;
PPP (nmol/g) ; Z 882; rp::_()(.)(.)%iz ;1; z ggﬁ
Nucleotide metabolism (nmol/g) ; z 8?2(2) ; z 8(6)?)2 ; z 83(;; rp::_()(.);1698

PPP, pentose phosphate pathway; TCA, tricarboxylic acid cycle.

Furthermore, total nucleotide biosynthetic metabolites had a significant (p < 0.01)
moderately positive correlation with total glycolysis metabolites (r = 0.65) and a moderate
non-significant (p > 0.05) association (r = 0.50) with total Calvin cycle metabolites (Table 2).
Moreover, since the Calvin cycle, PPP, and glycolytic pathways have some metabolites in
common, the association amongst the various individual pathway metabolites involved in
the CCM routes showed a distinct and significant (p < 0.05) positive association (Supple-
mentary Table S6).

The results in Figure 8 confirmed that most of the specific Calvin cycle intermediate
metabolites had a significant (p < 0.05) positive association with major TCA cycle interme-
diate metabolites. For instance, Se7P, R5P, and Ru5P concentrations positively correlated
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with fumaric acid and succinic acid concentrations, whereas RuBP and xylose-5-phosphate
(X5P) exhibited a moderate and strong positive association with aconitic acid and citric
acid, respectively. Additionally, PPP intermediate metabolites exhibited a significant (p <
0.05) positive correlation with most of the TCA cycle metabolites (Figure 8; Supplementary
Table S6). In addition to Se7P, R5P, and Ru5P, 6-phosphogluconate exhibited a strong posi-
tive association with aconitic acid and citric acid. Glucose had a strong positive association
with isocitric acid, aconitic acid, and citric acid, while PA—a key product of glycolysis—had
a strong positive association with fumaric acid, succinic acid, x-ketoglutaric acid, isocitric
acid, and citric acid (Figure 8; Supplementary Table S6). These associations with respect
to Mexican mint plants agree with the report by Rocha et al. [66]. They explained that the
products of glucose metabolism feed the TCA cycle for energy generation and the synthesis
of other metabolic compounds for other pathways. Additionally, ATP and NADPH, which
are essential for energy production in plants during water stress adaptation, had a moder-
ately negative correlation with malic acid, fumaric acid, and succinic acid and a moderately
positive association with aconitic acid and citric acid (Figure 8; Supplementary Table S6).
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Figure 8. A heat map of the composite correlation matrix between individual metabolites of the
central carbon metabolic routes in Mexican mint (Plectranthus amboinicus) plants in response to vary-
ing watering regimes (n = 3). The red color represents a strong negative association, and the green
color represents a strong positive association. Adenosine triphosphate (ATP), adenosine monophos-
phate (AMP), guanine monophosphate (GMP), guanine diphosphate (GDP), adenosine diphos-
phate (ADP), guanine triphosphate (GTP), uridine monophosphate (UMP), cytosine monophosphate
(CMP), uridine triphosphate (UTP), uridine diphosphate (UDP), ADP-glucose, GDP-fucose, and
UDP-glucose/UDP-mannose.
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The present study showed moderately positive associations between glucose and AMP,
ADP, GDP, GTP, CMP, and UTP, and strong positive associations between glucose and
UDP and UDP-glucose (Figure 8). Additionally, PA had moderate associations with ribose,
AMP, GMP, CMP, ADP-glucose, and UDP-glucose. Similarly, key individual Calvin cycle
intermediate metabolites, i.e., RuBP, RuSP, and R5P, showed strong positive associations
with the different nucleotide biosynthetic metabolites.

Overall, the coordinated association between the various pathway metabolites con-
firmed that water stress instigated metabolic reprogramming of Mexican mint plants to
regulate energy production and the biosynthesis of essential compounds necessary for
water stress tolerance and adaptation. Additionally, the PCA biplot showed that flooding
had a strong influence on the Calvin cycle and TCA cycle, which suggested the possibility of
modulating nucleotide biosynthesis and the PPP pathway. On the contrary, drought stress
tends to strongly affect glycolysis and moderately influence nucleotide metabolism, with
less influence on the Calvin cycle and TCA cycle. This is consistent with previous studies
that revealed stimulation of glucose metabolism in plants during drought as a key strategy
for energy production to maintain basic cellular functions and thereby mediate drought
tolerance [3,23,46]. Additionally, flood-tolerant plants undergo anaerobic respiration and
drive an increase in photosynthetic carbon production via the Calvin cycle [37]. In addition,
the function of the TCA cycle is to support ATP synthesis for stress tolerance. Furthermore,
dehydration after flooding showed a strong influence on the PPP pathway and a moderate
effect on the Calvin cycle and the TCA cycle. Nevertheless, rehydration after drought had
only a moderate influence on the PPP pathway and no influence on the other CCM routes.

4. Conclusions

Global climate change and a shift in weather patterns have made water stress one of
the major limiting factors for crop growth and productivity worldwide. In this study, we
demonstrated that water stress affects CCM routes associated with plant resilience and
growth. The determined 68 key metabolites involved in the CCM routes, i.e., the Calvin
cycle, glycolysis, tricarboxylic acid cycle, pentose phosphate pathway, and nucleotide
biosynthesis, were remarkably influenced by both flooding and drought and their respective
reversals. This indicates that the accumulation of intermediate metabolites associated with
these CCM routes is crucial for energy production and provides carbon skeletons for
further macromolecule biosynthesis during internal metabolic reprogramming for water
stress tolerance and adaptation. However, plants undergo a fast recovery process following
rehydration of drought plants or dehydration of flooded plants to normal growth conditions
with no obvious effect on the CCM routes, although it is impacted. For the first time, we
revealed the metabolic alteration of Mexican mint plants under different watering regimes
and elucidated the mechanism of its water stress tolerance, which can be extended to other
members of the Lamiaceae family. We recommend further analysis using transcriptomic
and proteomic approaches to identify genes and proteins that regulate these CCM routes
in response to water stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/metabo13040539/s1, Table S1: Calvin cycle metabolite profile
of Mexican mint (Plectranthus amboinicus) in response to varying water regimes. Regular watering
(RW), drought (DR), flooding (FL), resumption of regular watering after flooding (DHFL) or after
drought (RH). Values are means of three replications, and different alphabetical letters denote
significant differences according to Tukey’s honestly significant difference post-test analyses at a
significant level of p < 0.05. Table S2: Glycolysis metabolite profile of Mexican mint (Plectranthus
amboinicus) in response to varying water regimes. Regular watering (RW), drought (DR), flooding
(FL), resumption of regular watering after flooding (DHFL) or after drought (RH). Values are means
of three replications, and different alphabetical letters denote significant differences according to
Tukey’s honestly significant difference post-test analyses at a significant level of p < 0.05. Table S3:
Pentose phosphate pathway metabolites profile of Mexican mint (Plectranthus amboinicus) in response
to varying water regimes. Regular watering (RW), drought (DR), flooding (FL), resumption of regular
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watering after flooding (DHFL) or after drought (RH). Values are means of three replications, and
different alphabetical letters denote significant differences according to Tukey’s honestly significant
difference post-test analyses at a significant level of p < 0.05. Table S4: Tricarboxylic acid cycle
metabolites profile of Mexican mint (Plectranthus amboinicus) in response to varying water regimes.
Regular watering (RW), drought (DR), flooding (FL), resumption of regular watering after flooding
(DHFL) or after drought (RH). Values are means of three replications, and different alphabetical
letters denote significant differences according to Tukey’s honestly significant difference post-test
analyses at a significant level of p < 0.05. Table S5: Nucleotide biosynthetic molecules of Mexican
mint (Plectranthus amboinicus) in response to varying water regimes. Regular watering (RW), drought
(DR), flooding (FL), resumption of regular watering after flooding (DHFL) or after drought (RH).
Values are means of three replications; and different alphabetical letters denote significant differences
according to Tukey’s honestly significant difference post-test analyses at a significant level of p < 0.05.
Table S6: Correlation analysis between individual metabolites of the central carbon metabolic routes
in Mexican mint (Plectranthus aboinicus) plants in response to varying watering regimes.
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Abstract: Specialized metabolites are produced via discrete metabolic pathways. These small
molecules play significant roles in plant growth and development, as well as defense against en-
vironmental stresses. These include damping off or seedling blight at a post-emergence stage.
Targeted metabolomics was followed to gain insights into metabolome changes characteristic of
different developmental stages of sorghum seedlings. Metabolites were extracted from leaves at seven
time points post-germination and analyzed using ultra-high performance liquid chromatography
coupled to mass spectrometry. Multivariate statistical analysis combined with chemometric tools,
such as principal component analysis, hierarchical clustering analysis, and orthogonal partial least
squares—discriminant analysis, were applied for data exploration and to reduce data dimensionality
as well as for the selection of potential discriminant biomarkers. Changes in metabolome patterns of
the seedlings were analyzed in the early, middle, and late stages of growth (7, 14, and 29 days post-
germination). The metabolite classes were amino acids, organic acids, lipids, cyanogenic glycosides,
hormones, hydroxycinnamic acid derivatives, and flavonoids, with the latter representing the largest
class of metabolites. In general, the metabolite content showed an increase with the progression
of the plant growth stages. Most of the differential metabolites were derived from tryptophan and
phenylalanine, which contribute to innate immune defenses as well as growth. Quantitative analysis
identified a correlation of apigenin flavone derivatives with growth stage. Data-driven investigations
of these metabolomes provided new insights into the developmental dynamics that occur in seedlings
to limit post-germination mortality.

Keywords: developmental stage; metabolome; multivariate data analysis; specialized metabolite;
Sorghum bicolor

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a food and staple crop that is indigenous
to the African continent, of particular use as a grain crop in arid areas. Sorghum is culti-
vated for either the production of bioenergy, animal feed, and/or human consumption
in over 30 countries; therefore, the production of this crop plays a significant role in the
global economy, as well as in alleviating food insecurity and unemployment [1]. Sorghum
seedlings are very delicate during the emergence period and extremely vulnerable to soil-
borne pathogens under suboptimal growing conditions. Many fungal pathogens that are
common soil inhabitants (e.g., Rhizoctonia, Fusarium, Sclerotinia, Verticillium, and Pythium
spp.) can cause pre- and post-emergence damping-off or seedling blight. Affected seedlings
may show yellowing, wilting, and death of leaves, with the roots of diseased plants discol-
ored and rotten (https://infonet-biovision.org/plant_pests/damping-diseases, accessed
on 15 December 2023). Some soil-borne diseases have been a serious problem for many
decades and are responsible for restrictions on agricultural yield. Thus far, no biological
control strategies have been developed [2].
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The ability of a plant to overcome attempted pathogen attacks determines the level of
resistance thereof. Small-molecule metabolites are closely linked to the phenotypic charac-
teristics of a plant or cultivar. The phenotypically observable changes in the developmental
trajectory of sorghum seedlings reflect the underlying metabolomic reconfigurations. Gener-
ally, the type and concentration(s) of specialized metabolites are determined by the species,
genotype, physiology, developmental stage, and environmental factors during growth [3,4].
Sorghum contains various specialized phytochemicals that contribute to the nutritional
properties and the development of the crop. The most predominant metabolites in sorghum
plants are phenolic compounds, which include flavonoids, tannins, anthocyanins, and
cinnamic acids [5]. Flavonoids and phenolic acids support crop growth in extreme environ-
mental conditions and provide the plant with adaptive coping mechanisms to deal with
both abiotic and biotic stresses. These phenolic compounds have associated antioxidant
properties, known to reduce oxidative stress [6], as well as antimicrobial properties [7-9].

To descriptively understand developmental changes of sorghum, ‘omics” sciences,
such as metabolomics, have evolved to be indispensable in interrogating cellular bio-
chemistry. As such, it contributes to a comprehensive characterization of the metabolome
and cellular dynamics of the biological system under consideration [10,11]. Such stud-
ies contribute towards improving breeding strategies (correlating agronomical traits to
a metabolic phenotype), creating stress-resilient crops, and increasing crop quality and
yield [9,11]. Thus, reported herein is a liquid chromatography—mass spectrometry (LC-
MS)-based metabolomics study to elucidate metabolic changes of sorghum seedlings over
the early growth period following germination. Chemometrics methods, such as principal
component analysis (PCA) and orthogonal partial least squares—discriminant analysis
(OPLS-DA), were applied to mine and interpret the generated metabolomics datasets, elu-
cidating differential metabolic profiles at different stages, i.e., time points post-germination.
Such insights would point to the dynamics of seedling metabolism, also revealing possible
biochemical events that are involved in protection and adaptation at this early growth stage
of the plants.

2. Materials and Methods
2.1. Sorghum Seedling Cultivation

Seeds from the Sorghum bicolor cv. NS 5511, a red/bitter seed variety [9], were ob-
tained from a commercial seed supplier, (Agricol, Pretoria, South Africa), and cultivated
in germination mix soil (Culterra, Muldersdrift, South Africa). The seeds were sown
in trays (23 x 36 x 6 cm) under controlled greenhouse conditions: a light/dark cycle of
12 h/12 h, an average light intensity of 85 pmol/m? /s, and the temperature regulated to
between 22 and 24 °C. The seedlings were harvested at 7, 11, 14, 18, 22, 25, and 29 days post-
germination (d.p.g.). For data analysis, days 7, 14, and 29 were designated as corresponding
to ‘early’, ‘middle’, and ‘late” developmental stages, respectively. The experimental de-
sign included three independent biological replicates of each time point. The harvested
leaves were weighed, snap-frozen to quench metabolic activity, and stored at —80 °C until
extraction (Supplementary Figure S1A,B).

2.2. Metabolite Extraction and Pre-Analytical Sample Preparation

Metabolites were extracted as previously described [9]. Briefly, frozen leaf tissue was
mixed with a cold extraction solvent (80% aqueous methanol) in a ratio of 1:15 (m/v). The
mixture was homogenized using an Ultra-Turrax homogenizer (CAT Scientific, Berlin,
Germany), followed by sonication for 15 s with a probe sonicator (Bandelin Sonopuls,
Berlin, Germany) set at 55% power. Homogenates were centrifuged at 5000x g and 4 °C
for 25 min. The supernatants of each sample were then concentrated by evaporation
under vacuum to 1 mL using a rotary evaporator set at 55 °C. The 1 mL extracts from each
sample were further evaporated to complete dryness with a speed vacuum concentrator
(Eppendorf, Merck, Johannesburg, South Africa) set at 45 °C. The final step of sample
preparation consisted of resuspending the dried extracts in 50% LC-grade methanol (Romil,
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Cambridge, UK) in a 1:10 m/v ratio. This was followed by filtering samples through
0.22 pm nylon syringe filters into glass chromatography vials fitted with 500 pL inserts.
The filtered extracts were capped and kept at —20 °C until analysis.

2.3. Ultra-High Performance Liquid Chromatography (UHPLC) Coupled to High-Definition Mass
Spectrometry (MS) and Data Processing

Analyses were performed on a Waters Acquity UHPLC connected in tandem to a
SYNAPT G1 Q-TOF mass spectrometer via an electrospray ionization (ESI) interface and
operated with MassLynxTM software (ver. 4.1, Waters Corporation, Manchester, UK).
Sample extracts were chromatographically separated on a reverse-phase C18 column
(150 mm x 2.1 mm x 1.8 um—HSS T3, Waters Corporation, Milford, MA, USA) at 60 °C.
The mobile phase consisted of 0.1% formic acid in MilliQ water (solvent A) and 0.1% formic
acid in acetonitrile (Romil, Cambridge, UK) (solvent B) with a flow rate of 0.4 mL/min.
Gradient elution was used, and the initial conditions were 2% B and maintained for 1 min.
The gradient was ramped up to 95% B at 15 min and maintained for 2 min, and then
changed to the initial conditions at 18 min, followed by a 2 min equilibration time of
the column. The total chromatographic run time was 20 min, and the injection volume
was 2 pL. Each sample, originating from three independent biological replicates, was
analyzed in triplicate (1 = 9) in both positive and negative ESI modes. Sample acquisition
was randomized, and the quality control (QC) sample used to monitor the performance
and stability of the UHPLC-MS system was repeatedly injected to evaluate any analytical
variability. The conditions were set as follows: capillary voltage of 2.5 kV, sampling cone
at 30 V, extraction cone at 4 V, cone gas flow of 50 L/h, desolvation gas flow of 550 L/h,
source temperature at 120 °C, desolvation temperature at 450 °C, scan time of 0.1 s, and
mass range of 100-1000 Da. Leucine enkephalin (50 pg/mL, [M+H]* = 556.2771 Da and
[M-H]~ =554.2615 Da) was used as a reference calibrant at a flow rate of 0.1 mL/min. It
was sampled every 15 s and produced an average intensity of 350 counts/scan in centroid
mode. The mass accuracy window was 0.5 Da, with a typical mass accuracy ranging from
1 to 3 mDa.

In addition, a data-independent acquisition (DIA) method, namely MSE, was applied;
the MS analyses were set to carry out non-fragmented as well as five fragmenting exper-
iments simultaneously by applying alternating collision energy of 0 eV (unfragmented)
and from 10 to 50 eV (fragmented). This was performed to generate molecular fragmen-
tation data for downstream structural elucidation required for compound annotation
or identification.

Pre-processing of raw MS data was performed using the MarkerLynx™ application
manager for MassLynx™ XS software version 4.1 (Waters Corporation, Manchester, UK),
for detection and alignment of peaks, as well as cleaning of data matrices for reduced noise
and redundancy.

2.4. Metabolite Annotation

Annotation of spectral features was based upon physicochemical properties and/or
spectral similarity with public/commercial spectral libraries and according to level 2
of the Metabolomics Standards Initiative [12]. Based on accurate mass determinations
from the UHPLC-MS analysis, a potential empirical formula was calculated for each peak
of interest using the m/z values and searched against the databases such as PubChem
(https:/ /pubchem.ncbi.nlm.nih.gov/, accessed on 30 June 2023), the Dictionary of Natural
Products (http://dnp.chemnetbase.com/faces/chemical /ChemicalSearch.xhtml, accessed
on 31 May 2023), MS-DIAL (Mass Spectrometry-Data Independent Analysis software,
http:/ /prime.psc.riken.jp, accessed on 16 July 2023, version 4.9.221218) and ChemSpider
(http:/ /www.chemspider.com/, accessed on 16 July 2023), also taking possible adduct
formation into account. The chemical structures were confirmed by inspecting the MSE
information derived from the MS analyses at the five different fragmentation conditions.
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In addition, the generated data matrices were also processed using the Taverna work-
bench (www.taverna.org.uk, accessed on 5 January 2019) for PUTMEDID_LCMS identifi-
cation of metabolite workflows by correlation analysis, annotation of metabolic features,
and putative identification of metabolites, as previously described [10,13]. For the Taverna
workbench analysis, data matrices were formatted from MarkerLynx-based data processing.
The Taverna Metabolite ID procedure consists of three key workflows: (i) Pearson-based
correlation analysis (List CorrData), (ii) metabolic feature annotation (annotate Massmatch),
permitting the grouping of ion peaks with comparable properties like Rt, and annotating
features with the type of m/z ion (molecular ion, isotope, possible adducts, etc.) assumed
to be derived from the same metabolite. The elemental composition/molecular formula
(MF) of each m/z ion was then computed, and (iii) metabolite annotation (matchMF-MF) of
the computed MF was automatically compared and matched to the MF from a pre-defined
reference list of sorghum metabolites [9,10,14].

2.5. Visualization and Comparison of Annotated Metabolite Trends

A triangle/ternary plot, constructed with Microsoft Excel, was used for the overall
comparison of the annotated compounds in the analyzed samples [15]. Triangle plots are
graphical representations of variables that sum to a constant (100%), represented within a
two-dimensional triangle. The original data were normalized to 100% and transformed
into X and Y coordinates, which were then plotted on a scatter plot with coordinates for a
triangle. Heatmaps support the visualization of multidimensional datasets and identify
metabolic patterns under similar experimental conditions. In addition, heat maps can
be used to locate hidden groups among identified metabolites and associations between
experimental groups and metabolic changes [16]. Following annotation of the discriminant
features, heat maps were constructed for the corresponding metabolites using the Metabo-
Analyst bioinformatics tool suite (version 4.0; http:/ /www.metaboanalyst.ca/, accessed
on 3 December 2022) [17]. Average peak intensities (1 = 9) were used to construct heat
maps illustrating differences in the relative concentrations of the selected analytes from the
different groups.

2.6. Data Mining, Multivariate Data Analysis, and Statistical Modeling

For data mining and multivariate data statistical analysis (MVDA), annotated metabo-
lites (43) were further analyzed using SIMCA 15 (Soft Independent Modelling of Class
Analogy, including the ‘omics’ skin) (Sartorius, Stedim Data Analytics AB, Umed, Sweden)
and MetaboAnalyst 4.0 (http:/ /www.metaboanalyst.ca/, accessed on 23 March 2022). Such
analyses included data exploration and clustering. Before MVDA and computation of
chemometric models, log transformation and Pareto scaling were performed on the data
for variable normalization. As unsupervised methods, principal component analysis (PCA)
was applied to reduce the dimensionality of the data and to obtain an overview of the
metabolic data, general clustering, and trends. Hierarchical cluster analysis (HiCA) was
used to analyze the natural structure and patterns within the datasets. The information
derived from these unsupervised methods was used to obtain more insights by applying a
supervised method, orthogonal partial least squares—discriminant analysis (OPLS-DA), as a
binary classification method within a reduced dimensional space. OPLS-DA also identifies
discriminant molecules specific to the different sample group classifications. Here, the
comparisons included the 7 vs. 14 d, 7 vs. 29 d, and 14 vs. 29 d groups. OPLS-DA models
were validated using various multivariate statistical tools and included explained variation
(R?) and predictive ability (Q?) metrics, the analysis of variance testing of cross-validated
predictive residuals (CV-ANOVA, p-value < 0.05 as a cut-off), and response permutation
tests (with n = 100) [18], as described in the legends to the figures. These MVDA models
were constructed for comparison of the seedling sample datasets for all the time points
post-germination. OPLS-DA S (loadings/scatter) plots were used to identify m/z features
or variables with both high correlation and covariation, [p(corr) > 0.5, <—0.5 and (p1) >
0.1, <-0.1]. From the OPLS-DA analyses, variable importance in projection (VIP) plots
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were used to identify the most significantly altered metabolites extracted from the OPLS-
DA models to explore their potential biological significance. VIP values > 1 were used as
the cut-off for statistical significance and to avoid possible bias in feature selection.

2.7. Metabolomics Pathway Analysis and Network Correlation Analyses

The identified significant metabolites (with their respective Kyoto Encyclopedia of
Genes and Genomes (KEGG; https:/ /www.genome.jp/kegg/, accessed on 23 May 2022)
identifiers) were uploaded into the MetPA tool for identification, analysis, and visualization
of the affected metabolic pathways (MetaboAnalyst 4.0 (http:/ /www.metaboanalyst.ca/,
accessed on 10 October 2022). MetPA performs pathway topological analysis, and the
possible biological roles can be inferred /evaluated through enrichment analysis [14,18].
The pathway analysis algorithms specified for over-representation analysis were the hyper-
geometric test, and for pathway topology analysis, it was the relative betweenness central-
ity [10]. The global significance of a pathway enrichment is estimated by ranking the p-value
from real data among the p-values from permutation data to adjust for type I error [18].
MetPA-computed metabolic pathway analysis generates a visual representation of infor-
mation showing all matched pathways according to the log p-values and impact scores, as
shown in Table S2. As a complementary approach, the interconnectedness of the active path-
ways was modeled using KEGG MAPPER (https:/ /www.genome.jp/kegg/mapper.html,
accessed on 24 May 2022) by uploading KEGG identifiers of the annotated metabolites
via a searcher pathway option, where compounds are searched against KEGG pathway
maps. Statistical analyses are also used to describe these pathways by the p-values and
false discovery rate (FDR) of the individual metabolites [19]. The p-value was set at <0.1
and the FDR cut-off was <0.5.

Network correlation analyses were developed to examine direct biochemical associa-
tions. Here, assigned KEGG identifiers of each annotated metabolite were uploaded on the
KEGG mapping tool (https:/ /www.genome.jp/kegg/tool/map_pathway1.html, accessed
on 24 May 2022), using the organism-specific search mode for Arabidopsis thaliana. The
network was visualized using the Cytoscape version 2.8.2 tool (https://cytoscape.org/,
accessed on 28 May 2022), and network characteristic mapping reflected chemometric
modeling information via network edge (or link) and node (or vertex) features [20]. The
centrality parameter is a quantitative measure of the position of a node relative to the other
nodes, commonly applied in the estimation of a node’s relative significance in network
organization. Considering that metabolic networks are directed graphs, the significance
role played by a compound is determined using ‘relative betweenness centrality” and
‘out degree centrality’ in MetPA. The pathway impact is measured as the collection of
the significance measures of the corresponding metabolites normalized by the sum of the
significance measures of the total metabolites in each pathway.

2.8. Multiple Reaction Monitoring (MRM) UHPLC-MS/MS Method for the Quantification of
Targeted Defense-Related Flavonoids

Pure, authentic standards were obtained from Chengdu Biopurify Phytochemicals
(Chengdu, Sichuan, China), while D-fluorophenylalanine was obtained from Sigma-Aldrich
Merck (Johannesburg, South Africa). To determine the selectivity of the method in the sep-
aration of the targeted flavonoids, 100 ppm stock solutions of the pure standards (apigenin,
apigetrin, luteolin, luteoloside, naringenin, vicenin-2, vicenin-3, vitexin, isovitexin, and
internal standard D-fluorophenylalanine (Table S3)) were separated using reverse phase
chromatography followed by multiple reaction monitoring (MRM) quantification [21]. The
prepared stock standard solutions were analyzed using a C18 reverse phase chromatogra-
phy column (Restek AQ, 100 mm X 2.1 mm X 3 um) on a Shimadzu Nexera 20A UHPLC
system connected to a Shimadzu 8050 triple quadrupole mass spectrometer with an ESI
interface switching between both positive and negative ionization modes (Shimadzu, Ky-
oto, Japan). The standards were injected in triplicate and separated using a binary gradient
(Solvent A: Pure MilliQQ Water/ 0.1% (v/v) formic acid, Solvent B: UHPLC grade methanol/
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0.1% (v/v) formic acid) at a 0.40 mL/min flow rate. In the binary gradient, the concentration
of solvent B was increased in 5% (v/v) increments to 25% (v/v) at 2-18 min and 95% (v/v)
at 25-30 min before reducing the concentration to 2% at 31 min.

The instrumental conditions for MS/MS detection performed in positive and negative
ion modes with MRM scanning were set as follows: 3 L/min nebulizing gas flow, 15 L/min
drying gas flow, 4.5 kV interface voltage, 400 °C heat block temperature, 250 °C desolvation
temperature, 1.6 x 1073 Pa ion gauge vacuum. The precursor ions were directly infused
into the triple quadrupole MS in the multiple reaction monitoring mode to determine the
optimum conditions for generating product ions to be used for quantification. Briefly, the
individual precursor ions were selected in the first quadrupole (Q1), followed by collision-
induced dissociation (Q2) with nitrogen gas at 230 kPa, and transitioned into product
ions, which were detected in the third quadrupole (Q3). The built-in (vendor specific)
LabSolutions optimization software (Shimadzu, Kyoto, Japan) optimized the individual col-
lision energies (CEs) for the authentic standard compounds. The most favorable ESI mode
was determined from the peaks with the highest intensity. The optimized CE, precursor-
to-product ion transitions, and product ions of the individual standard compounds are
summarized in Table S3.

For the preparation of calibration curves, standard stock solutions of 100 ppm were
prepared from the pure standard compounds dissolved in a 50% (v/v) UHPLC Grade
Methanol/MilliQQ Water solvent. Serial dilutions were prepared to 5, 1, 0.5, 0.25, 0.1, and
0.05 parts per million (ppm, 1 ppm =1 mg/L). The standards were prepared in triplicate
and analyzed as mentioned above, with each sample injected in triplicate. The standard
curves were constructed by plotting the acquired integrated peak area against the standard
concentration. The standard curve equations and R? values are summarized in Table S4.
The obtained values in ppm were converted to ng/g plant leaf material (wet weight).

The limit of detection (LOD), the lowest analyte concentration that can be detected
with a 1:10 signal-to-noise (S/N) ratio, and the limit of quantification (LOQ), the lowest
level at which the analyte can be quantified with a 1:3 signal-to-noise (S/N) ratio [21], were
determined by the preparation of serial dilutions (0.00025-5 ppm) of the pure standard
solutions to determine the lowest detectable concentrations, as analyzed on the UHPLC-
3Q-MS system. The LOD and LOQ of all the standard compounds and internal standard
were determined at 0.025 ppm and 0.05 ppm, respectively.

SPSS software (IBM SPSS Statistics, version 29 (IBM Corp., Armonk, NY, USA) was
used for descriptive statistics. Here, one-way analysis of variance (ANOVA) was performed
to compare the mean values of individual metabolites at different time points. ANOVA was
followed by the Tukey post hoc test, where differences between the means were considered
significant at p < 0.05, indicated in graphs with an asterisk.

3. Results and Discussion

Early development is a perilous stage in the life of seedlings, as the plant must es-
tablish itself in the environment during this time. As a strategy to contribute to survival,
plants utilize the synthesis of specialized metabolites during this phase [22], which involves
interactions with beneficial or pathogenic microorganisms and the deployment of possible
defense mechanisms [23,24]. Thus, the focus was to interrogate the metabolomic repro-
gramming of sorghum seedlings over the early growth period following germination to
identify key metabolite markers that define the early development of the plant.

3.1. UHPLC-MS Analyses of Sorghum Leaf Extracts and Initial Data Analysis

The methanolic extracts from different developmental stages displayed inherent multi-
dimensionality due to the complex physicochemical characteristics (e.g., polar vs. nonpolar;
aglycone vs. glycosides) of the sample constituents. The UHPLC-MS chromatograms
revealed differential profiles, which included variation in peak intensities and pres-
ence/absence of peaks. This indicates differential metabolite composition and content and
is indicative of time-related changes to the metabolomic architecture (Figure S2A,B).
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Untargeted metabolomics generates very large datasets that can be approached using
two methods: (i) the traditional route, whereby the initial steps entail the application of
chemometrics methods, followed by the annotation of the selected discriminant variables,
and (ii) targeted profiling, whereby metabolite annotation is initially performed, then
followed by the application of chemometrics methods [25-27]. The latter route was followed
in this study, with the focus on previously identified key metabolites in the defense response
of sorghum seedlings [9,10,14].

The metabolites are of different chemical classes, including amino acids, cyanogenic
glycosides, flavonoids, hydroxycinnamic acid (HCA) derivatives, hormones, lipids, organic
acids, and other phenolics (Table S1). As shown in Figure 1, the flavonoid class of phy-
tochemicals forms the largest group of metabolites, while the cyanogenic glucoside class
forms the smallest group compared to all of the other classes of metabolites.
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/
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Figure 1. Classes of annotated metabolites present in hydromethanolic extracts of developing
Sorghum bicolor seedlings. Of all the annotated metabolites (Table S1), the flavonoids, derivatives
of hydroxycinnamic acids, and lipids were the major classes associated with early growth and
development across all time points, days 7-29.

A ternary plot (Figure 2) was generated to depict the global relative quantification
levels of different classes of metabolites across the early, middle, and late seedling de-
velopmental stages (corresponding to days 7, 14, and 29 post-germination, respectively).
This plot shows the relative quantification of members of each metabolite class at each
of the three stages, as represented on the ternary at each point. At each apex of the plot
is the maximum relative quantification of the metabolites at that particular growth stage
(i.e., 100%), which then decreases along the axes towards the next apex. It allows us to see
how the points cover the space and to detect potential zones that should be explored in
further experiments. From a global point of view, a larger content of metabolites is observed
at the late stage as compared to the middle and early stages. It can also be deduced that
the phenylpropanoid-derived phenolic compounds (HCA derivatives and flavonoids) are
more prevalent in the late stage compared to early and middle stages, whereas lipids are
more concentrated in the early and middle stages compared to the late stage. Other classes,
such as amino acids and hormones, are clustered between the early and late stages.
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Figure 2. Ternary plot showing all classes of annotated metabolites present in hydromethanolic
extracts of developing Sorghum bicolor seedlings. Seedlings were harvested at early (7 d), middle
(14 d), and late (29 d) growth stages. The plot was constructed based on annotated metabolites across
all time points, as listed in Table S1.

3.2. Multivariate Data Analysis and Chemometric Modelling

Chemometric modelling was applied to 46 annotated metabolites that exhibited varia-
tion in peak intensities (Table S1) to understand and describe the developmental changes
through the lenses of the annotated metabolic profiles. PCA modelling was performed to
observe the natural structures in the dataset. PCA is an unsupervised method that depicts
similarities and differences (intrinsic interconnectedness) between samples within a dataset
by reducing the dimension or complexity of the data, thus allowing for an interpretable
visualization and analysis. As such, the PCA methods provide a qualitative representation
of the similarities and differences (variation) between and within the samples [28]. The
first two principal components (PC1 and PC2) of the generated PCA model explained
47.7% of the total variation and revealed a time-related trend, which reflects the differential
metabolome changes across the developmental stages (7, 11, 14, 18, 22, 25, and 29 d) of the
seedlings (Figure 3).

While the ternary plot and PCA provided a global view of the metabolome changes
in terms of metabolite classes at different developmental stages, orthogonal projection to
latent structures discriminant analysis (OPLS-DA) was applied to 43 annotated metabolites
for the binary classification of samples to further investigate these changes. OPLS-DA
performs sample classification based on linear regression, where differences among groups
are modelled; it also identifies discriminant molecules specific to those groups. Supervised
methods use predictive models to identify biological responses relating to certain variables,
thereby identifying independent and dependent variables in a dataset. The calculated
OPLS-DA models were thus computed to separate multivariate relationships into predictive
variation and orthogonal variation. The binary classification of the seedlings at the 14 d
stage and the 29 d stage, showing the clear separation of the two groups, is represented
by the OPLS-DA scores plot in Figure 4A (14 d vs. 29 d). The corresponding figures for
7dvs. 14 d and 7 d vs. 29 d are presented as Figure S3A,B, respectively.
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Figure 3. Unsupervised chemometric analysis of annotated metabolites present in extracts from
Sorghum bicolor seedlings at different developmental stages. Principal component analysis (PCA) plots
were constructed using MetaboAnalyst: A scores scatter PCA plot (PC1 vs. PC2) of log-transformed
and Pareto-scaled MS data from seedlings on days 11, 14, 18, 22, 25, and 29 post-germination. The
clusters are colored based on the different developmental stages (purple=7d, red =11d, green =14 d,
blue = 18 d, turquoise = 22 d, pink = 25 d, and yellow = 29 d). The PC analysis generated 9 principal
components, of which 64.9% of the total component variation was captured.

The OPLS-DA models were validated by diagnostic statistics to ensure the reliability
of the models and to prevent the over-fitting of the models to the data. As indicated in the
experimental section, the cross-validation (CV) method and permutation tests were used
in this research [15]. The permutation test performed was with 100 iterations (n = 100).
Permutation tests, as shown in Figure 4B, are randomization-based validation methods
that are employed to validate the predictive power of OPLS-DA models, comparing the R?
and the Q? of both the permuted and original models.

The significant metabolites characterizing the early, middle, and late (corresponding
to days 7, 14, and 29) development stages were then selected using OPLS-DA S-plots in
Figures 4C and S4A,B. These loading S-plots identify the variables that contribute the
most to the pattern changes observed on the OPLS-DA scores plots. The variables with
the highest absolute values of p[1] and p(corr)[1] are those identified as the discriminant
markers and these express/represent the differences between the different groups [29].

The p-value obtained from the OPLS-DA model in Figure 4A was 0.0000, determined
by the CV-ANOVA (analysis of variance of cross-validated parameters) test, which indicates
that there is a statistically significant difference between the two groups and that the null
hypothesis (that there are no differences between the groups) can be rejected. In addition,
a VIP plot metric was used for validation of selected metabolites from the S-plots. With
VIP, metabolites are scored as a measure of how much they contribute to the model, and
the variables that are of significance are those with a VIP score > 1. A higher VIP score is
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directly related to the significance of a variable. The VIP plot in Figure 4D shows the top
18 most significant metabolites, differentially expressed in the metabolomes of the 14 d and
29 d stages of seedling growth. The metabolites highlighted in red are those correlating to
the late (29 d) stage, while the rest are those corresponding to the mid (14 d) stage.
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Figure 4. Supervised multivariate data analysis of annotated metabolites in Sorghum bicolor seedlings
following UHPLC-MS analysis of the 14 d vs. 29 d group samples. (A) An OPLS-DA scores plot of
the predictive component t[1] and the first orthogonal component t0[1], R?(cum): 0.989; Q*(cum):
0.980; R? permutation: 0.259; Q2 permutation: —0.541; p-value: 0.0000; and components: (1 + 1 + 0).
The ellipse indicates the 95% limit of the Hotelling T2 distribution for the model. (B) Permutation
analysis plotting R2 and Q? (black and blue dots, respectively) from n = 100 permutation tests in the
OPLS-DA model. The y-axis shows R? and Q?, whereas the x-axis shows the correlation coefficient
of permuted and observed data. The cluster of points on the left represents 100 permuted R?s and
Q?s, and the two points on the right represent the observed R2(cum) and Q%(cum). Dashed lines
denote corresponding fitted regression lines for observed and permutated R? and Q?. (C) OPLS-DA
S plot with discriminant biomarkers at each end of the S-plot. The covariance (variable magnitude)
and correlation (reliability) of the variables in the model (indicated with black dots) are represented
on the axes as p[1] and p(corr)[1], respectively. The features located at the extreme ends of the
plot show a positive association (high magnitude and high reliability) to the respective conditions
being compared, while those in the middle can be regarded as shared features. (D) A VIP plot
where the metabolites of a VIP score of >1 is significant to metabolomic differences corresponding to
developmental changes. (Metabolite abbreviations: ODA-30H(II) = trihydroxy-octadecadienoic acid;
ODA-30H(IV) = 9,12,13-trihydroxy-10-octadecenoic acid; IAA = indole-3-acrylic acid; coumaroyl-glu
IT = coumaroyl glucose; SA = salicylic acid; sin-glu = sinapaldehyde glucoside I; sinapald-glu II = sina-
paldehyde glucoside II; S-flavanone = sophoraflavanone; trp = tryptophan; coniferyl-Ac = coniferyl
acetate; sinapoyl-OH = sinapoyl-alcohol; phe = phenylalanine; nar-glu = naringenin 7-O-beta-D-
glucoside; IA-L = indole-3-acetyl-leucine; ODA-20H (II) = 9,10-dihydroxy-12-octadecenoic acid).
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3.3. Deriving Biochemical Insights from Metabolomics Data

Hierarchical cluster analysis (HiCA) was applied to further explore the time-related
trends and groupings revealed by the PC analysis. The HiICA shows the statistical correlation
amongst all the samples analyzed and then builds a hierarchy from them. Consequently,
similar samples consisting of similar metabolomes form clusters together, generating groups
formed on the basis of cluster similarity [30]. Furthermore, the HiCA heatmap also shows
the relative abundance of the identified metabolites, thereby displaying the variation of
metabolic features present at the different developmental stages of the seedlings.

This HiCA heatmap (Figure 5) shows the average levels of each of the top 25 metabo-
lites at each developmental stage. These patterns suggest that differential reprogramming
has occurred over time. This can take the form of high or low accumulation at specified time
points, indicating early, late, or oscillatory responses. Where molecules show increasing
or decreasing trend patterns, it could be suggestive of increased biosynthesis followed by
interconversion, conjugation, degradation, or incorporation into insoluble polymers such
as lignin [23,31].
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Figure 5. Hierarchical cluster analysis (HiCA) heat map of the top 25 metabolites present in the aver-
aged extracts (n = 9) showing the most and least abundant metabolites at each developmental stage
(red/blue = high/low concentrations, respectively). The metabolites listed are as follows, respec-
tively: 9,12,13-trihydroxy-10-octadecenoic acid (ODA-30H(IV)), sinapoyl alcohol (sinapoyl-OH), 9,14-
dihydroxy-10,12-octadecadienoic acid (ODA-20H(II)), phenylalanine, trihydroxy-octadecadienoic
acid (ODA-30H(II)), riboflavin, octadecatetraenoic acid (OTA), tryptophan, traumatic acid, indole-3-
acrylic acid, tyrosine, apigenin 7-O-neohesperidoside (rhoifolin) (apig-n), apigenin 6-C-xyloside-8-C-
glucoside (vicenin-1), coumaroyl glucose (coumaroyl-glu II), sinapaldehyde glucoside II (sinapald-glu
II), sinapaldehyde glucoside I (sin-glu), naringenin 7-O-neohesperidoside (naringin), hesperidin, indole-3
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-acetyl-leucine (IA-L), abscisic acid (ABA), naringenin 7-O-beta-D-glucoside (nar-glu), 1,3-O-
coumaroyl-feruloylglycerol (CFG), luteolin 7-O-glucoside (Lut-glu), sophoraflavanone G (S-
flavanone), coniferyl acetate (coniferyl-Ac).

Two significant groups (1 and 2) are observed in the map that display different patterns
of metabolite abundance at each of the time points. The metabolites in group 1 show
increased levels in the early stages of development (days 7 to 14) compared to the late
stages (days 18 to 29), where the levels of these metabolites decreased. Conversely, the
metabolites in group 2 show a linear increase in their levels as the seedlings progress in
growth from the early stages to the late stages of development, i.e., from days 7 to 29.
The metabolites of group 1 are mostly lipids (ODA-20H II, ODA-30H, ODA-30H 1V,
and OTA; abbreviations are defined in Figure 5). The other metabolites in this group are
phenylalanine, sinapoyl alcohol, and riboflavin, which are from the amino acid, HCA, and
vitamin classes, respectively. Significant amounts of lipids are stored in the seeds of plants,
that are activated after seed germination. This aids in the growth and development of the
seedlings before photosynthesis is initiated. Most of these lipids, such as octadecatetraenoic
acid (OTA), act as signalling molecules in plant defense systems [32]; therefore, they are
at high levels in the early stages of plant growth, as shown in Figure 5. In contrast, group
2 contains mostly flavonoids. These are not essential for the early survival of seedlings,
but more important for the phototrophic response of the seedlings when photosynthesis is
initiated; therefore, these metabolites are at low levels in the early growth stages and at
high levels in the late stages [33].

The discriminant metabolites identified by the OPLS-DA S-plots that were positively
correlated with the 14 d stage were phenylalanine, sinapoyl alcohol, 9,14-dihydroxy-10,12-
octadecadienoic acid (ODA-20H(II)), trihydroxy-octadecadienoic acid (ODA-30H(II)), and
9,12,13-trihydroxy-10-octadecenoic acid (ODA-30H(IV)). From the same OPLS-DA S-plot,
coniferyl-acetate, 1-O-coumaroyl-beta-D-glucose, sinapaldehyde glucoside, sophorafla-
vanone G, naringenin 7-O-neohesperidoside, an uncharacterized flavonoid, hesperidin,
indole-3-acrylic acid, and tryptophan showed a positive correlation with the 29 d stage.
In the growth condition of 7 d vs. 14 d, as shown in Figure S4A, isocitric acid, 15-
hydroxylinoleic acid, 9,12,13-trihydroxy-10-octadecenoic acid, and riboflavin showed a
positive correlation with the 7 d stage. In the 7 d vs. 29 d growth stage condition, depicted in
Figure 54B, the metabolites that were positively correlated to the 7 d stage were trihydroxy-
octadecadienoic acid, 15-hydroxylinoleic acid, 9,12,13-trihydroxy-10-octadecenoic acid, and
riboflavin, which is similar for the 7 d vs. 14 d condition.

3.4. Pathway Enrichment Analysis Indicates Importance of the Phenylpropanoid Pathway

Analysis of metabolic pathways potentially provides insight into the most significant
biochemical and physiological processes occurring in the developing seedlings. These
pathways are recognized by identifying groups of metabolites belonging to the same
metabolic network.

The KEGG IDs of each compound were used to map these metabolites into principal
metabolic pathways. The most significant primary pathways identified by this approach,
(listed in Table S2) include phenylalanine, tyrosine, and tryptophan biosynthesis, riboflavin
metabolism, and glyoxylate and dicarboxylate metabolism. The most significant path-
ways identified from the analysis include isoquinoline alkaloid biosynthesis, phenylala-
nine metabolism, phenylpropanoid biosynthesis, and flavone and flavonoid biosynthesis.
Flavone and flavonol biosynthesis had the most hits when arranged by the pathway impact
(>0.1) and when arranged by FDR (<0.5); phenylpropanoid biosynthesis had the most hits.
This was followed by aromatic amino acid biosynthesis (Trp, Tyr, and Phe, with Phe feeding
into the phenylpropanoid pathway). Some of the most abundant specialized metabolites in
plants originate from these aromatic amino acids.

Biosynthesis of specialized metabolites is based on the formation of precursors of
specialized metabolites produced by primary metabolism [34]. These precursors are mostly
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produced from glycolysis, the tricarboxylic acid (TCA) cycle, etc. Isoquinoline alkaloid
biosynthesis produces precursors of alkaloids by decarboxylation of tyrosine. Similarly,
they can also be derived from the amino acids Phe, Lys, Trp, and Tyr. The precursor com-
pound, 4-coumaroyl CoA, which supports the production of flavonoids, is itself produced
in the phenylpropanoid pathway. Intermediates emerging from the shikimate pathway act
as precursors for the phenylpropanoid pathway. Together, most of the sorghum specialized
metabolites are derived from these two pathways [35].

Pathway enrichment analysis is based on the quantitative information of the statisti-
cally significant compounds and contributes to reducing the complexity of the metabolomes.
Its application identified enriched pathways in the developing seedlings and compared
pathway functionalities at the different stages when growth is rapid and associated with
dynamic changes. Furthermore, pathway topology analysis was applied to identify the
connections between the metabolites within the metabolic pathways [19].

The most significant metabolic pathways are represented by the pathway analysis
in Figure 6A. Topologically, the phenylpropanoid biosynthesis metabolic pathway is rep-
resented in Figure 6B, where four of the metabolites annotated from the OPLS-DA data
and matched to the pathway are found. These are phenylalanine, 4-coumarate, sinapoyl
alcohol, and sinapaldehyde glucoside.
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Figure 6. Summarized representation of metabolic pathway analysis. (A) Pathways are arranged by
increasing pathway impact, which represents differential significance, on the x-axis and by increasing
p-value on the y-axis. Each pathway is represented by a circle in which size/radius increases with
increasing impact, and the color of the circle also becomes more red as the p-value increases. 1, Biosyn-
thesis of specialized metabolites. 2, Isoquinoline alkaloid biosynthesis. 3, Phenylalanine metabolism.
4, Flavone and flavonoid biosynthesis. 5, Phenylpropanoid biosynthesis. (B) A representation of the
topological properties of the phenylpropanoid pathway. The changes in the four matched metabolites
in their early, middle, and late seedling growth stages are represented by pie charts, indicating
stage-specific quantitative variation.
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In the early stage of sorghum seedlings (day 7), phenylalanine is present at low levels.
This could be due to the amino acid being converted to 4-coumarate at the start of the
pathway. However, phenylalanine accumulates over the period of investigation to day
29, reflecting the increase in flavonoid synthesis and the demand for lignin precursors
associated with cell wall synthesis. Coumarate then gives rise to sinapoyl alcohol and
sinapaldehyde glucoside further down the metabolic pathway. Sinapoyl alcohol is highly
abundant in the middle 14 d stage of seedling growth and is at its lowest level in the late
stage. However, sinapylaldehyde glucoside is at its highest level in the late growth stage
and is lowest in the early stage, indicative of the glycosylation of the former to the latter.

3.5. Relative Quantification of Selected Discriminant Metabolites

In order to gain insights into the dynamics of the changes occurring during the inves-
tigated growth period, relative quantification was performed on the selected discriminant
metabolites. The bar graphs in Figure 7 show the changes in the levels of the different
metabolites in the seedlings, as determined at the 7 d, 14 d, and 29 d stages.
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Figure 7. Representative bar graphs showing the semi-quantification of discriminant metabolites
retrieved from the OPLS-DA S plots. The average integrated peak area values (y-axis, Ave IPA,
n = 9) of metabolites in the early (E = 7 d), middle (M = 14 d), and late (L = 29 d) growth stages
are compared to illustrate developing trends within the metabolomes. In the paired comparisons,
blue indicates the earlier time point (E or M), while orange indicates the later time point (M or L).
(A,B) Tryptophan and phenylalanine of the amino acid class. (C,D) Zeatin riboside and abscisic
acid of the hormone class. (E,F) Naringenin 7-O-neohesperidoside (naringin) and hesperidin of the
flavonoid class. (G,H) Coumaroyl glucose and sinapylaldehyde glucoside of the HCA derivatives.
(L)) Trihydroxy-octadecadienoic acid and octadecatetraenoic acid of the lipid class. (K,L) Iso-/citric
acid and benzoic acid of the organic acid class. (M,N) 7-Hydroxycoumarin and coniferyl acetate of
the phenol class. (O) Riboflavin of the vitamin class and (P) Dhurrin of the cyanogenic acid class.
The error bars indicate the standard deviation.
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The levels of tryptophan increase from the early 7 d stage, through to the middle
14 d stage, and finally to the late 29 d growth stage (Figure 7A). Important specialized
plant metabolites are derived from tryptophan [36], such as alkaloids and indole-3-acetic
acid (IAA), which contribute to plant defense. Therefore, as the seedlings grow, defensive
metabolites also increase in concentration [36]. Phenylalanine, on the other hand, increased
from the 7 d stage and was at its highest concentration at the 14 d stage, followed by a
decrease at the 29 d stage (Figure 7B).

Phenylalanine connects primary and secondary metabolism in plants through the
induced action of phenylalanine ammonia lyase (PAL), in response to developmental
cues and stress triggers. PAL generates trans-cinnamic acid, which feeds into the early
phenylpropanoid pathway, which functions in plant defense and structural support through
the synthesis of lignin precursors [37]. In turn, phytohormones, such as abscisic acid and
zeatin riboside function in plant growth and plant responses to environmental stress [38].
It was observed that the concentrations of both of these compounds increased from the
early 7 d stage to the late 29 d stage of the seedlings (Figure 7C,D).

Plant phenolic compounds (e.g., HCAs, hydroxybenzoic acids, and flavonoids) of-
ten exhibit antioxidant properties that allow for adaptation to changing environmental
conditions [39]. However, compounds that contain phenolic groups might be active as an-
timicrobial agents as well, causing a notable correlation between the total phenolic content
and antioxidant activity [6,40]. Moreover, some overlap/correlation between antioxidant
activity and antimicrobial activity might be found [6,39]. These effects might act syner-
gistically to create an enhanced antimicrobial environment in planta. Unfortunately, little
information is available regarding sorghum seedlings [7].

Two important sub-classes of phenolics are the flavonoids and the HCA derivatives.
Flavonoids form the largest class of specialized metabolites in most plants and perform
several critical functions related to development and environmental adaptation, including
plant-microbe interactions [41,42]. Both naringenin 7-O-neohesperidoside (naringin) and
hesperidin increased as the seedling progressed in growth from the 7 d stage to the 29 d
stage (Figure 7E,F). HCA derivatives and conjugates are compounds derived from core
phenylpropanoids that act as antioxidants [43]. In addition, members of this class display
antimicrobial activity. In plants, their major role is to provide a measure of defense and
thus resistance against pathogens. This property is essential to vulnerable plants to allow
seedlings to adapt to the environment in their early stages of growth and development.
The HCA derivatives, coumaroyl glucose, and sinapylaldehyde glucoside (Figure 7G,H)
similarly display the same pattern of increasing concentrations from the early to the
late growth stages. These increases are due to the biosynthesis of HCAs in the early
phenylpropanoid pathway, which are precursors for various mono-lignols. The compounds
contribute to the lignification of cell walls of newly formed cells, thereby supporting the
progressive growth and development of plants and strengthening the cell walls, providing
plant defense [44].

Fatty acids are essential members of the lipidome and lipid metabolism and contribute
to the synthesis of cell membranes with the associated structural and functional properties.
Moreover, they can act as signalling molecules or lipid mediators in plants [32,45]. The
oxygenated fatty acids, trihydroxy-octadecadienoic acid and octadecatetraenoic acid in
Figure 71,], mostly act as signalling molecules [46]. The concentration of trihydroxy-
octadecadienoic acid increases from 7 d to 14 d, then decreases at the 29 d growth stage.
Octadecatetraenoic acid decreases in its concentration from the 7 d stage to the 29 d stage.

Organic acids contribute to carbon metabolism in plants and take part in the biochem-
ical pathways in plant cells, such as the TCA cycle [47]. Isocitric acid decreases in its levels
from the early growth stage to the late growth stage, as depicted by Figure 7K,L, with 14 d
having the lowest level of isocitric acid metabolites. Together with the amino acid data,
these changes might reflect C and N metabolism and link the related metabolic cycles of
anaplerotic reactions to counteract depletion of the TCA cycle by biosynthetic demands.
Relatedly, shifts in carboxylic acids levels were reported to be perceived in plants during
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stress and it was proposed that the tricarboxylates could modulate signal transduction
events linked to plant defense [48].

The benzoic acid levels are almost absent at the 14 d stage but are at their highest
level at the 7 d stage, decreasing at the 29 d stage. The metabolic changes for the phenolic
metabolites 7-hydroxycoumarin and coniferyl acetate are depicted in Figure 7M,N. Accord-
ing to the figures, 7-hydroxycoumarin (umbelliferone) shows minor fluctuations around
the middle growth stage. In contrast, coniferyl acetate is at extremely low levels at the 7 d
stage but increases at the late 29 d growth stage.

The lowest abundant metabolites are riboflavin and dhurrin, a cyanogenic acid, shown
in Figure 7O,P. Riboflavin, a cofactor for diverse metabolic processes and inducer of plant
resistance, decreases from the 7 d stage to the 29 d stage. Conversely, durrhin, which is a
wound metabolite and source of resistance of sorghum seedlings to fungal infection [49], is
already present at the 7 d stage and increased in concentration at the 29 d stage.

3.6. Quantitative Determination of Flavones

As a phytochemical class, flavonoids are composed of flavonols, flavanones, flavanols,
flavones, isoflavones, and their respective derivatives [42]. Flavone O-conjugates and
their aglycones, (e.g., apigenin and luteolin) are constitutive metabolites in stem and leaf
tissues of grasses. Apigenin and luteolin are generally O-glycosylated; however, flavone
C-glycosides, which contain sugar residues covalently linked to C-6 and/or C-8 in the
flavonoid A-ring, co-exist with flavone O-conjugates as predominant flavonoids [33,50].

In particular, flavonoids are considered as plant UV protectants due to their epidermal
accumulation and radical scavenging properties [35,42]. In grasses, accumulation of flavone
aglycones and their O-conjugates in grasses can be triggered by biotic stresses. For example,
apigenin and luteolin are defense-related metabolites in sorghum infected by the anthrac-
nose fungus Colletotrichum sublineola [10,51]. These pathogen-inducible flavones inhibit
the in vitro spore germination of C. sublineola, implicating a functional role in chemical
defense [51]. In addition, apigenin and luteolin and their O- and C-glycosylated derivatives
have been reported to possess direct antimicrobial activity [8,52] and were also found as
discriminant metabolites in sorghum seedlings responding to Burkholderia andropogonis [9]
and C. sublineola [10].

In addition to other flavonoids, Table S1 lists the following derivatives of two flavones,
apigenin and luteolin (3’-hydroxyapigenin), as discriminant metabolites: apigenin 8-C-
glucoside (vitexin), apigenin 7-O-glucoside (apigetrin), apigenin 6-C-glucosyl-8-xyloside
(vicenin-3), apigenin 6-C-xylosyl-8-C-glucoside (vicenin-1), apigenin 7-O-neohesperidoside
(rhoifolin), luteolin 7-O-glucoside (luteoloside), luteolin 7-O-neohesperidoside (lonicerin),
with the flavanone naringenin as precursor (naringenin 7-O-beta-D-glucoside and narin-
genin 7-O-neohesperidoside or naringin) (Figure S5). Quantitative studies of selected
flavonoids can play a significant role in deciphering data acquired from untargeted and
targeted metabolomic studies. Their concentrations were thus further investigated using
quantitative MRM analysis during the same time periods as used for the metabolomics
analysis [9]. The mean peak areas from the UHPLC-MS/MS data along with the respec-
tive standard curve equations were used to determine the concentration values in ng/g
(Figure 8).

The flavones luteolin, luteoloside, vicenin-2, vicenin-3, and vitexin were detected at
varying concentrations at different d.p.g., but apigetrin and isovitexin were below the
LOD. From day 11, the dominant flavones were vicenin-2, vicenin-3 (with apigenin as
aglycone), and to a lesser extent, luteoside (with luteolin as aglycone). Vicenin-2 and
vicenin-3 were the most abundant at all stages of development, which may suggest that
they play a significant role in the preparation of the plants’ defense against stresses during
early development. Of interest is the profile of vitexin, which is initially relatively high (day
7, decreasing to day 11), followed by its apparent disappearance from the samples (day 14
onwards). Vitexin is known to occur in sorghum seeds [53] and it is possible that some of
the metabolite could have originated from the germinating seed. Vitexin is an 8-C-mono-
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glycosylated form of apigenin that is metabolized to the diglycosylated vicenins (Figure
S5). The consistent low level of apigenin can be explained in view of its role as precursor
compound (aglycone) of the vicenins, thus expanding the multi-metabolite apigenin-based
chemical space in the seedlings. A similar situation my apply in the case of luteolin and
luteoloside.
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Figure 8. The varying concentrations of flavones apigenin and luteolin and the glycosylated deriva-
tives vitexin, vicenin-2, and vicenin-3 and luteoside in developing seedlings of the sorghum cultivar
NS5511 at 7, 11, 14, 18, 22, 25, and 29 days post-germination, as determined by UHPLC-3Q-MS/MS
using optimized MRM conditions. All concentrations (y-axis, ng/g fresh weight) are mean concentra-
tion values with n = 9, and error bars indicate the standard error. Isovitexin and apigetrin were below
the limit of detection. An asterisk (*) indicates the statistical significance (ANOVA followed by Tukey
post hoc test at a p-value < 0.05 when comparing mean values to that of day 7).

Previous investigations on metabolomic profiling of the response of sorghum seedlings
to pathogen attack have revealed the reprogramming of pathways that synthesize flavonoids
(especially flavones) in the sorghum metabolome post-infection with B. andropogonis and
C. sublineola, respectively [9,10]. The flavones upregulated in both pathogen responses
were identified as apigetrin, apigenin, vitexin, isovitexin, luteolin, luteoloside, vicenin-2,
and vicenin-3, indicating a positive correlation of the glycosylated derivatives of apigenin
and luteolin with the defense response of sorghum seedlings [54]. Although glycosylated
flavonoids appear to have a reduced antimicrobial effect compared to the respective agly-
cones [55], they can serve as storage forms of constitutive anti-microbial metabolites for the
rapid release of the aglycones upon pathogen attack.

4. Conclusions

The seedling stage of plant development is the most crucial and vulnerable to varying
environmental conditions. Various metabolic pathways occur within sorghum seedlings
to support biological functions essential to the growth and development of the plants
as well as to support innate immune responses in defense against attempted pathogen
attacks. The study of the development-related metabolomes provided superior insights
into these processes as the seedlings progressed in their initial post-germination growth.
Changes in the metabolomes, as evident from PCA plots, showed distinct clustering.
Significant changes in the metabolic patterns of these metabolomes were focused in the
early, middle, and late growth stages of the seedlings. In turn, OPLS-DA was utilized to
identify discriminatory markers associated with specific developmental stages. Nine classes
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of specialized metabolites associated with the changing metabolomes were identified from
the annotated UHPLC-MS datasets.

Pathway analysis revealed five metabolic pathways, with the phenylpropanoid path-
way being the most pronounced and flavonoids the most abundant class of metabolites
present in the samples. Flavonoids and HCA derivatives allow the seedlings to survive
post-germination, enabling them to be established in the environment and overcome future
obstacles during the growth and development of the plant. This offers an explanation as
to why these phenylpropanoids are important/at high levels during the early stages of
seedling growth, i.e., to act as antimicrobial phytoanticipins. Site-specific hydroxylation,
methylation, and glycosylation reactions not only lead to structural diversification within a
class of specialized metabolites (and thus increase the ‘chemical space’ thereof) but may also
broaden the functional diversification of the molecules. In the later stages, when the plants
are more developed and less vulnerable to detrimental environmental conditions, the same
metabolic pathways can be (re)activated as part of inducible immunity to provide plant
defense responses when needed. Profiling of flavone-based phytoanticipins in juvenile
plants may thus be developed as a potential tool for the identification of host resistance.

Overall, the metabolomics investigation substantially extends the knowledge of the
metabolite dynamics of early seedling development in sorghum. This affords new insights
into the involved metabolic pathways and their regulation through mechanisms not yet
documented in the literature that require further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo14020112/s1, Figure S1. Growth of Sorghum bicolor seedlings;
Figure S2. UHPLC-MS BPI chromatograms of methanolic extracts derived from sorghum in ESI
negative (A) and ESI positive ionization modes (B); Figure S3. OPLS-DA scores plots of differen-
tially occurring metabolites in extracts of Sorghum bicolor seedlings following UHPLC-MS analysis;
Figure S4. OPLS-DA S plots of discriminant biomarkers occurring in extracts from Sorghum bicolor
seedlings following UHPLC-MS analysis; Figure S5. Structures of the flavone, apigenin, and mono-
and diglycosylated derivatives thereof. Table S1. Classification and annotation of metabolites from
extracts of Sorghum bicolor seedlings from different development stages. Table S2. Pathway enrichment
analysis based on the presence of metabolites present in hydromethanolic extracts from developing
Sorghum bicolor seedlings; Table S3. Retention times and MRM/MS data of the precursor ions, prod-
uct ions, dwell times and collision energies of the standard compounds; Table S4. Standard curve
equations and R? values of the standard compounds.
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Abstract: The tomato is a fruit vegetable rich in nutritional and medicinal value grown in greenhouses
and fields worldwide. It is severely sensitive to heat stress, which frequently occurs with rising
global warming. Predictions indicate a 0.2 °C increase in average surface temperatures per decade
for the next three decades, which underlines the threat of austere heat stress in the future. Previous
studies have reported that heat stress adversely affects tomato growth, limits nutrient availability,
hammers photosynthesis, disrupts reproduction, denatures proteins, upsets signaling pathways,
and damages cell membranes. The overproduction of reactive oxygen species in response to heat
stress is toxic to tomato plants. The negative consequences of heat stress on the tomato have been
the focus of much investigation, resulting in the emergence of several therapeutic interventions.
However, a considerable distance remains to be covered to develop tomato varieties that are tolerant
to current heat stress and durable in the perspective of increasing global warming. This current
review provides a critical analysis of the heat stress consequences on the tomato in the context of
global warming, its innate response to heat stress, and the elucidation of domains characterized by
a scarcity of knowledge, along with potential avenues for enhancing sustainable tolerance against
heat stress through the involvement of diverse advanced technologies. The particular mechanism
underlying thermotolerance remains indeterminate and requires further elucidatory investigation.
The precise roles and interplay of signaling pathways in response to heat stress remain unresolved.
The etiology of tomato plants” physiological and molecular responses against heat stress remains
unexplained. Utilizing modern functional genomics techniques, including transcriptomics, pro-
teomics, and metabolomics, can assist in identifying potential candidate proteins, metabolites, genes,
gene networks, and signaling pathways contributing to tomato stress tolerance. Improving tomato
tolerance against heat stress urges a comprehensive and combined strategy including modern tech-
niques, the latest apparatuses, speedy breeding, physiology, and molecular markers to regulate their
physiological, molecular, and biochemical reactions.

Keywords: heat stress; reactive oxygen species; heat shock proteins; stress signaling; genome editing;
omics; heat tolerance pyramiding; genetic resources

1. Introduction

The tomato, scientifically known as Solanum lycopersicum in the Solanaceae family, is
cultivated in diverse environmental circumstances and geographical regions ranging from
tropical to temperate environments. The tomato arrived in Europe during the Renaissance
and was scattered to the Mediterranean region [1]. The tomato is a fruit vegetable among
the most cultivated crop plants on the earth and is grown in greenhouses and fields
worldwide [2]. It is rich in medicinal and nutritional contents, including lycopene, the
valuable compound having anti-oxidative and anti-cancer properties, vitamins A and C,
[3-carotene, iron, phosphorus, flavonoids, ferulic acid, hydroxycinnamic acid, chlorogenic
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acid, homovanillic acid, folate, and low calories [3-6]. Around 80% of tomatoes are used as
processed food like ketchup, soup, paste, sauces, and juices [7,8]. Globally, China is the
biggest producer of tomatoes, followed by India and Turkey (FAO-2021) [9].

Earlier researchers have studied and discussed numerous facets of heat stress on
tomatoes, which include plant growth, leaf morphology, photosynthesis, and reproductive
performance, including fruit sets, root growth, ROC species, pollen viability, pollen num-
bers, and inflorescence numbers, focusing on individual aspects. In the context of global
warming, this current review provides a thorough critical analysis of heat stress on toma-
toes, covering all major aspects, including seed germination, growth, and development
and physiological, biochemical, genetic, and molecular reactions. Furthermore, it offers
comprehensive information about the available technologies and potential approaches for
creating imminent heat-tolerant cultivars. This present review provides complete insight
into all significant negative aspects of heat stress on tomatoes, their morphological, physio-
logical, biochemical, and molecular responses, analytical methodologies, and strategies for
developing heat-tolerant tomato cultivars.

2. Heat Stress

The undesirable influence of non-living dynamics and factors on living organisms
in a specified environment is termed abiotic stress [10]. Several abiotic stresses, such as
heat, flood, drought, and salt, reduce the production and yield of tomato crops by up
to 75%; particularity is subjected to the severity of stresses [11]. Generally, heat stress is
defined as an increase in temperature beyond tolerance for an unknown duration, adequate
to trigger irretrievable impairment in plant growth and development. In contrast, heat
tolerance is defined as a plant’s capability of growth and production to an economic yield
level under high temperatures [12,13]. In the context of tomato cultivation, heat stress
is commonly classified as moderate heat stress, ranging from 32 °C to 37 °C, and severe
heat stress, ranging from 38 °C to 45 °C [14]. Climate changes drastically affect tomato
crop production and yield, particularly in Asian countries [15]. It is a common opinion
that soaring temperatures will enhance the average temperature of the earth’s surface
by 0.2 °C every ten years in the coming thirty years, increasing extreme weather and,
consequently, negatively affecting tomato plant growth and development and severely
reducing its production and yield [16,17].

3. Negative Effects of Heat Stress on Growth and Development

Tomato plants can typically grow and develop reproductive organs, pollen grains,
and fruit sets at an optimum temperature between 15 °C and 32 °C; however, tempera-
tures beyond 35 °C badly stress sexual and asexual development [18,19]. Being sessile,
tomato plants often face erratic high-temperature conditions, which adversely influence
them as temperatures go beyond the optimal ranges. Studies have revealed that high
temperatures increase the frequencies of hot and dry days, affecting tomato plant growth,
biomass, phenology, agronomic traits, production, and yield [20,21]. High temperature
significantly disrupted physiological characteristics such as leaf water content, membrane
stability, canopy temperature drop, photosynthesis, stomatal conductance, chlorophyll
content, and fluorescence [22,23]. High heat stress negatively influences the metabolic
processes involved in growth and development [24]. It produces reactive oxygen species,
like hydrogen peroxide (H,O;), superoxide, hydroxyl radical (OH), and singlet oxygen
1[O2], which adversely disturb cellular homeostasis [25-27].

In numerous crops, particularly tomatoes, reproductive growth is highly prone to heat
stress compared with vegetative growth [28]. Seeds are a significant part of plants, which
carry genetic information to descending generations [29]. However, higher temperatures se-
riously threaten seed germination, seedling physiology, and phenotypic expression [30,31].
Seed germination tested at a constant range of temperatures from 24 °C to 37 °C for 8 days
showed that the rate of seed germination started reducing after 28 °C and entirely ceased
at 36 °C. Cotyledon size reduced at a temperature higher than 24 °C but the seedling’s
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hypocotyl length increased by 1.9 cm (24 °C), 4.1 cm (28.5 °C), and 2.6 cm (31.5 °C), which
shows that temperatures higher than 28.5 °C also affect hypocotyl length negatively. In the
same study, tomato seedlings aged 12 days (germination: 24 °C) were exposed to 37 °C
for 24 h, and a 1 h heat wave (45 °C) damaged the seedling’s recovery ability. Exposure to
a 45 °C heat wave for 1 h, 3 h, 6 h, and 12 h showed that the seedlings started drying at
6 h and lost recovery capability at 12 h. The number of lateral roots was reduced, but the
growth of the primary root was stopped at 37 °C. Although 45 °C did not affect lateral roots
significantly, it halted the growth of the primary root [32,33]. High temperature reduces
tomato root growth and nutrient uptake, affecting root-shoot source-sink relationships
that affect fruit yield and quality [28,34]. The 30-day-old seedlings of two tomato culti-
vars (Dafnis and Minichal) were subjected to heat stress of 40 °C for 7 days in a growth
chamber, and the results indicated that the effects of high temperature on tomato leaves
started to appear on the second day. However, a big difference was noticed on the seventh
day. The damage to the leaves of the Dafnis cultivar was over 60%, but Minichal showed
resistance [35], which suggests that heat is a serious problem for tomato plants, and the
creation of heat-resistant varieties is very important to avoid economic losses.

4. Adverse Impacts of Heat Stress on Photosynthetic Parameters

Exposure of tomato plants to higher temperatures leads to significant disruption of
the chloroplast, which produces adenosine triphosphate (ATP) and phytochemicals. A
good performance of the photosynthetic apparatus under high-temperature stress shows
the ability of a plant to tolerate and adapt to stressful conditions [36,37]. However, HS
negatively affects several important components of photosynthesis (Figure 1). Heat stress
inhibits chlorophyll formation; hence, measuring chlorophyll (a, b) concentrations can
be a parametric indication for identifying heat-resistant plants. Under directly applied
high-temperature stress of 45 °C (severe stress) for 2 h, a heat-resistant tomato cultivar
showed a decline in the ratio of chlorophyll (a:b) and an increase in the ratio of chlorophyll
to carotenoid in contrast to the control condition of 25/20 °C (day/night). Heat-sensitive
cultivars, on the other hand, showed a decrease in the CO, assimilation rate (A), the net
photosynthetic rate (Pn), and photosystem II efficiency (Fv/Fm), which represents the
highest quantum efficacy of photosystem II (PSII) and is used to assess chloroplasts’ normal
or superior functioning under heat stress conditions [38-42].

Photosynthesis in plants is a heat-sensitive physiological process that influences chloro-
phyll content, CO, integration, D1 and D2 protein turnover, chloroplast components, and
heat-responsive protein deactivation [43]. Plant growth, development, production, yield,
and future food security are deeply connected with photosynthesis [44,45]. Persistent
higher heat stress inhibits photosynthetic activities, which affect the growth and production
of plants. Photosystems I and II (PSI, II), chlorophyll, the electron transport chain, and CO,
assimilation are among the significant photosynthesis process components, so damage to
any of them retard the photosynthetic mechanism [46]. A study by reference [47] revealed
that the production of protochlorophyllide (Pchlide), an intermediate in the biosynthetic
pathway of chlorophyll, was repressed by 70% at high temperature (42 °C) compared with
a control (25 °C), which reduced chlorophyll manufacture to 60% in cucumber seedlings.
Similarly, in the same study, the activities of the 5-aminolevulinic acid dehydratase (ALAD)
enzyme, which is responsible for converting 5-aminolevulinic acid (ALA) into porphobilino-
gen (PBG), an intermediate in chlorophyll biosynthesis, and porphobilinogen deaminase
(PBGD), which is necessary for converting PBG into urogen, were reduced by 45% and 28%
at a higher temperature compared with a control. The PSII electron transport system is
highly vulnerable to high temperature because it increases thylakoid membrane fluidity,
which knockouts the PSII light-garnering system from the thylakoid membrane and, conse-
quently, destroys PSII integrity [48,49]. High temperature severely disturbs tomato plants’
photosynthetic activities, specifically in susceptible tomato varieties [50].
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Figure 1. The negative impacts of heat stress on photosynthetic parameters.

5. Heat Stress Represses Reproductive Performance

Cultivated tomatoes are autogamous plants, and high temperatures negatively im-
pact their pollination [51]. Under high heat stress, the tomato style, which is the female
reproductive part of the flower gynoecium holding the stigma, extends abnormally and
goes out the antheridial cones, minimizing the chances of pollination and, consequently,
reducing fruit sets (Figure 2) [52-55]. Heat stress distorts pollen grain development by
reducing the amount of carbohydrates at the early stages of development, reducing the
sugar concentration in mature pollens, and resulting in slashed pollen viability [56,57].
The responses of heat-resistant and susceptible genotypes of Lycopersicon esculentum Mill.
and L. pimpinellifolium Mill. to heat stress was evaluated by subjecting plants to optimal
(27/23 °C, day/night) and high-temperature (35/23 °C) regimes in a greenhouse. The heat
tolerance ratings of the genotypes were determined by calculating the percentage of fruit
that successfully developed under high and optimal temperatures. The fruit sets varied
from 41% to 84% in the temperature-sensitive genotypes and 45% to 91% in the heat-tolerant
genotypes at optimal temperatures. The genotypes with great heat sensitivity did not yield
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any fruit. In contrast, the genotypes that could withstand high temperatures produced
fruit set rates ranging from 45% to 65% [58]. Stigma and stylar exsertion negatively affect
fruit set forming capabilities because of elevated temperatures [59]. It is essential to create
heat-resistant tomato varieties with higher fruit sets as these varieties will benefit tomato
crop yield in areas where the growing season’s average temperature is 35 °C or higher.

36/26 °C

26/1 9 0C
Heat stress

(d)

Figure 2. Phenotypic changes in the tomato (cv. Saladette) flowers subjected to heat stress. (a,b) are
young flower buds and flowers at the blooming stage under normal temperatures (26/19 °C). (c,d) are
flower buds and opened flowers under heat stress (36/26 °C).

6. Negative Impacts of Heat Stress on Agronomic Traits

Agronomic traits refer to the characteristics of plants that exert influence on their
productivity, quality, and ability to cope with biotic and abiotic stressors. The adverse
effects of heat stress hinder the overall capacity of tomatoes to reach the desired agronomic
performance. Several investigations have been carried out to assess the negative impacts of
heat stress on different aspects of tomato leaves, such as fresh mass, the leaf area, the leaf
area ratio, the specific leaf area, and plant height and stem diameter under multiple heat
stress levels [60,61]. The total area of all leaves on a single plant is referred to as the leaf
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area (LA) [62]. The specific leaf area (SLA) is a crucial statistic for plant growth modelers as
it specifies the amount of fresh leaf area to allocate for each unit of biomass produced; it is
calculated by dividing the leaf area by the leaf mass (LA/LM) [63]. Heat stress negatively
affects plant leaves in several other ways, including reducing their capacity to retain water
and early leaf mortality [64,65]. Heat stress causes glucose reserve shortages because it
impedes starch accumulation, which results in a decrease in soluble sugar concentration
obtained from the decomposition of starch in fully developed pollen grains [66]. These
incidents can potentially decrease tomato pollen fertilization capacity [67]. An increase in
diurnal temperature over 25 °C adversely impacted fruit quantity, weight, and seed count
per fruit markedly [68].

Heat Stress and Heat Shock Combined Effects

The tomato cultivars Kervic F1 (heat-resistant) and UC 82-B (heat-susceptible) at the
age of 35 days after heat shock at 50 °C for 30 s were subjected to a heat stress of 35/27 °C
(day/night) compared to control 26/20 °C (day/night) conditions to study agronomic
traits including the leaf area (LA), leaf area ratio (LAR), specific leaf area (SLA), number of
pollen grains per flower (NPGF), number of fruits per plant (NFP), and fruit fresh mass
per plant (FFMP) [69]. Heat stress and heat shock negatively influenced the agronomic
traits of tomatoes, particularly the leaf area, pollen grains, fruit sets, and fruit weight
(Figure 3). The heat stress repercussions mentioned herein hinder the overall capacity of
tomatoes to perform better agronomically. Therefore, it is crucial to extensively examine all
physiological and agronomic characteristics to address heat stress issues effectively.

1600}
1500 4
1400 -

1300 1
1200 -

7
o8

u26/20 °C

o
u37/26°C = 300 1 "26/20°C

m37/26°C

<
%)

LAR (cm?g™") SLA (em?g ') NPGF ™! LA (cm?)

Traits

FEM (g)P™* LAR (cm*g ') SLA (em?g ')
Traits

Heat-tolerant cultivar “Kervic F1” (no heat shock)

NPGF !

Heat-tolerant cultivar “Kervic F1” (heat shock)

8°TITl
T99C1

m26/20°C
m37/26°C

26/20 °C
m37/26 °C

NPGF ™!

LAR(em?g ') SLA (em?gY)
Traits
Heat-sensitive cultivar “UC 82-B” (heat shock)

FFM (g)P LA (cm?)

LAR (em*g ') SLA (em?g ')
Traits
Heat-sensitive cultivar “UC 82-B” (no heat shock)

NPGF ! NFP !

Figure 3. Effects of heat stress and heat shock on the agronomic parameters of resistant (Kervic F1)
and sensitive (UC 82-B) tomato cultivars. (a) Heat-resistant cultivar (Kervic F1) under heat stress after
heat shock stress. (b) Heat-resistant cultivar (Kervic F1) under heat stress without heat shock stress.
(c) Heat-sensitive cultivar (UC 82-B) under heat stress after heat shock stress. (d) Heat-sensitive
cultivar (UC 82-B) under heat stress without heat shock stress. The X-axis indicates the types of
agronomic parameters investigated, and the Y-axis shows values of changes in agronomic parameters
under heat stress.
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7. Over Production of Reactive Oxygen Species (ROS)

An equilibrium among numerous pathways in diverse cell compartments maintains
cellular homeostasis under an optimal temperature. The sustainability of homeostasis
cannot be guaranteed when temperatures go beyond the optimal level because various
pathways have diverse optimum temperatures within the cell, and heat stress upsets this
functional balance between different pathways [70]. ROS are over-produced in response
to high-temperature stress and other harmful factors that affect several intracellular path-
ways [71,72]. ROS include free and non-free radicals that contain oxygen and are capable
of self-regulating survival with one or more unpaired electrons (Figure 4). Free-radical
ROS, like hydroxyl ion radical (OHe), superoxide anion radical (O,°~), and alkoxyl (RO*®),
carbonate (CO3°™), peroxyl (RO;°), hydroperoxyl (HO,®) molecular oxygen (O,), and non-
free radical species such as ozone (O3), hydrogen peroxide (HyO,), singlet oxygen (*O,),
hypobromous acid (HOBr), hydroperoxy (ROOH), hypoiodous acid (HOI), hypochlorous
acid (HOCI), are severely toxic to plant growth and development [73-76]. In response to
heat stress, ROS are generated in different cellular parts, like the plasma membrane, mito-
chondria, cell wall, chloroplast, peroxisome, endoplasmic reticulum, and apoplast [77,78].
Excessive production of ROS damages molecules and compounds in plant cells like lipids,
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins, and carbohydrates [79-81].
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Figure 4. A display showing various types of reactive oxygen species functioning in tomato plants.
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8. Heat Stress Causes Oxidative Stress

Tomato plants are sensitive to high temperatures, even a little beyond optimal, which
causes the overproduction of reactive oxygen species (ROS) [82]. An equivalence between
ROS production and antioxidants is essential for the proper growth and development
of plants [83], but high temperatures are known to disrupt this equivalence in tomato
plants. The tomato variety “Tmknvf,” was subjected to oxidative metabolism analysis at an
optimal temperature of 25 °C and a high temperature of 35 °C by reference [84], focusing
on superoxide dismutase (SOD), ascorbate peroxidase (APX), dehydroascorbate peroxidase
(DHAR), guaiacol peroxidase (GPX), catalase (CAT), ascorbate (AsA), glutathione reductase
(GR), hydrogen peroxide (H,O;), dehydroascorbate (DHA), glutathione (GSH), oxidized
glutathione (GSSG), total ascorbate, total glutathione, and dry weight (DW). Generally,
the activities of the CAT, APX, DHAR, GR, and GPX enzymes are enhanced in response
to higher temperatures [85,86]; however, in the case of reference [84], their activities were
reduced because high temperatures denatured these proteins. The concentrations of GSH,
GSSG, DHA, AsA, total ascorbate, and glutathione antioxidant compounds were higher at
35 °C than at 25 °C. These substrates are utilized by CAT, APX, DHAR, GR, and GPX in
the ascorbate—glutathione cycle, but their activities were reduced by higher temperatures
(35 °C), resulting in a higher accumulation of these substrates (Figure 5) and increased hy-
drogen peroxide (H,O;) accumulation in tomato leaves. Overproduction of ROS seriously
impairs plant growth, development, and yield [87]. Therefore, it is imperative to investigate
oxidative metabolism in tomato plants thoroughly and develop heat-tolerant varieties.
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Figure 5. The activities of enzymes and substrates in tomato plants under heat stress. Measurement
units, SOD: unit mg pro’ceilrf1 min~—!, H>O5: mmol gfl (FW),WD: g plantfl, GPX, CAT, APX, AsA,
DHAR, DHA, GR, GSH, total ascorbate, and total glutathione: pmol mg—prot*1 min~ 1.

9. Phenological Modifications in Response to Heat Stress

Plant heat resistance refers to the ability of plants to thrive and produce the required
yield under high temperatures, which is specifically linked to the plant species or poten-
tially to the distinct organs and tissues within the same plant. Plant reactions to heat stress
depend on the threshold degree, exposure period, and plant nature. The effects of heat
stress on a plant’s many functioning processes, such as seed germination, development,
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growth, procreation, and yield, are toxic [88,89]. Under conditions of severely high tem-
perature, serious damage to cells, even complete breakdown of cellular structures, and
cell demise might occur rapidly [90]. In response to high temperatures, plants implement
several short-term acclimation mechanisms and long-term evolutionary strategies for per-
sistence (Figure 6) [91]. Among these stratagems are stomatal closure, leaf position changes,
variations in the lipid configuration of the membrane, larger xylem, reduced water loss,
fast maturation, increased transpiration, decreased absorption of radiation, an increase in
the number of hairs on the surface, cuticle layer thickening, adoption of paraheliotropism,
an increase in wax, late embryogenesis abundant proteins, transcriptional regulation, more
vigorous antioxidant defense, signaling cascades stimulation, osmoprotectant, and pheno-
logical, morphological, biochemical, anatomical, molecular, and genetic adaptations [92,93].
Numerous heat-inducible genes, often referred to as heat shock genes (HSGs), exhibit
upregulation in response to thermal stress. These genes encode HSPs, which are essential
for plants to survive in life-threatening heat stress [94,95]. Heat shock proteins (HSPs) are
biologically active only during certain plant development and growth stages, including
seed germination, embryo microsporogenesis, and fruit ripening [96,97].
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Figure 6. Various long- and short-term phenological changes adopted by tomato plants in response

to heat stress.
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Under elevated temperatures, tomato plants manifest symptoms including stunted
growth, aberrant development, poor photosynthesis, reduced crop output, and even plant
mortality [98]. However, it is essential to note that not all genotypes of tomatoes are suscep-
tible to high temperatures [99]. Some studies found that growing tomatoes between 21 °C
and 26 °C decreased the entire carotene concentration but did not affect lycopene quantity.
In contrast, cultivating tomatoes within the temperature range of 27 to 32 °C reduced
ascorbate and lycopene levels while concurrently enhancing the levels of routine caffeic
acid derivatives and glucosides [100]. Moreover, tomato fruit firmness and better shelf life
were found in F1 hybrids, having mutant genes such as alcobaca (alc), ripening inhibitor
(rin), and non-ripening (nor). These hybrids can maintain, to a greater extent, tomato hue,
feel, taste, and nutritional value even when exposed to high-heat-stress conditions [101].
High temperatures during fruit development negatively affect assimilation, distribution,
and shelf storage. The fruit produces several structural and functional elements throughout
the ripening process, including starch and secondary metabolites that affect the interior
quality of fruits [102]. The sucrose that fruit receives from the leaves as photosynthesized
sugars adds to the fruit’s dry matter. A tomato’s flavor results from transforming carbs
like sucrose into organic acids and aromatic compounds [103]. Environmental parameters,
such as temperature, water irradiation, and photosynthesis, affect fruit quality [104]. These
problems, because of heat stress, draw our attention to exploring, selecting, and utilizing
cultivars of tomatoes capable of enduring high temperatures during the cultivation period.
Therefore, it is critical to understand the molecular and genetic mechanisms regulating
plants’ short- and long-term natural defense strategies in response to heat stress, which
could be applied to regulate the heat stress problem in crops, particularly in heat-sensitive
plants like tomatoes.

10. Heat Shock Signaling Pathway Modulation

In the face of heat stress, plants have several free and dependent pathways to perceive
external and internal signals, which significantly regulate the development of responses to
create resistance to cope with the situation [105]. These responses entail the overexpres-
sion of several genes and the activation of complex integrated circuits involving various
pathways. Cofactors and signaling molecules such as mitogen-activated protein kinase
(MAPK/MPKs), sugar compounds, and Ca-dependent protein kinases (CDPKSs) play a
fundamental role in activating stress-responsive genes [106,107]. However, an intrinsic
study must fully elucidate and understand the signaling molecules and pathways involved
in developing heat tolerance.

11. Heat Shock Protein (HSP) Production

Heat stress often triggers the activation of heat-inducible genes known as heat shock
genes (HSGs), which produce heat shock proteins (HSPs) that are essential for a plant’s exis-
tence under very high temperatures [108]. HSPs act as chaperones to safeguard intracellular
proteins from decomposition and maintain their integrity and functionality by facilitating
protein folding [109]. Previously, scientists thought heat stress was the main trigger for
HSP formation. However, they have since learned that many biotic and abiotic stimuli
could cause HSP formation. They show up- or downregulation responses to biotic and
abiotic stress situations, but further research is needed to understand signal recognition and
transmission processes fully [6]. Additionally, a plant can overcome these obstacles with the
help of post-transcriptional modifications, including alternative splicing and micro RNA
(miRNA). Alternative splicing creates many transcripts from a single gene, while miRNA
binds to mRNA to inhibit translation or induce mRNA cleavage at any location [110,111].
In plants, heat shock proteins can be divided into five categories, including small HSP20
(sHSP20), HSP60 (GroE), HSP70 (DnaK), HSP90, and (HSP100). Among these HSPs, HSP60
and HSP70 are incredibly conserved, suggesting their crucial function in the heat stress
response [112]. HSP20s is a low-molecular-mass (15 to 42 kDa) family with a 90-amino
acid alfa-crystallin domain (ACD) that forms a seven-stranded -sandwich flanked by a
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variable N-terminal domain (NTD) with fewer to 85 amino acids and a short C-terminal
extension (CTE) and is predominantly induced by heat stress in several higher plants [113].

Plants sense heat stress principally at the plasma membrane, leading to the opening
of particular calcium channels, permitting calcium ions to enter the cell, and triggering
the activation of mitogen-activated and calcium-dependent protein kinases, which in turn
activate the heat stress response (HSR) [114-116]. At the time of the HSR, numerous specific
genes are upregulated essentially, leading to the accumulation of a significant amount of
HSPs in different cellular compartments, which play a crucial role in signaling and heat
resistance mechanisms during the HSR; HSPs are commonly regulated by heat shock
factors (HSFs) [117,118]. Various pathways transmit heat signals to HSFs, activating HSPs
and heat-responsive genes (HRGs) and playing a significant role in plant heat adaption
mechanisms, which suggests that the HSF-HSP pathway is critical in governing plant
responses to heat stress [119].

12. Heat Shock Factor (HSF) Activation

Heat shock factors (HSFs) are activators that trigger the transcription of heat shock
genes and bind to heat shock sequence elements (HSEs) found throughout the genome,
which consist of a tandem array of three oppositely orientated “AGAAN" motifs or a
variant of them that is less similar [120,121]. The structure of plant HSFs is very conserved
and consists of several vital parts such as the oligomerization domain (OD), DNA binding
domain (DBD), transcriptional activation motif (AHA), nuclear export signal (NES), and
the nuclear localization signal (NLS) [122]. The oligomerization domain (OD) consists
of a bipartite heptad pattern of hydrophobic amino acid residues in the HR-A and HR-B
regions, and a flexible linker links it to the DNA-binding domain (DBD) [123]. The N-
terminal DNA binding domain (DBD) is distinguished by a core helix-turn-helix motif
that particularly attaches to the target promoter’s heat stress elements (HSEs), activating
stress-inducible gene transcription [124]. The plant HSF C-terminal stimulation domain
is described by short peptide motifs (AHA) that consist of giant hydrophobic and acidic
amino acid residues. These residues are unique to HSFA and are absent in the HSFB and
C classes [125]. The nuclear localization signal (NLS) and nuclear export signal (NES)
of HSFs play a significant role in forming a nuclear entrance complex consisting of the
target protein and the receptor-mediated export complex, including the NES receptor
exportin-a [126]. The classification of plant HSFs into HSFA, HSFB, and HSFC is based
on the number of amino acid residues inserted into the HR-A and HR-B regions and the
linker length area between the DBD and HR-A and HR-B regions [127]. Class A HSFs
have the transcriptional activation domain, while classes B and C HSFs lack this specific
amino acid motif and cannot promote transcriptional activation alone [128,129]. It is now
well-established that several HSF classes modulate HSP expression in tomato plants and
have a positive regulatory role in osmotic, oxidative, thermal, anoxia, and stress tolerance,
particularly by HSFA [130].

The Heat Shock Factor A1 Class (HSFA1)

Investigations on model crop plants, including tomato [131], A. thaliana [132], and
soybean [133], have shown that HSFA1-related genes are expressed constitutively under
normal circumstances; however, their expression increases rapidly under heat stress, which
designates them as significant master regulators of the heat stress response. In tomatoes,
there are four members of the class HSFA1, namely, HsfAla (Solyc08g005170), HsfAlb
(Solyc03g097120), HsfAlc (Solyc08g076590), and HsfAle (Solyc06g072750). Among these
members, HSFA1a is the master regulator because of its consistent expression in control and
heat stress (HS) conditions across all tissues. On the other hand, HSFA1c and HSFAle are
typically significantly expressed in red ripe fruits, while HSFA1b is strongly stimulated in
all fruit stages [134]. HSFA2 plays a crucial role in the priming mechanism of tomato plants,
which is responsible for maintaining pollen thermotolerance throughout the process of
microsporogenesis [135]. A previous study provided evidence that the expression reduction
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in HSFAZ2 resulted in a decrease in the viability and germination rate of pollen exposed
to HS during the meiosis and microsporogenesis phases, which supports the notion that
it plays a crucial role in maintaining thermotolerance [136]. The expression levels of
tomato HSF genes, namely, SIlyHSFO01, SIlyHSFS8, SIyHSF9, SIyHSF10, and SlyHSF11, have
been observed to be significantly higher in leaf tissues under a high temperature (45 °C)
compared with a control (30 °C) situation [137]. The cytoplasm is the site for tomato HSFA3
(Solyc09g009100) expression under a controlled environment, while the nucleus is the
site of its expression under HS circumstances [138]. According to reports, tomato HsfA4s
(Solyc07g055710, Solyc03g006000, and Solyc02g072000) significantly boost the expression of
HS genes, while HSFA5 (Solyc12g098520) is a particular inhibitor of HSFA4 action [139,140].
A reduction in HSFB4a ((Solyc04g078770) expression and a boost in HSFA7 levels regulate
thermo-tolerance in tolerant tomato cultivars [141]. The overexpression of SUMO E3
ligase (SISIZ1) in tomatoes led to an enhanced heat tolerance by regulating the activities
of HSFA1 and promoting the accumulation of HSP70 [142]. In a heat-resistant tomato
cultivar (CLN1621L), the gene notabilis (Solyc07g056570) and acyl-sugar acyltransferase
(Solyc09g014280) exhibit upregulation as positive regulators of HS tolerance, while the
gene Pin-II proteinase inhibitor (Solyc03g020030) shows downregulation as a negative
regulator of thermotolerance, indicating that the inverse expression of these genes encodes
enzymes and proteins that play significant roles in mitigating heat stress [143].

13. Involvement of Omics Approaches

Omics technologies are distinguished by their systematic investigation and analysis of
extensive datasets that capture the entirety of a biological system’s structure and function
at a specific level, which has significantly transformed the approaches used to study bio-
logical systems [144]. Multi-omics strategies involve techniques such as transcriptomics,
genomics, metabolomics, proteomics, epigenomics, proteogenomics, lipidomics, interac-
tomics, ionomics, phenomics, and bioinformatics, which produce a significant amount
of data that can be utilized to understand the physiological and molecular mechanisms
functioning in plants under stresses and devise effective strategies for mitigating the ad-
verse impacts of such stresses [145,146]. However, relying exclusively on a single omics
approach is inadequate to fully elucidate the complexities of plant responses to abiotic
stresses, particularly HS. The utilization and incorporation of multi-omics methodologies
are necessary to achieve promising results. Hence, integrating multi-omics methods is
essential for satisfactory inferences [147,148].

13.1. Genomics

Genomics research explores a genome’s structure, function, evolution, mapping, and
changes. At the same time, the latest advances in molecular biology have quickened the rate
of high-throughput genome sequencing, genomic characterization, and gene expression
analysis [149]. Functional genomics involves the analysis of partial or unbiased genome
sequencing data to elucidate gene functions and interactions, which is achieved through a
forward approach consisting of investigating randomly obtained mutants of a particular
phenotype and identifying the responsible gene or a reverse approach by disrupting a
known gene to examine the organism’s phenotype [150,151]. Genome-wide association
studies (GWASs) involve the comprehensive analysis of a complete genome to uncover
DNA changes associated with a particular trait [38]. The main objective of GWASs is to
determine genomic regions related to agronomic or morphological characteristics and
any phenotypes that may serve as markers, genes, or QTLs for gene identification, intro-
gressive hybridization, and marker-assisted breeding (MAB) [152,153]. GWASs revealed
the upregulation of SITFT6, a gene belonging to the S114-3-3 family, which improved
thermotolerance in tomato plants [154]. Structural genomics focuses on elucidating the
three-dimensional configuration of genes to ascertain their identity, position, and arrange-
ment along the chromosome [155]. Genomic selection represents an innovative approach
to enhancing quantitative traits by leveraging marker and phenotypic data obtained from

195



Metabolites 2024, 14, 283

observed populations, thereby evaluating the influence of all genetic loci [156]. Genome
sequencing and mapping comprise several systems, such as the Roche 454GS FLX Titanium
or lllumina Solexa Genome Analyzer, which are considered next-generation sequencing
(NGS) platforms and have significantly reduced the cost and time required for sequencing
compared with traditional methods like the Sanger method [157]. These platforms have
provided comprehensive information regarding the characteristics of genomes, including
coding and non-coding genes, GC contents, repetitive elements, and regulatory sequences,
which have facilitated the development of improved crop varieties such as tomato, rice,
wheat, maize, sorghum, and soybean [158,159]. Molecular markers, also known as genetic
markers, are segments of DNA that may detect changes in a population’s DNA or polymor-
phisms, including deletions, insertions, and substitutions of bases [160]. Various molecular
markers, such as random amplified polymorphic DNA (RAPD), simple sequence repeats
(SSRs), sequence-tagged sites (STSs), restriction fragment length polymorphism (RFLP),
single-nucleotide polymorphism (SNP), and amplified fragment length polymorphism
(AFLP), have been recently identified as valuable tools for identifying polymorphisms in
plants [161]. The investigation of comparative genomics involves the alignment of bio-
logical sequences and the identification of conserved sequences, which reveals significant
synteny among related species [162] and enables the detection of small-scale changes within
different genomes, including protein-coding regions and their impact on protein structure
and function [163].

13.2. Transcriptomics

The term “transcriptome” covers the complete collection of ribonucleic acid (RNA)
molecules within an organism or a particular cell type, which mainly ranges from protein-
coding messenger RNA (mRNA) to various non-coding RNAs such as transfer RNA
(tRNA), long non-coding RNA (IncRNA), ribosomal RNA (rRNA), primary microRNA (pri-
miRNA), and small nuclear RNA (snRNA) [164-166]. The transcriptomic approach covers
multiple facets of RNA-seq evaluation, especially experimental design, quality control,
read alignment, quantification of gene and transcript levels, visualization, differential gene
expression, alternative splicing, functional analysis, gene fusion detection, and expression
quantitative trait loci (eQTL) mapping [167,168]. The primary focus of transcriptomic
research is to examine gene transcripts or RNA linked to a plant’s phenotypic expression
under various stress conditions [169] by employing a range of techniques, including serial
analysis of gene expression (SAGE), DNA microarrays, and high-throughput technologies
based on next-generation sequencing (NGS) for conducting digital gene expression (DGE)
and RNA sequencing (RNAseq) [170,171]. The transcriptomic analysis of microspores from
a heat-tolerant tomato cultivar (cv. Hazera 3042) revealed elevated levels of heat-responsive
gene expression, specifically LeHSFA2, LeHSP17.4-ClIlI, homologs of LeHSP90 (Laternula
elliptica), and AtVAMP725 (A. thaliana), compared with a control [172]. The transcriptomic
study findings indicated a notable increase in the expression of SAUR (small auxin upregu-
lated RNA) family proteins, MYB (myeloblastosis viral oncogene homolog) transcription
factors, and NAC (no apical meristem) domain proteins in response to arid environmental
conditions. Furthermore, it was observed that the heat-tolerant line exhibited a significant
inclusion of heat shock proteins and proteinase inhibitors [173]. The transcriptomic analysis
of tomato plants subjected to heat stress at temperatures of 35/25 °C, in conjunction with
specific nitrogen fertilizer levels, showed a significant upregulation of genes, including
cell wall invertase (CWINV2; Solyc10g085650.2, Solyc10g085640.1) and sucrose trans-
porter (SUT1; Solyc11g017010.2), while hexokinase 2 (HK2) (Solyc06g066440.3), SWEET2
(Solyc07g062120.4), and SWEET1 (Solyc04g064610.3) exhibited downregulation [174].

13.3. Metabolomics

Metabolomics is the scientific investigation of naturally occurring tiny, low-molecular-
weight metabolites, including carbohydrates, fatty acids, amino acids, steroids, and lipids,
which play distinctive roles in interpreting cellular biochemistry [175,176]. The function of
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a metabolite can be significantly altered by minor alterations in its chemical structure and
the presence of external abiotic or biotic stimuli [177]. Metabolomics inquiry offers distinct
advantages over other omics because metabolites are the downstream products of gene
and protein activities, which determine the impact on biological phenotype and other phys-
iologic processes [178]. Plant metabolites can be primary metabolites, which are crucial for
growth and significantly impact physiological processes, and secondary metabolites, which
are vital for defense mechanisms in response to various stressors [179,180]. A variety of ad-
vanced techniques exist for the analysis of plant metabolites, including gas chromatography
(GQ), high-performance liquid chromatography (HPLC), thin-layer chromatography (TLC),
paper chromatography (PC), nuclear magnetic resonance (NMR), metabolic flux analysis
(MFA), extracellular flux analysis (EFA), direct-inject mass spectrophotometry (DIMS),
Fourier transform infrared spectroscopy (FTIR), capillary electrophoresis (CE), and mass
spectrometry (MS), which have proven to be valuable tools for researchers [181,182]. A
metabolic investigation of tomatoes under elevated temperatures and relative air humidity
revealed the disruption of enzymes involved in sucrose metabolism, resulting in a decrease
in the fruit-soluble sugar content. Conversely, an increase in the activities of enzymes
associated with phosphopyruvate carboxylase (PEPC), mitochondria aconitase (MDH), and
citrate synthetase (CS) led to an elevated content of malic acid [183]. Metatomic analysis
has shown a significant association among sucrose, glucose, fructose, the TCA cycle, starch
production, and HS tolerance [184]. Liquid chromatography—mass spectrometry (LC-MS)
identified an increased accumulation of secondary metabolites, specifically flavonoids,
within the pollen microspore of tomatoes under heat stress [185]. A metabolic analysis
of tomatoes using gas chromatography-mass spectrometry (GC-MS) revealed that heat
treatment mitigated the effects of chilling on fruits by modifying the concentrations of
several fruit metabolites, including arabinose, fructose-6-phosphate, valine, and shikimic
acid, in the chilled samples as compared with a control [186].

13.4. Proteomics

Proteomics comprehensively explores protein composition, structure, expression,
modification status, connections, and interactions among proteins [187]. Basic proteomics
techniques include one-dimensional (1D) and two-dimensional (2D) gel electrophoresis
(2-DE) methodologies [188]. Several other high-throughput screening technologies such
as shotgun proteomics (SP), nanoflow liquid chromatography coupled to tandem mass
spectrometry (nLC-MS/MS) [189], stable isotope labeling by amino acids in cell culture
(SILAC) [190,191], multidimensional protein identification technology (MudPIT) [192], iso-
baric tags utilized in relative and absolute quantitation (ITRAQ) [193,194], the Western blot
(WB) technique [195], multiple reactions monitoring mass spectrometry (MRM-MS) [196],
and tandem mass tags (TMTs) [197,198] are available for utilization according to research
objectives. Proteomic analysis of the tomato revealed better pollen tolerance to heat
stress following ethephon pre-treatment by increasing protein abundance in processes
of protein synthesis, degradation, the tricarboxylic acid cycle, and RNA regulation [199].
Another proteome analysis of tomatoes subjected to high-light-induced stress revealed
a notable presence of oxygen-evolving complex and PSII complex proteins, including
PsbH, PsbS, PsbR, and Psb28, within the leaf zone that exhibited the maximum dam-
age [200]. Tandem mass tag (TMT)-based analysis of pollen mother cells at the initial
anther developmental stage in the Maxifort tomato variety revealed the upregulation of
96 proteins including heat shock proteins, calreticulin, and exocytosis associated with
protein folding /refolding /targeting /removal along with the secretion of aggregated and
damaged proteins/peptides and the downregulation of 158 proteins active in ubiquitin-
mediated protein breakdown, antioxidant mechanisms, and the metabolism of lipids and
carbohydrates [201].
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14. Genome Editing Strategy Application

Genome editing has emerged as a promising tool in tomato breeding, offering the
potential for immense success and fully utilizing genome information and phenotyping
technologies. It is divided into two major approaches, first, as site-directed nuclease
(SDNs) and, second, as oligonucleotide-directed mutagenesis (ODMs) involved in creating
mutations in the genome [202]. Its application could enhance HS resistance by intro-
ducing mutations into negative regulatory genes, which have a pivotal role in tomato
HS tolerance [203]. It entails the utilization of several DNA-cleaving enzymes, known
as nucleases, specifically designed to cleave the DNA at a pre-established site through
diverse DNA binding systems. Several techniques can be applied to carry out specific DNA
cleavages, such as zinc finger nucleases (ZFNs), mega-nucleases (MNs), clustered regularly
interspaced short palindromic repeat (CRISPR)-associated proteins (CRISPR/Cas), and
transcription activator-like effector nucleases (TALENSs). These are entitled site-directed
nucleases (SDNs), representing the fundamental concept of using a DNA-cutting enzyme
(nuclease) to create a specific DNA break at a particular location [204,205]. CRISPR/Cas
systems are further divided into classes 1 and 2 based on effector molecules. The class
1 system has multiple effector molecules and is subdivided into three types, including I,
III, IV, and 12 subtypes found in 90% of the CRISPR loci in bacteria and archaea targeting
DNA and RNA. The class 2 system is characterized by a single effector molecule, with
three types, including II, V, and VI, and nine subtypes, which represent 10% of the CRISPR
loci targeting DNA and RNA and are found in bacteria. The most prevalent CRISPR/Cas
systems utilized for gene editing are type II-A Cas9 from Streptococcus pyogenes and
type V-A Cas12a (Cpfl) from Acidaminococcus sp. and Lachnospiraceae [206-208]. The
CRISPR/Cas9-mediated removal of SIUDPGT52 resulted in improved drought tolerance
because of increased reactive oxygen species (ROS) scavenging [209]. The efficacy of
CRISPR/Cas9 in facilitating the introduction of de novo domestication of elite features
from wild relatives to the cultivated tomato, as well as the reverse process, has been demon-
strated. CRISPR/Cas9 technology has been utilized to manipulate and examine a range
of attributes about tomatoes, including leaf, stem, and male sterility, parthenocarpy, fruit
maturation, quality, nutrition, heat, drought, salinity stress, carbon-nitrogen metabolism,
and herbicide resistance [210,211]. Genome editing technology has contributed to the
heat-tolerant breeding of tomatoes via the identification of critical genes associated with
acquired thermotolerance mechanisms, including SIIAA9, HsfA2, JA/COI1, HsfB1, and
SIAGLS6 [212]. It has improved tomato resistance by regulating genes such as lateral or-
gan boundaries domain (SILBD40) (Solyc02g085910), mitogen-activated protein kinase
(SIMAPKS3), and cytidine base editor (CBE) against biotic and abiotic stressors [213].

15. Development of Heat-Tolerant Tomato Varieties

There has been a global demand for the development of heat-tolerant varieties to
effectively respond to both present and anticipated rises in heat stress. However, breeding
for heat tolerance has encountered challenges related to the intricate nature of heat stress
and plant reactions and the limited comprehension of the genetic underpinnings of heat
tolerance characteristics [214]. The efficacy of heat-tolerant breeding is contingent on the
proficient determination and description of constituent qualities that underlie heat resis-
tance processes in the presence of heat stress, as well as the comprehensive understanding
of their genetic structure throughout both the vegetative and reproductive phases [215,216].
Affordable and technologically sophisticated high-throughput genotyping is being applied;
however, accurate phenotyping is a significant barrier to understanding the genetic basis
of required but intricate traits, which slows down breeding programs [217,218]. Effective
plant breeding programs have to prioritize the development of phenotyping techniques
that are cost-effective, precise, reliable, less labor-intensive, reproducible, and easily ap-
plicable, targeting traits such as increased yield, resistance to biotic and abiotic stress,
improved quality, photosensitivity, synchronous maturity, and detoxification ability. To
develop tomato genotypes resistant to high temperatures, it is crucial to examine cultivated
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and wild tomato genetic resources thoroughly. To create heat-resistant tomato varieties
that have high production and yield, it is essential to comprehend the genetic architecture
of heat-tolerance traits to effectively regulate the increase in metabolites, osmoprotectant,
photosynthetic activity efficiency, membrane stability, the number of flowers per inflores-
cence, inflorescence number, pollen number, female fertility, pollen viability, fruit set, fruit
number, and fruit weight and the decrease in canopy temperature, style protrusion, and
style length [219-221]. Previous breeding projects have not derived significant benefits
from the sizeable range of wild tomatoes, mainly because of problems such as progeny
sterility, self-incompatibility, and linkage drag [222]. For breaking linkage drag, various
techniques, including chromosome segment substitution lines (CSSLs), advanced backcross
quantitative trait loci (QTL) analysis, and backcross inbred lines (BILs), could be applied
to generate lines that possess small fragments of donor parent chromosomes [223-225]. A
practical approach in tomato breeding efforts to enhance resistance to abiotic and biotic
stressors is incorporating native germplasm and wild relatives into existing varieties by
introducing novel allelic combinations. Multiple tomato introgression lines have been
developed by using wild cousins such as Solanum pimpinellifolium, Solanum habrochaites,
and Solanum pennellii, which exhibit resistance to abiotic and biotic stressors [226-228].

16. Genetic Resource Development

Genetic resources or germplasm includes plants, parts of plants, and seeds, which
are significant for breeding, research, and conservation. For example, seeds of an ancient
heirloom tomato variety passed down to current time are just seeds produced by a gardener
or company, but they are germplasm when part of a breeding program for new variety
development, collected for the preservation of the genetic diversity, or preserved as geneti-
cally governed traits [229]. Lycopersicum tomato species are diploid (2n = 2x = 24) with
similar chromosome numbers and structures [230] that produce perfect hermaphrodite
flowers and have a complete range of mating systems from autogamous L. cheesmanii and
L. parviflorum to obligately outcrossed self-incompatible biotypes of L. chilense, L. hirsutum,
L. peruvianum, and L. pennellii [231], while the tendency of self-fertility with different levels
of facultative outcrossing is present in L. chmielewskii, L. esculentum, L. pimpinellifolium, and
the self-compatible biotypes of L. hirsutum and L. pennellii [232]. In the quest for specific
genetic traits, contemporary and prospective researchers and crop breeders must have
full access to landraces, diverse varieties, and relevant wild species. Multiple institutes
have developed tomato genetic resources to cater to the needs of researchers and breeders
studying heat tolerance and other agronomic features. About 62.8 thousand tomato acces-
sions, both wild and domesticated varieties (L. esculentum), are present in gene banks across
the globe and are ready to be used for genealogical research [233]. The Tomato Genetics
Resource Center (TGRC) at the University of California (Davis) (http://tgrc.ucdavis.edu/,
accessed on 11 December 2023), the United States of America, is a well-recognized and
valuable repository of various germplasm and wild species. The World Vegetable Center
(http:/ /seed.worldveg.org, accessed on 11 December 2023), located in Taiwan, China,
maintains a vast assortment of around 8835 tomato accessions, of which 6676 are readily
available for procurement upon request. A wide variety of tomato genetic resources have
been collected by the National Agriculture and Food Research Organization (NARO) gene
bank (https://www.gene.affrc.go.jp, accessed on 22 January 2024) and the National Bio-
Resource Project (NBRP) of tomato (https://tomato.nbrp.jp, accessed on 24 January 2024)
in Japan. The National Bio-Resource Project (NBRP) maintains a collection of more than
10,000 Micro-Tom mutants that have been generated using the techniques of gamma-ray
irradiation and ethyl methane sulfonate (EMS) mutagenesis [234,235]. The Micro-Tom
plant is a model for investigating fruit production and its ability to withstand different
abiotic and biotic challenges [236]. Data about Micro-Tom mutants can be retrieved from
the TOMATOMA database, found at http://tomatoma.nbrp.jp/index.jsp (accessed on 8
February 2024) [237]. Several other genetic resources are available from which seeds or
genetic material could be obtained, including the Solanaceae Genomics Network (SGN,
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http:/ /solgenomics.net/, accessed on 8 February 2024), the United States Department of
Agriculture (USDA) (https://www.usda.gov/, accessed on 14 February 2024), the Tomato
Genetics Cooperative (TGC) (https://tgc.ifas.ufl.edu/, accessed on 17 February 2024) at
the University of Florida, USA, the Ohio State Tomato Breeding and Genetics Program
(OSTBGP) (https:/ /tomato.cfaes.ohio-state.edu/, accessed on 17 February 2024), Vavilov
Institute, Russia (VIR) (https://www.virnw.ru/en/, accessed on 3 March 2024), and Insti-
tuto de Investigaciones Fundamentales en Agricultura Tropical (INIFAT), Cuba [238,239].
These genetic resource reservoirs could be accessed and explored to obtain genes for tomato
heat resistance improvement and other targeted breeding programs.

17. Conclusions and Future Aspects

The average global temperature has significantly increased because of global climate
change, which has also put food security and agricultural output at risk [240]. Reduced
photosynthesis, decelerated growth and development, and reduced nutrient uptake are
just a few of the physiological and biochemical processes upset by heat stress in tomatoes,
resulting in yield losses [220,241]. Over the next several years, it is anticipated that the
damaging consequences of heat stress will get worse. Uncertainty surrounds the magnitude
of the potential consequences associated with global warming. Changes can have both
direct and indirect impacts on food production conditions. Direct changes can lead to
significant changes in food production, resulting in increased mortality rates because of
floods, storms, heat waves, and droughts. On the other hand, indirect effects may include
unemployment in rural areas requiring specific climate conditions for crop growth, such as
cultivating tomatoes in open fields [242,243].

Environmental change, particularly a rise in ambient temperatures, substantially
affects plant growth, development, production, and yield, leading to a severe decline in
crop yield and jeopardizing international food security. Increasing heat stress disrupts
various physiological and biochemical systems in tomato plants. Tomato seed pollen
viability and root development are significantly affected by elevated temperatures in
different parts of the world. The emerging data indicate that reactive oxygen species
(ROS) cause cellular oxidative damage but also serve as signaling molecules in the heat
stress response (HSR), triggering adaptive responses. However, the exact mechanism
underlying the interconnections among various signaling pathways linked with ROS has
not yet been fully understood. Understanding the interaction between ROS and redox
signals and identifying the precise redox pathways activated in different cell compartments
is essential for adjusting HSR in response to varying HS intensity and duration levels. The
molecular processes behind the pollen heat-stress response and thermotolerance remain
largely unexplored. In the context of escalating global warming, there is an urgent need
for molecular and genetic research to ascertain the genes responsible for conferring heat
tolerance in tomatoes, thereby mitigating the detrimental effects of high temperatures.
The primary objective of high-throughput phenotyping should be to investigate several
aspects of plant physiology, including canopy temperature, pollen viability, photosynthetic
efficiency, membrane thermostability, sugar content, and osmoprotectant activity, to obtain
full inside knowledge.

In our opinion, to enhance the overall resilience of tomatoes against heat stress, it is
crucial to elucidate the molecular and physiological mechanisms underlying the negative
correlations among seed germination, plant growth, development, pollen viability, fruit sets,
fruit size, fruit weight, other agronomic traits, and thermal stress. Collecting diverse tomato
genetic resources, including various cultivars and wild species, would be valuable for future
genetic engineering, particularly in developing heat-resistant tomato plants. Including wild
tomato species in breeding programs incurs some drawbacks since introducing genes from
wild relatives into advanced lines might alter the already established horticultural features
owing to linkage drag. Transgenic technology has the potential to serve as an advantageous
instrument for enhancing the heat stress resistance of tomatoes, especially when integrated
with conventional techniques. Integrating marker-assisted breeding with high throughput
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phenotyping can significantly improve the breeding performance of tomatoes in terms of
heat resilience. Understanding the genetic foundations of novel populations is of utmost
importance, including approaches like chromosomal segment substitution lines (CSSLs),
introgression lines (ILs), backcross inbred lines (BILs), and mutants for trait identification.
Genome editing could identify the molecular mechanism of heat stress transcription factors
and enhance heat tolerance features, like increasing the number of inflorescences and
flowers per inflorescence.

Despite certain advancements in translational genomics, particularly with the backing
of the gene-editing technology CRISPR/Cas9, some significant difficulties remain, for ex-
ample, several features subject to quantitative regulation require several genes. Hence, it is
imperative to manipulate several new genes to induce new desired phenotypes in modified
tomato crops. Further challenges include the lack of effective delivery routes for gene
editing reagents such as mRNA (sgRNA), DNA plasmid, and ribonucleoprotein (RNP),
technical bottlenecks, and ethical concerns. Moreover, there is a lack of comprehensive ge-
netic data regarding the necessary dietary components, and generating accurate alterations
in DNA sequences is challenging. Nevertheless, several gene-editing techniques offer
effective and precise gene editing of plants, including base editors, replicons, and targeted
non-homologous insertions. The continuous progress in sequencing technology can be
utilized to find reference genome sequences for previously unknown tomato wild cousins,
which will serve as a great approach to exploit the genetic variability in these species.
Genome editing facilitates the development of novel domestication tactics that selectively
utilize tomato relatives. Establishing more vibrant collaboration between private plant
breeding enterprises and public sector gene banks at regional, national, and worldwide
levels is essential. It has significant benefits, particularly in enhancing the conservation and
utilization of tomato genetic resources.

A holistic approach is required to comprehensively elucidate the causes of tomato
susceptibility to heat stress and the development of heat-resistant varieties in the interfaces
of continuously increasing global temperature. So, integrated strategies (Figure 7) based on
sophisticated technologies involving high-throughput genotyping, genome editing, and
multi-omics approaches like transcriptomics, genomics, metabolomics, proteomics, epige-
nomics, proteogenomics, lipidomics, interactomics, ionomics, phenomics, bioinformatics
genetic engineering, genetic resources collection, preservation, and utilization would en-
able researchers and breeders to develop heat-tolerant tomato varieties with capabilities to
combat increasing temperature stress for a long time.
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Figure 7. Improving heat tolerance in tomatoes through integrated approaches, including genomics,

transcriptomics, proteomics, metabolomics, gene editing, and genetic resources.
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