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Using nuclear magnetic resonance (NMR) spectroscopy, signi� cant plant metabo-
lite changes emerge, with the advantage of a non-destructive, high-throughput and 
reproducible method that excels in structure elucidation. � e thesis is based on a 
review and three studies, in which NMR was applied to monitor metabolic changes 
related to biotic and abiotic stress. In the last two decades, NMR metabolomics 
was limitedly chosen for accessing plant responses to biotic stress, although resis-
tance mechanisms are detectable and clear. We show that polyketides in gerbera are 
biomarkers of resistance to powdery mildew. Maize overcomes the stress caused by 
accumulation of carbamazepine with notable metabolic changes at the early pheno-
logical stage; while older plants adapt and only display minor e� ects. Salinity stress 
a� ects the expression of key sugar metabolism and transport genes, as well as the 
soluble carbohydrate content of � g fruits. � e thesis concludes by pointing out the 
peculiarities NMR-based metabolomics in plant science and presenting prospects 
for the technique.
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Nuclear magnetic resonance (NMR) spectroscopy is a valuable approach for 
quantifying plant metabolites and monitoring metabolic changes. Using this 
technique, significant plant metabolite changes emerge, with the advantages of a 
non-destructive, high-throughput and reproducible method that excels in struc-
ture elucidation. A curated set of 30–60 molecules with high physiological rele-
vance can outperform datasets based on mass spectrometry, which often contain 
thousands of provisionally identified features, when it comes to classification and 
biological interpretation. This thesis is based on a comprehensive and original 
literature review and three original scientific papers with robust design and clear 
output for agricultural practice, where NMR has been used to tent metabolic 
changes associated with biotic and abiotic stress.
In the last two decades, NMR metabolomics was limitedly chosen for assessing 
plant responses to biotic stress, although resistance mechanisms are detectable 
and clear.
Our research has shown that polyketides in gerbera are biomarkers of resistance 
to powdery mildew. Gerberinside emerged as the key compound involved in re-
sistance detection; when its level was low, higher levels of gerberin and parasor-
boside contributed to the resistance. Furthermore, a new compound probably in-
volved in resistance, 5-hydroxyhexanoic acid 3-O-β-D-glucoside, was described.
Maize overcomes the stress caused by the accumulation of carbamazepine with 
notable metabolic changes at the early phenological stage, including decreased 
photosynthesis and water potential, increased carotenoid levels, decreased car-
bohydrate levels (glucose and fructose) and γ-aminobutyric acid in roots, as well 
as increased maleic acid and phenylpropanoid (chlorogenic acid and its isomer, 
5-O-caffeoylquinic acid) levels in aboveground biomass, whereas older plants ad-
apt and only display minor effects.
Salinity stress affects the expression of key sugar metabolism and transport genes, 
as well as the soluble carbohydrate content of ripe fig fruits. A general increase in 
the transcript levels of genes involved in the transport of soluble carbohydrates 
was observed. Alkaline-neutral and Acid Invertases transcripts, related to the syn-
thesis of glucose and fructose, were up-regulated in ripe fruits of NaCl-stressed 
plants without a change in the content of glucose and fructose. The increases in 
sucrose and sorbitol contents were likely the result of the up-regulation of the 
transcription of sucrose synthase- and sorbitol dehydrogenase-encoding genes.
The thesis concludes by pointing out the peculiarities of NMR-based metabolo-
mics in plant science and presenting prospects for the technique.

Abstract



Spektroskopie nukleární magnetická rezonance (NMR) je cenným přístupem 
pro identifikaci a kvantifikaci metabolitů a sledování metabolických změn v rost-
linách, přičemž jejími výhodami jsou nedestruktivita, vysoká výkonost a repro-
dukovatelnost. Technika navíc umožnuje i určení struktury. Dobře vybraný sou-
bor 30-60 molekul s vysokou relevancí pro fyziologii rostlin může v klasifikaci 
a významu pro biologickou interpretaci předčit data pocházející z hmotnostní 
spektrometrie, které obsahují až tisíce sloučenin, ovšem často nepřesně identifi-
kovaných. Práce krom literárního přehledu obsahuje i tři originální vědecké práce 
s robustním designem a jasným výstupem pro praxi popisující využití NMR ke 
stanovení metabolických změn souvisejících s biotickým a abiotickým stresem.
V posledních dvou dekádách byla NMR metabolomika ke studiu rostlinného 
stresu využívána jen velmi omezeně, přestože se jedná o metodu poskytující jasné 
odpovědi a vhled do souvislostí.
Náš výzkum ukázal, že polyketidy jsou látky v gerberách s jasným vlivem na odol-
nosti vůči padlí a jsou využitelné i jako biomarkery rezistence. Jedním z těchto 
biomarkerů byl gerberinsid, pokud ho rostlina neměla dostatek, mohly účinek 
doplňovat vyšší hladiny gerberinu a parasorbosidu. Byla izolována a popsána nová 
sloučenina, která se pravděpodobně podílí na rezistenci, kyselina 5-hydroxyhexa-
nová 3-O-β-D-glukosid.
Zjistili jsme, že kukuřice reaguje v rané fenologické fázi na stres způsobený aku-
mulací farmaceutika karbamazepinu metabolickými změnami, včetně snížení fo-
tosyntézy a vodního potenciálu, zvýšení karotenoidů, snížení sacharidů (glukózy 
a fruktózy) a kyseliny γ-aminomáselné v kořenech a zvýšení kyseliny maleinové 
a fenylpropanoidů (kyseliny chlorogenové a jejího izomeru, kyseliny 5-O-kafeo-
ylchinové) v nadzemní biomase; zatímco starší rostliny vykazují pouze mírné re-
akce.
Stres způsobený zasolením ovlivňuje expresi klíčových genů pro metabolismus 
a transport cukrů a také obsah rozpustných sacharidů v plodech fíků. Bylo po-
zorováno celkové zvýšení hladin transkriptů genů podílejících se na transportu 
rozpustných sacharidů. Transkripty Alkalicko-neutrálních a Kyselých Invertáz, kte-
ré souvisejí se syntézou glukózy a fruktózy, byly ve zralých plodech rostlin streso-
vaných roztokem NaCl upregulovány, aniž by se změnil obsah glukózy a fruktózy. 
Obsah sacharózy a sorbitolu se pravděpodobně zvýšil důsledkem zvýšené regulace 
transkripce genů kódujících sacharózu syntázu a sorbitol dehydrogenázu.
V závěru práce jsou diskutovány důvody omezeného použití NMR ve výzkumu 
rostlin a jsou představeny perspektivy této techniky.

Abstrakt
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General introduction

Environmental stress is the deviation in environmental conditions from species‘ 
optima. Stress is defined as an external factor with unfavourable effects on the 
plant in relation to plant survival, plant reproduction, primary assimilation pro-
cesses generally related to growth, biomass or crop yield and quality (Taiz and 
Zeiger, 1991). Plant species have acquired different abilities to overcome stresses. 
Two types of environmental stresses are encountered by plants, namely abiotic 
and biotic stress. Abiotic factors or stressors include extremely high and low levels 
of light, radiation such as UV-B and UV-A, high and low temperatures, drought, 
flooding, submergence, chemical factors such as heavy metals, metalloids, pH 
and fertilisers, pollution and gaseous pollutants (ozone, sulphur dioxide), soil 
type and composition, salinity due to excessive Na+, deficiency or excess of mac-
ro- and micro-nutrients as well as non-essential nutrients, mechanical factors and 
other less frequently occurring stressors such as breaking of dormancy (Chen and 
Soltis, 2020). The impacts of abiotic stress on plant growth and development are 
evident among the emerging ecological impacts of climate change (Ahuja et al., 
2010; Nicotra et al., 2010; Gray and Brady, 2016; Pereira, 2016). Biotic stress in 
plants is caused by living organisms including nematodes, bacteria, viruses, fungi, 
weeds, arachnids and insects negatively impacting plant reproduction, growth, 
morphology and yield (Chen and Soltis, 2020).
The concept of stress is closely associated to how plants adapt to an unfavoura-
ble environment. Phenotypic and genotypic variations are essential for plants 
to respond to environmental changes, compete for resources, withstand stresses 
and evolve over time. Both variations are present and important because they 
play distinct but interconnected roles (Taiz and Zeiger, 1991). Genotypic vari-
ation refers to the genetic diversity and differences among individuals within a 
species. It arises from factors such as genetic mutations, recombination during 
sexual reproduction and the random assortment of genes during gamete forma-
tion. Genotypic variation contributes to the resilience and adaptability of plant 
populations by providing a range of genetic traits which can confer advantages 
in the context of unfavourable environments (Taiz and Zeiger, 1991; Kalisz and 
Kramer, 2008; Forsman, 2014). Phenotypic variation can be broadly defined as 
the variation in the appearance of the organism, including a range of morphologi-
cal, phenological, developmental and biochemical traits that are expressed within 
and among individual taxa. It provides a range of traits that can confer advantages 
under different stresses because it allows plants to respond to and thrive in diffe-
rent environments (Taiz and Zeiger, 1991; Kalisz and Kramer, 2008; Forsman, 

Environmental stress and plant metabolome
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tion via photosynthesis or osmoprotection in plants under abiotic stress (Ver-
poorte et al., 2007; Shulaev et al., 2008). Secondary metabolites are typically 
present in a taxonomically restricted set of plants, although some of them are 
widely diffused, such as phenolics. They play an essential role in mutualistic in-
teractions, involving the attraction of beneficial organisms such as pollinators, or 
antagonistic interactions, serving as deterrents against herbivores and pathogens 
(Pichersky and Gang, 2000; Sirikantaramas et al., 2008). Furthermore, these spe-
cialised compounds aid in the adaptation to abiotic stressors such as increased 
UV-radiation (Ramakrishna and Ravishankar, 2011). Secondary metabolites in-
clude nitrogen-containing compounds, terpenes, thiols and phenolic compounds 
(Wink, 2003; Jamwal et al., 2018; Khare et al., 2020; Li et al., 2020; Yadav et al., 
2021). With metabolites being the final metabolic product, metabolomics plays a 
crucial role in capturing the impact of upstream metabolic regulation, including 
genes, transcripts and proteins.

The total set of metabolites in a living organism was first described as “metabo-
lome” by Oliver et al. (1998) in a review article on yeast functional genomics by 
analogy to genome, transcriptome and proteome. The definition of metabolomics 
as a comprehensive and quantitative analysis of all metabolites in a living system 
was given a couple of years later in 2002 in a review article on plant metabolomes 
(Fiehn, 2002). Earlier, in 1999, Nicholson et al. (1999) referred to “the quanti-
tative measurement of the dynamic multiparametric metabolic response of living 
systems to pathological stimuli or genetic modification” as “metabonomics” in an 
application of 1H NMR. In practice, the terms metabolomics and metabonomics 
are often used interchangeably, and the analytical as well as modelling procedures 
are the same (Vignoli et al., 2019). Prior to the terminologies established by the 
European scientific community in the early 2000s, the first steps towards meta-
bolomics took place in the 1960s. During this time, gas chromatography (GC) 
and GC coupled with mass spectrometry (MS) were developed to quantify me-
tabolites. The development of LC-MS (liquid chromatography coupled to mass 
spectrometry) systems took approximately 10 years longer than that of GC-MS. 
Another factor contributing to the advancement and spread of metabolomics was 
the development of nuclear magnetic resonance (NMR) spectroscopy by the late 

What is metabolomics
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2014). One genotype can have different phenotypes because it is influenced by 
environmental factors. Genetic variation is subject to evolution through selec-
tion, whereas phenotypic variation resulting from environmental factors is not 
heritable and therefore cannot be adapted through selection. Adaptations to en-
vironmental stress, whether phenotypic or genetic, involve a series of integrated 
events at genetic, protein and metabolic levels (Figure 1). The plant responses 
differ based on the phylogenetic allocation, habitat, perennial or seasonal growth, 
location and previous stress exposure. The principles and means by which plants 
respond and adapt to unfavourable conditions have been investigated separately, 
often focusing solely on the cellular, biochemical or molecular level. However, it 
is important to recognise the interconnected nature of these processes. Further-
more, it should be noted that in nature, multiple stresses often occur simultane-
ously, adding to the complexity of plant adaptation processes.
Generally, primary and secondary (also known as specialised) metabolites are 
found in plants. Primary metabolites are involved in several vital life processes 
across all species and crucial for plant growth and development (Verpoorte et 
al., 2007; Kumar et al., 2017). They include classes of metabolites such as amino 
acids, sugars and fatty acids involved in vital functions such as energy produc-

Stressor
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an
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genome Phenotypic 

adaptation
 

Genetic 
adaptation

Proteome

Ge
nome Lipidome
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Figure 1 | Schematic representation of the levels where biological changes can occur in plants 
under environmental stress. One of them (green colour) is the metabolome which is the focus of 
this Ph.D. thesis.
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The emphasis of this Ph.D. thesis is on the application of 1H NMR spectroscopy, 
alternatively known as magnetic resonance spectroscopy (MRS). It is a spectro-
scopic method based on the measurement of local magnetic fields around atomic 
nuclei. The basic idea underlying NMR is that if an external magnetic field is 
applied to nuclei with spin, energy is transferred from the base energy level to a 
higher energy level. The energy transfer occurs at a wavelength that corresponds 
to radio frequencies ranging from 4 to 900 MHz, depending on the magnet 
strength. When the spin returns to its base level, energy at the same frequency is 
emitted and recorded by sensitive radio receivers. The fact that an NMR signal 
originates from a tiny fraction of active nuclei is triggering, even if it is the reason 
of its low sensitivity when compared to other analytical instruments. According 
to Boltzmann’s distribution, for a given external magnetic field of 11.7T (500 
MHz), the signal is determined by the population difference between the base 
energy level and the higher energy level, which is 0.004% of the active nuclei, 
corresponding to approximately 40 active nuclei per 1 million. The signal corres-
ponding to this transfer is measured and processed to provide an NMR spectrum 
for the selected nucleus. The intramolecular magnetic field around an atom in a 
molecule alters the resonance frequency according to the chemical environment, 
allowing access to detailed specific functional groups in a molecule (Keeler, 2010).
Proton and carbon-13 NMR spectroscopy are the two most used forms of NMR; 
however, it may be used with any kind nuclei with a spin, such as phosphorus-31, 
nitrogen-15 and fluorine-19, which have applications in plant science. Protons are 
primarily used in the application of NMR spectroscopy for metabolomics due to 
the higher natural isotope abundance compared to carbon-13. The aim to generate 
identifiable signals from as many metabolites as possible nicely fits with the fact 
that molecules of biological interest contain hydrogen. The technique has advan-
tages and limitations when compared to other major applied analytical methods 
for metabolomics (Table 1). According to previous studies, NMR spectroscopy 
can identify and quantify compounds quickly and reproducibly, with little sam-
ple preparation (Allwood et al., 2008; Verpoorte et al., 2008; Kim et al., 2010). 
In comparison with most common analytical metabolomics techniques, NMR 
is characterised by its high reproducibility. Throughout the years, chromatogra-
phic methods and mass spectrometry have shown to be affected by intra- and 
inter-day variability and inconsistency in reproducing the same results in ano-
ther laboratory. On the contrary, NMR is a versatile method that is excellent for 
large-scale plant metabolomics studies involving numerous laboratories (Ward et 

Metabolomics by NMR spectroscopy

What is metabolomics

1940s and early 1950s. Metabolomics has taken off with chemometrics, a term 
coined in 1972 by Svante Wold (Wold, 1972). Chemometrics is the discipline 
which relates measurements performed on a chemical system or process to the 
state of the system via mathematical or statistical methods (Wold, 1972).
Metabolomics allows the simultaneous detection of a wide range of compounds 
(Kim et al., 2010), and multiple analytical methods can be applied for metabo-
lomics. Advanced analytical tools, such as GC-MS, LC-MS and NMR, are those 
most commonly applied in plant science (Patel et al., 2021; Katam et al., 2022). 
However, other MS-based analytical techniques have sped-up precise metabolic 
profiling in plants, such as capillary electrophoresis-mass spectrometry (CE-MS), 
Fourier transform ion cyclotron resonance-mass spectrometry (FTICR-MS), ma-
trix-assisted laser desorption/ionisation (MALDI) and ion mobility spectrometry 
(IMS) (Patel et al., 2021). Mass spectrometry imaging (MSI) is an attractive tech-
nique exploring the metabolic differences directly on living tissues for the com-
prehensive understanding of how multicellular organisms function (Boughton et 
al., 2016; Heyman and Dubery, 2016; Dueñas et al., 2019). Another group of 
analytical methods applied in metabolomics includes vibrational spectroscopy. 
Among these methods, Fourier-transform infrared spectroscopy (FT-IR) has been 
extensively applied in metabolomics compared to Raman spectroscopy or near 
infrared (NIR) spectroscopy (Dunn et al., 2005; Lima et al., 2021).
Depending on the objectives of their studies, researchers have the possibility to 
select appropriate analytical methodologies for the compounds of interest and 
flexibility to accordingly choose the metabolomics approach. Overall, there are 
two approaches for analysing NMR-based metabolomics data: targeted and un-
targeted. A non-targeted approach aims at a global profiling of the metabolome 
and is typically employed in hypothesis-generating studies such as biomarker dis-
covery. On the contrary, a targeted approach refers to the quantitative measure-
ment of a select group of metabolites to investigate specific metabolic pathways 
or to validate biomarkers identified using non-targeted metabolic profiling. Thus, 
non-targeted metabolomics often provides more information than targeted me-
tabolomics, but targeted metabolomics typically is more quantitative, although it 
requires a priori knowledge (Li et al., 2022).
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Analytical 
method Advantages Disadvantages 

NMR • Precise quantification and high reproducibility  
• Minimal sample preparation required 
• Chromatographic separation is not required 
• Provides detailed information about the structure 

of metabolites 
• Application with liquid and solid samples 
• No instrument cleaning 
• Green analytical method 
• Suitable for inter-laboratory studies 
• Low costs per sample 
• Non destructive  

• High investment costs 
• Low sensitivity 
• A considerable amount (50-100 mg) of 

biological material is required. 
• Inadequate bioinformatics platform 
• Automation in spectral analysis is limited  
• Number of detectable metabolites (30-60) 

GC-MS • Suitable for the identification of thermally stable 
and volatile compounds 

• Large commercial and public libraries 
• Identification of low molecular weight metabolites 

(~500 Daltons) 
• Identification of volatile metabolites or small 

molecules upon derivatization 
• Several separation mechanisms and conditions are 

available 
• Potential large number of detectable metabolites 

(300-3000) 
• Molecular formula is known 
• Possibility of high mass resolution, ionisation 

methods and ion fragmentation (alternative 
structure info by MS/MS) 

• Quantification only with calibration curves 
• Sample pre-processing and derivatization 
• Many metabolites are thermally unstable or 

non-volatile 
• Instrument cleaning 
• Use of high amount of carrier gasses 
• High running costs 
• High costs per sample 
• Chromatographic separation is required 
• Destructive 
 

LC-MS • No derivatization 
• Several separation mechanisms and conditions are 

available 
• Molecular formula is known 
• Potential large number of detectable metabolites 

(300-1000) 
• Possibility of high mass resolution, ionisation 

methods and ion fragmentation (alternative 
structure info by MS/MS) 

• Quantification only with calibration curves 
• Few commercial and public libraries 
• presence of insource fragmentation and 

adduct ions 
• Instrument cleaning 
• High running costs 
• Use of high amount of solvents 
• High costs per sample 
• Chromatographic separation is required 
• Destructive 
• Long sample preparation 

 

Table 1 | Advantages and disadvantages of major analytical techniques used in MS and NMR 
metabolomics (Krishnan et al., 2005; Mielko et al., 2021; Patel et al., 2021; Katam et al., 2022).

Metabolomics by NMR spectroscopy

al., 2010a). Unlike chromatographic methods, NMR does not require continual 
calibration curves for each compound to be quantified but instead can rely on in-
house databases (Verpoorte et al., 2007). Also, NMR is non-destructive and well-
suited for high-throughput methodology, including the possibility of automation 
(Vignoli et al., 2019). A 3-minute analysis can provide quantitative data. Despite 
the limited number of compounds detected in an extract and the lower sensi-
tivity, the major metabolic trends can be determined (Verpoorte et al., 2007). 
Further, NMR can be well integrated into other spectroscopic or spectrometric 
techniques to identify metabolites and elucidate their structures (Wolfender et 
al., 2003; Kim et al., 2010) and is an environmentally friendly method (Mielko 
et al., 2021). However, it is challenging to equal and outperform MS in terms 
of sensitivity. Nonetheless, technologies based on cryogenically cooled probes, as 
well as micro- and superconducting coil probes, have recently been developed, 
which substantially lowered the detection limit. However, they are not yet widely 
used and affordable. Another option to increase sensitivity is to combine NMR 
analysis with an in-line chromatographic separation technique which fractionates 
and concentrates the mixture before recording, leading to the identification of 
numerous molecules. The disparity with MS may decrease with the increased use 
of in-line chromatographic separation steps in NMR, despite the fact that using a 
smaller number of samples is a strength of MS (Krishnan et al., 2005).
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Scientific hypothesis and objectives

The central theme of this thesis is the use of 1H NMR-based metabolomics to 
analyse metabolic changes in plants under various environmental stresses. The 
objectives of each chapter consist of a series of self-contained studies with in-
dependent hypotheses addressing biotic and abiotic stress responses in different 
plants (Figure 2).

This dissertation consists of seven chapters. Chapter 1 provides an overview of 
the plant strategies for coping with stress conditions and highlights the role of 
metabolomics in detecting metabolic changes. This chapter also presents an out-
line of analytical techniques enabling such investigations, including the use of 
NMR spectroscopy; additionally, it offers a general introduction into NMR spec-
troscopy, comparing its advantages and disadvantages to those of the widely used 
mass spectrometry. In Chapter 2, the research questions pursued throughout this 
Ph.D. thesis are summarised. Chapters 3–6 comprise the main chapters of the 
thesis, constituting my original scientific contributions to research in metabolo-
mics and environmental stress. These chapters delve into the use of 1H NMR to 
assess chemical changes in plants exposed to biotic and abiotic stress. Chapters 
3 and 4 focus on biotic stresses. I first present an overview of the potential appli-
cations of 1H NMR-based metabolomics to study biochemical processes relating 
plant resistance to biotic stress, post-infection stress responses and plant-host in-
teractions in Chapter 3. Additionally, I discuss the advancements required for 
moving the method forward. Chapter 3 is focused on biotic stresses because 
a higher structural diversity of secondary metabolites is involved in responses 

Chapter 4

Abiotic stressBiotic stress

Are there differences between 
powdery mildew resistant and 
susceptible gerbera plants in 
chemical composition related 

to resistance?

Chapter 3

Why the application of nuclear 
magnetic resonance spectroscopy 
is limited in resistance to biotic 

stress, and what are the 
technique's future prospects as a 

mean to study biotic stress?

Chapter 6

Does salinity stress affect the 
metabolism in ripe fig fruit?

Chapter 5

Does the presence of  
carbamazepine in soil affects 

metabolism in maize?

Figure 2 | Schematic outline and research questions pursued in this Ph.D. thesis to assess envi-
ronmental stress responses in plants using 1H NMR-based metabolomics.
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to biotic stresses, including alkaloids, terpenoids and saponins, which better de-
monstrates the power of 1H NMR metabolomics. Moreover, during this work, I 
felt the need to provide a solid overview of which metabolites have already been 
annotated in previous works. This review supports the need for shared databases 
to fully exploit the potentials of NMR metabolomics. In Chapter 4, an NMR 
screening tool for powdery mildew resistance in gerbera was developed, identify-
ing metabolites of constitutive host plant resistance to this pathogen. Chapters 
5 and 6 are dedicated to abiotic stresses. In Chapter 5, NMR spectroscopy was 
used to study the influence on maize metabolism of carbamazepine present in soil 
due to used of surface waste water and sewage sludge. In Chapter 6, we investiga-
ted how soil salinity influences fig fruit carbohydrate metabolism and associated 
gene regulation. Finally, the major results of this Ph.D. thesis are discussed, and 
the implications of this work on further studies are presented in Chapter 7.
The framework of the thesis (Chapters 3–6) is based on an array of scientific 
papers that I either wrote myself or significantly contributed to. My rights to 
reproduce them as chapters of the thesis are guaranteed by the copyright policies 
of the publications where the work has been published.
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Application of NMR metabolomics in plant biotic stress

Metabolomics is a key tool in plant research to bridge the gap between genotype 
and phenotype. Insights into the dynamics of metabolic processes involved in the 
regulation of plant defence mechanisms, including amino acids, carbohydrates, 
fatty acids, glucosinolates, acyl sugars, phenylpropanoids, terpenoids, saponins 
and other secondary metabolites, were provided through the application of NMR 
spectroscopy in 20 years, leading to the understanding of host-plant interactions 
and their regulations. This work reviews the status and future potential of 1H 
NMR-based plant metabolomics to address the biochemical processes related to 
plant resistance to biotic stress, post- infection stress responses and host-plant 
interactions. The approach is openly and critically evaluated to give newcomers a 
clear idea of the challenges and benefits of applying NMR in plant metabolomics 
research. Combining NMR-based metabolomics with other omics approaches 
can provide a systemic picture of plant metabolism and its regulation, enabling a 
more efficient crop production, the identification of mechanisms of pathogenesis 
and the development of strategies for plant disease control.

Keywords: NMR metabolomics; biotic stress; host plant resistance.
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The use of “omics” techniques (genomics, transcriptomics, proteomics and meta-
bolomics) and their combination in multi-omics investigations have gained po-
pularity in recent decades, expanding our understanding of biological systems 
at the molecular level. These include metabolomics and the related field of me-
tabonomics, which focuses on using modern techniques to study the totality of 
metabolites in a given biological system and links chemical patterns to biology 
(Vignoli et al., 2019). The plant metabolome can be conventionally divided into 
two classes of metabolites, primary and specialised (comparatively termed secon-
dary) ones, although it is becoming increasingly clear that there is much overlap. 
Primary metabolites are involved in several vital life processes across all species 
and crucial for plant growth and development (Verpoorte et al., 2007; Kumar et 
al., 2017). They include classes of metabolites such as amino acids, sugars and fat-
ty acids involved in vital functions such as glycolysis or osmolytes and osmopro-
tectants in plants under biotic stress (Verpoorte et al., 2007; Shulaev et al., 2008). 
Secondary metabolites are typically present in a taxonomically restricted set of 
plants, although some of them are widely diffused, such as phenolics, and play an 
essential role in plant survival under various environmental stresses (Ramakrish-
na and Ravishankar, 2011). Secondary metabolites include nitrogen-containing 
compounds, terpenes, thiols and phenolic compounds (Wink, 2003; Jamwal et 
al., 2018; Khare et al., 2020; Li et al., 2020; Yadav et al., 2021). In this context, 
metabolomics plays a critical role in reflecting the effects of upstream regulation, 
including genes, transcripts and proteins.
Metabolomics is applied in plant science for various purposes such as pheno-
typing and diagnostic analysis of plants. Metabolomics studies have provided 
greater insight into crop biology regarding fruit maturation, quality, yield and 
nutritional value assessment (Kumar et al., 2017; Litvinov et al., 2021). No less 
important is the application of metabolomics in plant interactions with the en-
vironment (often referred to as environmental metabolomics) and other orga-
nisms (Shulaev et al., 2008; Lankadurai et al., 2013; Maag et al., 2015; Chen et 
al., 2019; Litvinov et al., 2021). To date, increasing attention has been paid to 
the identification, quantification and characterisation of the remarkable diversity 
of low-molecular-weight compounds produced by plants for their protection as 
bioindicators of biochemical events associated with biotic stress (caused by nema-
todes, bacteria, phytoplasmas, viruses, fungi, weeds, arachnids and insects). Such 
biological processes usually involve more than one compound, a crucial investiga-
tive factor in the diversity of physiological interactions resulting from additional, 
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on the biological question to be answered. Compared to the other mainstream 
techniques, the most common drawback of using an NMR-based approach is the 
low sensitivity (Kim et al., 2010, 2011; Patel et al., 2021). In the field of plant 
stress metabolomics, the application of NMR is strongly inadvisable when the 
aim is to study targeted metabolites at low concentration levels (e.g., μmol or 
nmol magnitude order), such as phytohormones (with the exception of salicylic 
acid (Choi et al., 2004a)), or volatiles. Therefore, NMR should be preferred for 
untargeted metabolomics approaches because it gives a good first overview over 
the compounds involved in plant biotic stress. Possibly, low-concentration meta-
bolites may be missed, although the indication of a range of compounds and the 
related pathways involved is clear. It is highly suitable for the study of primary 
metabolites, including amino acids, organic acids and carbohydrates. Another 
important area for the application of 1H NMR is the study of secondary metabo-
lites in the order of mmols (the limit is dependent on the number of chemically 
equivalent protons, signal multiplicity and the matrix), including phenylpropa-
noids, such as chlorogenic acid derivatives, feruloyl derivatives, flavonoids, such 
as kaempferol or quercetin, glucosinolates, acyl sugars, saponins, alkaloids, poly-
ketides or carotenoids. Table 2 provides an overview of these specific metabolites 
other than amino acids, carbohydrates and simple organic acids, that have been 

Figure 3 | Summary of advantages, disadvantages, and application of MS- and NMR-based ana-
lytical techniques used in metabolomics. NMR and MS spectra represent gerberine (yellow), 
parasorboside (green), 5-hydroxyhexanoic acid 3-O-β-D-glucoside (light blue) and gerberinside 
(purple) in Gerbera hybrida (Mascellani et al., 2022). NMR, nuclear magnetic resonance spectro-
scopy; MS, mass spectrometry. Created with BioRender.com.
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if not synergistic, effects.
Even though metabolic alterations driven by biotic stress may be evaluated using 
a variety of analytical approaches, nuclear magnetic resonance (NMR) spectro-
scopy offers certain indisputable benefits. This review is focused on the achieve-
ments over the last 20 years and the potential of 1H NMR-based metabolomics 
to study biochemical processes relating plant resistance to biotic stress, post-
infection stress responses and plant-host interactions. In its simplest terms, the 
purpose of this review is to provide a guide for how 1H NMR can and should 
be used for ecometabolomics. It is also intended to provide a roadmap for future 
improvements in this rapidly developing field, both regarding technical aspects 
and defining the metabolite function.

Although multiple analytical techniques can be used to assess simultaneous me-
tabolic changes associated with biotic stress (Patel et al., 2021), NMR spectro-
scopy has some undeniable advantages, particularly in acquiring high-resolution 
spectra in a short time and regarding the highly reproducible quantification of 
compounds with simple and rapid sample preparation (Allwood et al., 2008; Ver-
poorte et al., 2008; Kim et al., 2010) (Figure 3). Because of the low instrumental 
variation, technical replicates are not needed (Martins et al., 2018). Moreover, 
NMR is a versatile tool ideal for large-scale plant metabolomics data collection 
where multiple laboratories are involved (Ward et al., 2010a). Unlike chroma-
tographic techniques, NMR can rely on internal databases and does not require 
continuous calibration curves for each compound to be quantified (Verpoorte 
et al., 2007). It is a highly suitable non-destructive analysis for high-throughput 
methods, reproducible and inexpensive, including the possibility of automation. 
Quantitative data may be obtained within as little as 3 minutes (typically 10 mi-
nutes) as compared to 30 minutes, on average, for other metabolomic methods. 
Significant trends emerge despite the lesser sensitivity and limited number of 
compounds detected in an extract (Verpoorte et al., 2007). Moreover, no other 
analytical technique achieves the same performance regarding structure elucidati-
on, and it can be easily integrated with other spectroscopic or spectrometric tech-
niques (Wolfender et al., 2003; Kim et al., 2010). The choice of NMR or another 
metabolomics platform, such as LC-MS or GC-MS (Patel et al., 2021), depends 

Potential of 1H NMR in plant research
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Table 2 | Continued.

chlorogenic acid (5-O-caffeoylquinic acid) (Choi et al., 2004b, 2006; Leiss et al., 2009b, 2009a; 
López-Gresa et al., 2010; Plischke et al., 2012; de Falco et al., 2019; Sabino et al., 2019; Sciubba et 
al., 2020),  
neochlorogenic acid (Liu et al., 2022),  
trans-caffeoyl derivatives (Ali et al., 2012),  
trans-feruloyl derivatives (Ali et al., 2012),  
trans-caftaric acid (Ali et al., 2012),  
trans-fertaric acid (Ali et al., 2012),  
caffeoyl esters of polyhydroxy compounds (López-Gresa et al., 2012),  
p-coumaric acid (Maravi et al., 2022),  
5-O-feruloyl quinic acid (Leiss et al., 2009b, 2009a),  
trans-cinnamic acid (Ali et al., 2012). 

Furano lactones limonin (Slisz et al., 2012; Chin et al., 2014),  
limonin glucoside (Slisz et al., 2012; Chin et al., 2014, 2020) 

Glucosinolates neoglucobrassicin (Abdel-Farid et al., 2009),  
progoitrin (Abdel-Farid et al., 2009; Simoh et al., 2009),  
gluconapin (Widarto et al., 2006) 

Alkaloids synephrine (Slisz et al., 2012; Chin et al., 2014, 2020),  
nicotine (Choi et al., 2006),  
vindoline (Choi et al., 2004b),  
α-chaconine (Plischke et al., 2012),  
α-solanine (Plischke et al., 2012),  
catharanthine (Choi et al., 2004b),  
stemmadenine (Choi et al., 2004b),  
tabersonine (Choi et al., 2004b) 

Terpenoids cembratriene-4,6-diol (Choi et al., 2006),  
capsidiol (Choi et al., 2006),  
2-oxopolomic acid (Hall et al., 2018),  
maslinic acid (Hall et al., 2018),  
cis-p-coumaroyltormentic acid (Hall et al., 2018),  
trans-p-coumaroyltormentic acid (Hall et al., 2018),  
benzoyl ingenol-laurate (Krstić et al., 2016),  
α-amyrin decadienoate (Krstić et al., 2016),  
β -amyrin decadienoate (Krstić et al., 2016),  
cis-1,4-polyisoprene (Krstić et al., 2016),  
24-methylenecycloartanol (Krstić et al., 2016). 

Quinones quinone (Kumar et al., 2016),  
jacaranone (Leiss et al., 2009a). 

Saponins astragaloside (Gao et al., 2021). 
Polyketides gerberine (Mascellani et al., 2022),  

gerberinside (Mascellani et al., 2022),  
parasorboside (Mascellani et al., 2022),  
5-hydroxyhexanoic acid 3-O-β-D-glucoside (Mascellani et al., 2022). 

Others orotate (Kumar et al., 2016),  
guanidinoacetate (Kumar et al., 2016),  
nicotinate (Kumar et al., 2016),  
glycine betaine (Sekiyama et al., 2017; Vasmatkar et al., 2019),  
proline betaine (stachydrine) (Chin et al., 2014, 2020; Ramsey et al., 2020),  
2,3 butanediol (Isha et al., 2020),  
dopamine (Machado et al., 2012),  
octopine (Simoh et al., 2009). 

 

 

Chemical 
superclass Compound name and references 
Indoles indole-3-acetic acid (Abdel-Farid et al., 2009; Simoh et al., 2009; Isha et al., 2019, 2020). 
Acyl sugars acyl sugars (Mirnezhad et al., 2010; de Falco et al., 2019). 
Saccharides and 
glycosylic portion 

stachyose (Leiss et al., 2009a; Cuperlovic-Culf et al., 2016),  
rhamnose in rutin (López-Gresa et al., 2010),  
rhamnose in flavonoid (Choi et al., 2006),  
raffinose (Leiss et al., 2009a),  
D-fructofuranose (Capitani et al., 2013),  
D-fructopyranose (Capitani et al., 2013). 

Fatty acids hexanoic acid (Jones et al., 2011),  
linoleic acid (Jones et al., 2011),  
γ-linoleic acid (Jones et al., 2011),  
α-linolenic acid (Choi et al., 2006; Figueiredo et al., 2008; Leiss et al., 2009b),  
fatty acids (Choi et al., 2006; Mirnezhad et al., 2010; de Falco et al., 2019; Vasmatkar et al., 2019),  
steroids (Choi et al., 2006),  
lipid (Liu et al., 2010; Benheim et al., 2014; Kumar et al., 2016). 

Sterols phytosterol (Kumar et al., 2016),  
β -sitosterol (Isha et al., 2020). 

Carotenoids β-cryptoxanthin (Isha et al., 2019, 2020). 
Tocopherols α -tocopherol (Isha et al., 2020). 
Flavonoids flavone derivative (Leiss et al., 2009b),  

kaempferol (Choi et al., 2006; Widarto et al., 2006; Simoh et al., 2009; Isha et al., 2019, 2020), 
kaempferol glycoside (Leiss et al., 2009b),  
kaempferol analogues (Abdel-Farid et al., 2009),  
quercetin (Choi et al., 2006; Simoh et al., 2009; Benheim et al., 2014; Vasmatkar et al., 2019),  
quercetin-3-O-glucoside (Figueiredo et al., 2008; Lima et al., 2010; Ali et al., 2012),  
quercetin analogies (Abdel-Farid et al., 2009),  
myricetin (Ali et al., 2012),  
luteolin (Leiss et al., 2013; Kumar et al., 2016),  
rutin (López-Gresa et al., 2010, 2012; Tomita et al., 2017),  
(-)-epicatechin (Ali et al., 2012; Isha et al., 2020; Pereira et al., 2021),  
afzelin (Sciubba et al., 2020),  
kaempferitrin (Sciubba et al., 2020),  
genistein (Kumar et al., 2016),  
flavonoid glucoside (Leiss et al., 2009a). 

Phenolic 
compounds and 
precursors 

gallic acid derivatives (Choi et al., 2004b),  
salicylate (Maravi et al., 2022),  
syringic acid (Ali et al., 2012),  
salicin (Kumar et al., 2016),  
4-nitrophenol (Kumar et al., 2016),  
shikimic acid (Figueiredo et al., 2008; Lima et al., 2010; Capitani et al., 2013),  
quinic acid (Capitani et al., 2013; Leiss et al., 2013; Chin et al., 2014; Sciubba et al., 2020). 

Phenylpropanoids 
and precursors 

sinapoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
coumaroyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
caffeoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
feruloyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
5-hydroxyferuloyl malate (Abdel-Farid et al., 2009),  
malic acid conjugated with phenylpropanoids (Abdel-Farid et al., 2009),  
sinapic acid (Leiss et al., 2013),  
caffeic acid (Figueiredo et al., 2008; Lima et al., 2010; López-Gresa et al., 2010; Srivastava et al., 
2012; Benheim et al., 2014; Afifah et al., 2019, 2020; Isha et al., 2019, 2020; Sciubba et al., 2020),  
ferulic acid (López-Gresa et al., 2010),  
ferulic acid glucoside (López-Gresa et al., 2010),  
gentisic acid glucoside (López-Gresa et al., 2010),  
3-O-caffeoylquinic acid (Choi et al., 2006; Leiss et al., 2009b, 2009a; Plischke et al., 2012; Capitani 
et al., 2013; de Falco et al., 2019),  
4-O-caffeoylquinic acid (Choi et al., 2006; Plischke et al., 2012),  
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Indoles indole-3-acetic acid (Abdel-Farid et al., 2009; Simoh et al., 2009; Isha et al., 2019, 2020). 
Acyl sugars acyl sugars (Mirnezhad et al., 2010; de Falco et al., 2019). 
Saccharides and 
glycosylic portion 
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steroids (Choi et al., 2006),  
lipid (Liu et al., 2010; Benheim et al., 2014; Kumar et al., 2016). 

Sterols phytosterol (Kumar et al., 2016),  
β -sitosterol (Isha et al., 2020). 

Carotenoids β-cryptoxanthin (Isha et al., 2019, 2020). 
Tocopherols α -tocopherol (Isha et al., 2020). 
Flavonoids flavone derivative (Leiss et al., 2009b),  
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kaempferol glycoside (Leiss et al., 2009b),  
kaempferol analogues (Abdel-Farid et al., 2009),  
quercetin (Choi et al., 2006; Simoh et al., 2009; Benheim et al., 2014; Vasmatkar et al., 2019),  
quercetin-3-O-glucoside (Figueiredo et al., 2008; Lima et al., 2010; Ali et al., 2012),  
quercetin analogies (Abdel-Farid et al., 2009),  
myricetin (Ali et al., 2012),  
luteolin (Leiss et al., 2013; Kumar et al., 2016),  
rutin (López-Gresa et al., 2010, 2012; Tomita et al., 2017),  
(-)-epicatechin (Ali et al., 2012; Isha et al., 2020; Pereira et al., 2021),  
afzelin (Sciubba et al., 2020),  
kaempferitrin (Sciubba et al., 2020),  
genistein (Kumar et al., 2016),  
flavonoid glucoside (Leiss et al., 2009a). 

Phenolic 
compounds and 
precursors 

gallic acid derivatives (Choi et al., 2004b),  
salicylate (Maravi et al., 2022),  
syringic acid (Ali et al., 2012),  
salicin (Kumar et al., 2016),  
4-nitrophenol (Kumar et al., 2016),  
shikimic acid (Figueiredo et al., 2008; Lima et al., 2010; Capitani et al., 2013),  
quinic acid (Capitani et al., 2013; Leiss et al., 2013; Chin et al., 2014; Sciubba et al., 2020). 

Phenylpropanoids 
and precursors 

sinapoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
coumaroyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
caffeoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
feruloyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
5-hydroxyferuloyl malate (Abdel-Farid et al., 2009),  
malic acid conjugated with phenylpropanoids (Abdel-Farid et al., 2009),  
sinapic acid (Leiss et al., 2013),  
caffeic acid (Figueiredo et al., 2008; Lima et al., 2010; López-Gresa et al., 2010; Srivastava et al., 
2012; Benheim et al., 2014; Afifah et al., 2019, 2020; Isha et al., 2019, 2020; Sciubba et al., 2020),  
ferulic acid (López-Gresa et al., 2010),  
ferulic acid glucoside (López-Gresa et al., 2010),  
gentisic acid glucoside (López-Gresa et al., 2010),  
3-O-caffeoylquinic acid (Choi et al., 2006; Leiss et al., 2009b, 2009a; Plischke et al., 2012; Capitani 
et al., 2013; de Falco et al., 2019),  
4-O-caffeoylquinic acid (Choi et al., 2006; Plischke et al., 2012),  
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identified in plant extracts using 1H NMR spectroscopy. Usually, these metabo-
lites are known for their antifeedant or antimicrobial activity (Wahyuni et al., 
2021; Fernandes et al., 2022). The undeniable advantage is the high confidence 
in metabolite annotation and the possibility to clearly distinguish glycosylated 
and free forms of secondary metabolites (Table 2), which could be of great inte-
rest for the understanding of plant-host interactions. The amount of the available 
sample could be the only real limitation factor which makes an MS-based ap-
proach necessary.

Table 2 | List of metabolites annotated in the 67 reviewed studies, others than those included in 
the spectral reference libraries 400MHz ‒ 800MHz version 9 of the Chenomx NMR Suite (Che-
nomx Inc., Edmonton, Canada). These libraries are often used for annotation and is accessible to 
a wide user community, although not specific to plants. Selection criteria of the literature search 
were described in Supplementary Table S1.
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superclass Compound name and references 
Indoles indole-3-acetic acid (Abdel-Farid et al., 2009; Simoh et al., 2009; Isha et al., 2019, 2020). 
Acyl sugars acyl sugars (Mirnezhad et al., 2010; de Falco et al., 2019). 
Saccharides and 
glycosylic portion 
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lipid (Liu et al., 2010; Benheim et al., 2014; Kumar et al., 2016). 

Sterols phytosterol (Kumar et al., 2016),  
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quercetin analogies (Abdel-Farid et al., 2009),  
myricetin (Ali et al., 2012),  
luteolin (Leiss et al., 2013; Kumar et al., 2016),  
rutin (López-Gresa et al., 2010, 2012; Tomita et al., 2017),  
(-)-epicatechin (Ali et al., 2012; Isha et al., 2020; Pereira et al., 2021),  
afzelin (Sciubba et al., 2020),  
kaempferitrin (Sciubba et al., 2020),  
genistein (Kumar et al., 2016),  
flavonoid glucoside (Leiss et al., 2009a). 

Phenolic 
compounds and 
precursors 

gallic acid derivatives (Choi et al., 2004b),  
salicylate (Maravi et al., 2022),  
syringic acid (Ali et al., 2012),  
salicin (Kumar et al., 2016),  
4-nitrophenol (Kumar et al., 2016),  
shikimic acid (Figueiredo et al., 2008; Lima et al., 2010; Capitani et al., 2013),  
quinic acid (Capitani et al., 2013; Leiss et al., 2013; Chin et al., 2014; Sciubba et al., 2020). 

Phenylpropanoids 
and precursors 

sinapoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
coumaroyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
caffeoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
feruloyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
5-hydroxyferuloyl malate (Abdel-Farid et al., 2009),  
malic acid conjugated with phenylpropanoids (Abdel-Farid et al., 2009),  
sinapic acid (Leiss et al., 2013),  
caffeic acid (Figueiredo et al., 2008; Lima et al., 2010; López-Gresa et al., 2010; Srivastava et al., 
2012; Benheim et al., 2014; Afifah et al., 2019, 2020; Isha et al., 2019, 2020; Sciubba et al., 2020),  
ferulic acid (López-Gresa et al., 2010),  
ferulic acid glucoside (López-Gresa et al., 2010),  
gentisic acid glucoside (López-Gresa et al., 2010),  
3-O-caffeoylquinic acid (Choi et al., 2006; Leiss et al., 2009b, 2009a; Plischke et al., 2012; Capitani 
et al., 2013; de Falco et al., 2019),  
4-O-caffeoylquinic acid (Choi et al., 2006; Plischke et al., 2012),  
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(median: 6 studies/year), suggesting a stagnant application, not fully developed. 
This may be due to the instrument‘s limited availability in laboratories (Edison 
et al., 2021), underlined by the fact that the majority of publications are from 
the teams which applied the approach for the first time. Another reason could be 
that the method‘s capabilities are often underused and unknown to the scientific 
community and that the studies cover only amino acids and some well-databased 
compounds, leaving the majority of signals unidentified. An interesting experi-
mental design involves the search for associations between NMR profiles with 

Cu
m

ul
at

iv
e 

nu
m

be
r o

f r
es

ea
rc

h 
ar

tic
le

s
nu

m
be

r o
f r

es
ea

rc
h 

ar
tic

le
s/

ye
ar

First application of NMR-based plant 
metabolomics approach in plant science

The term «metabolomics» was introduced

First application of NMR-based plant metabolomics 
approach for induced chemical defences
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Figure 4 | Historical overview of the application of 1H NMR-based plant metabolomics in re-
search articles about plant responses to biotic stress. The number of publications was determined 
by using the keywords “NMR”, “plant”, “metabolomics”, “biotic stress” and related synonyms 
from Scopus (https://www.scopus.com) and Web of Science (https://www.webofknowledge.
com). At the time of the search, there were no articles for 2023.

An invaluable tool in the assessment of constitutive and induced defences in plants for biotic stress

Generally, NMR spectroscopy is a valuable approach for identifying and quan-
tifying plant metabolites. The use of 1H NMR for plant metabolomics has been 
established since 2003 (Bailey et al., 2003) and has been accounting for one third 
of all metabolomics studies (Katam et al., 2022), although it is an emerging field 
in omics science. The first reported application to assess biotic stress consisted of 
metabolic profiling in Catharanthus roseus leaves infected with phytoplasma in 
2004 (Choi et al., 2004b). A publication using NMR to investigate metabolites 
involved in constitutive resistance to a Fusarium head blight in wheat followed in 
2007 (Browne and Brindle, 2007). Since then, NMR has been applied to a range 
of biochemical processes related to plant resistance to biotic stress, post-infection 
stress responses, and plant-host interactions, with a total of 67 studies over the 
last two decades. Part of this review is a systematic review of the literature between 
2003 and 2022, finding 67 relevant studies (Figure 4). Studies were included if 1H 
NMR spectroscopy was used as the analytical technique for metabolomics studies 
in plants to investigate biochemical processes related to plant resistance to biotic 
stress, post-infection stress responses, and plant-host interactions; the inclusion 
criteria are provided in Supplementary Table S1. Of these studies, 76.2% focused 
on induced chemical changes after bacterial (19.4%), fungal (25.4%) and viral 
infections (10.4%) as well as insect (13.4%) and nematode attacks (7.4%). Of 
the remaining studies, 23.8% focused on constitutive chemical defences towards 
bacteria (2.9%), fungi (8.9%), insects (8.9%) and nematodes (7.4%).
Over the last 5 years, the average publication number was 5.8 studies per year 
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Table 2 | Continued.

chlorogenic acid (5-O-caffeoylquinic acid) (Choi et al., 2004b, 2006; Leiss et al., 2009b, 2009a; 
López-Gresa et al., 2010; Plischke et al., 2012; de Falco et al., 2019; Sabino et al., 2019; Sciubba et 
al., 2020),  
neochlorogenic acid (Liu et al., 2022),  
trans-caffeoyl derivatives (Ali et al., 2012),  
trans-feruloyl derivatives (Ali et al., 2012),  
trans-caftaric acid (Ali et al., 2012),  
trans-fertaric acid (Ali et al., 2012),  
caffeoyl esters of polyhydroxy compounds (López-Gresa et al., 2012),  
p-coumaric acid (Maravi et al., 2022),  
5-O-feruloyl quinic acid (Leiss et al., 2009b, 2009a),  
trans-cinnamic acid (Ali et al., 2012). 

Furano lactones limonin (Slisz et al., 2012; Chin et al., 2014),  
limonin glucoside (Slisz et al., 2012; Chin et al., 2014, 2020) 

Glucosinolates neoglucobrassicin (Abdel-Farid et al., 2009),  
progoitrin (Abdel-Farid et al., 2009; Simoh et al., 2009),  
gluconapin (Widarto et al., 2006) 

Alkaloids synephrine (Slisz et al., 2012; Chin et al., 2014, 2020),  
nicotine (Choi et al., 2006),  
vindoline (Choi et al., 2004b),  
α-chaconine (Plischke et al., 2012),  
α-solanine (Plischke et al., 2012),  
catharanthine (Choi et al., 2004b),  
stemmadenine (Choi et al., 2004b),  
tabersonine (Choi et al., 2004b) 

Terpenoids cembratriene-4,6-diol (Choi et al., 2006),  
capsidiol (Choi et al., 2006),  
2-oxopolomic acid (Hall et al., 2018),  
maslinic acid (Hall et al., 2018),  
cis-p-coumaroyltormentic acid (Hall et al., 2018),  
trans-p-coumaroyltormentic acid (Hall et al., 2018),  
benzoyl ingenol-laurate (Krstić et al., 2016),  
α-amyrin decadienoate (Krstić et al., 2016),  
β -amyrin decadienoate (Krstić et al., 2016),  
cis-1,4-polyisoprene (Krstić et al., 2016),  
24-methylenecycloartanol (Krstić et al., 2016). 

Quinones quinone (Kumar et al., 2016),  
jacaranone (Leiss et al., 2009a). 

Saponins astragaloside (Gao et al., 2021). 
Polyketides gerberine (Mascellani et al., 2022),  

gerberinside (Mascellani et al., 2022),  
parasorboside (Mascellani et al., 2022),  
5-hydroxyhexanoic acid 3-O-β-D-glucoside (Mascellani et al., 2022). 

Others orotate (Kumar et al., 2016),  
guanidinoacetate (Kumar et al., 2016),  
nicotinate (Kumar et al., 2016),  
glycine betaine (Sekiyama et al., 2017; Vasmatkar et al., 2019),  
proline betaine (stachydrine) (Chin et al., 2014, 2020; Ramsey et al., 2020),  
2,3 butanediol (Isha et al., 2020),  
dopamine (Machado et al., 2012),  
octopine (Simoh et al., 2009). 

 

 

Chemical 
superclass Compound name and references 
Indoles indole-3-acetic acid (Abdel-Farid et al., 2009; Simoh et al., 2009; Isha et al., 2019, 2020). 
Acyl sugars acyl sugars (Mirnezhad et al., 2010; de Falco et al., 2019). 
Saccharides and 
glycosylic portion 

stachyose (Leiss et al., 2009a; Cuperlovic-Culf et al., 2016),  
rhamnose in rutin (López-Gresa et al., 2010),  
rhamnose in flavonoid (Choi et al., 2006),  
raffinose (Leiss et al., 2009a),  
D-fructofuranose (Capitani et al., 2013),  
D-fructopyranose (Capitani et al., 2013). 

Fatty acids hexanoic acid (Jones et al., 2011),  
linoleic acid (Jones et al., 2011),  
γ-linoleic acid (Jones et al., 2011),  
α-linolenic acid (Choi et al., 2006; Figueiredo et al., 2008; Leiss et al., 2009b),  
fatty acids (Choi et al., 2006; Mirnezhad et al., 2010; de Falco et al., 2019; Vasmatkar et al., 2019),  
steroids (Choi et al., 2006),  
lipid (Liu et al., 2010; Benheim et al., 2014; Kumar et al., 2016). 

Sterols phytosterol (Kumar et al., 2016),  
β -sitosterol (Isha et al., 2020). 

Carotenoids β-cryptoxanthin (Isha et al., 2019, 2020). 
Tocopherols α -tocopherol (Isha et al., 2020). 
Flavonoids flavone derivative (Leiss et al., 2009b),  

kaempferol (Choi et al., 2006; Widarto et al., 2006; Simoh et al., 2009; Isha et al., 2019, 2020), 
kaempferol glycoside (Leiss et al., 2009b),  
kaempferol analogues (Abdel-Farid et al., 2009),  
quercetin (Choi et al., 2006; Simoh et al., 2009; Benheim et al., 2014; Vasmatkar et al., 2019),  
quercetin-3-O-glucoside (Figueiredo et al., 2008; Lima et al., 2010; Ali et al., 2012),  
quercetin analogies (Abdel-Farid et al., 2009),  
myricetin (Ali et al., 2012),  
luteolin (Leiss et al., 2013; Kumar et al., 2016),  
rutin (López-Gresa et al., 2010, 2012; Tomita et al., 2017),  
(-)-epicatechin (Ali et al., 2012; Isha et al., 2020; Pereira et al., 2021),  
afzelin (Sciubba et al., 2020),  
kaempferitrin (Sciubba et al., 2020),  
genistein (Kumar et al., 2016),  
flavonoid glucoside (Leiss et al., 2009a). 

Phenolic 
compounds and 
precursors 

gallic acid derivatives (Choi et al., 2004b),  
salicylate (Maravi et al., 2022),  
syringic acid (Ali et al., 2012),  
salicin (Kumar et al., 2016),  
4-nitrophenol (Kumar et al., 2016),  
shikimic acid (Figueiredo et al., 2008; Lima et al., 2010; Capitani et al., 2013),  
quinic acid (Capitani et al., 2013; Leiss et al., 2013; Chin et al., 2014; Sciubba et al., 2020). 

Phenylpropanoids 
and precursors 

sinapoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
coumaroyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009; Simoh et al., 2009),  
caffeoyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
feruloyl malate (Widarto et al., 2006; Abdel-Farid et al., 2009),  
5-hydroxyferuloyl malate (Abdel-Farid et al., 2009),  
malic acid conjugated with phenylpropanoids (Abdel-Farid et al., 2009),  
sinapic acid (Leiss et al., 2013),  
caffeic acid (Figueiredo et al., 2008; Lima et al., 2010; López-Gresa et al., 2010; Srivastava et al., 
2012; Benheim et al., 2014; Afifah et al., 2019, 2020; Isha et al., 2019, 2020; Sciubba et al., 2020),  
ferulic acid (López-Gresa et al., 2010),  
ferulic acid glucoside (López-Gresa et al., 2010),  
gentisic acid glucoside (López-Gresa et al., 2010),  
3-O-caffeoylquinic acid (Choi et al., 2006; Leiss et al., 2009b, 2009a; Plischke et al., 2012; Capitani 
et al., 2013; de Falco et al., 2019),  
4-O-caffeoylquinic acid (Choi et al., 2006; Plischke et al., 2012),  
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the susceptible cultivar showed a decrease in the flavonoid luteolin (Kumar et 
al., 2016). Similarly, p-hydroxycinnamic acid and chlorogenic acid concentra-
tions increased in wheat upon inoculation with Fusarium graminearum (Liu et 
al., 2022). Infection of rice with Magnaporthe grise increased cinnamic acid levels 
(Jones et al., 2011), and Verticillium dahliae infection in Arabidopsis thaliana L. 
induced the increase in sinigrin and quercetin glucoside levels (Su et al., 2018). 
Although most studies reported an increase in phenylpropanids, some showed a 
decrease: sweet orange infected with Candidatus Liberibacter spp. showed a de-
crease in flavones (Pontes et al., 2016). The challenge posed by viruses triggers a 
similar response to that posed by bacteria, resulting in an elevation in the levels of 
phenylpropanoids and other phenolic metabolites. In response to viruses, tobacco 
and tomato synthesised phytoalexins, such as chlorogenic acid and its derivatives 
(Choi et al., 2006; López-Gresa et al., 2012), whereas tomato specifically pro-
duced gentisic acid glycoside in response to Citrus exocortis viroid (López-Gresa 
et al., 2010). Rutin and phenylpropanoid levels were also increased in tomato 
infected with Pseudomonas syringae (López-Gresa et al., 2010). The presence of 
the nematodes triggered increased levels of chlorogenic acid in coffee (Machado 
et al., 2012) and caffeic acid in tomato (Afifah et al., 2020). In general, pheno-
lics increased in potato leaves under attack by the aphid Myzus persicae (Plischke 
et al., 2012). Nevertheless, the production of chlorogenic acid, neo‐chlorogenic 
acid and 5‐O‐feruloyl quinic acid was induced in tomato plants infested with the 
leaf miner Tuta absoluta (de Falco et al., 2019). Similarly, the defence mecha-
nisms of grape infested with the insect pest Daktulosphaira vitifoliae triggered an 
increase in caffeic acid, flavonoids and quercetin (Benheim et al., 2014). The pro-
duction of chlorogenic acids and other phenylpropanoids was induced in Saccha-
rum officinarum L. by Diatraea saccharalis (Sabino et al., 2019). The Brassicaceae 
family is characterised by highly specialised secondary metabolites, which can be 
monitored using 1H NMR spectroscopy. An increase in progoitrin was reported 
for Brassica rapa L. cultivars when exposed to Leptosphaeria maculans, Aspergillus 
niger and F. oxysporum (Abdel-Farid et al., 2009). Furthermore, an increased level 
of alkaloids involved in induced plant resistance was reported in C. roseus infec-
ted with phytoplasmas. The levels of the secoiridoids loganin and secologanin 
increased in C. roseus infected with phytoplasmas (Choi et al., 2004b). Oleuro-
pein in olive trees increased in the presence of the bacterium Xylella fastidiosa co-
inoculated with xylem-inhabiting fungi (Jlilat et al., 2021). In another study, the 
response of potato to virus Y was driven by α-chaconine and α-solanine (Plischke 
et al., 2012). Increases in the saponine 2,4-methylencycloartanol and benzoyl-
ingenol-laurate levels and a decrease in cis-1,4-polyisoprene in the latex of marsh 
spurge was observed after attacks by Fusarium sporotrichioides, F. proliferatum and 
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bioassays or the simultaneous use of other analytical techniques. Most of the 
studies are limited to the exclusive use of 1H NMR, with only few including toxi-
city tests of selected compounds (Machado et al., 2019; Sabino et al., 2019), the 
monitoring of diseases and physiological parameters (Slisz et al., 2012; Baldacci-
Cresp et al., 2015; Krstić et al., 2016; Afifah et al., 2019; Gao et al., 2021) and 
additional complementary analytical techniques to quantify a fraction of meta-
bolites (López-Gresa et al., 2010; Ward et al., 2010b; Machado et al., 2012; Hall 
et al., 2018; Jlilat et al., 2021). Multi-omics combination with transcriptomics 
(quantitative real-time PCR and RNA sequencing), proteomics (LC-MS pro-
teomics with gene onthology enrichment analysis) and metabolomics with the 
use of other analytical techniques (FT-IR, GC-MS and LC-MS) was limited to 
five studies (Jones et al., 2011; Kumar et al., 2016; Copley et al., 2017; Su et al., 
2018; Vasmatkar et al., 2019).

Chemical induced defences

The interaction between plants and their phytophagous enemies has resulted in 
a complex network of defences and counter-defences over millions of years (San-
tamaria et al., 2013). Generally, plant defences can be characterised as constitu-
tive (permanent) or induced (temporary) (Karban and Myers, 1989). Induced 
defences are only engaged after attacker recognition. Although induced defences 
allow plants to avoid the costs of establishing defences in the absence of enemies, 
plants may incur significant harm during the time it takes to develop this defence 
response in the event of an infestation (Frost et al., 2008). In previous studies, 
1H NMR spectroscopy has been extensively applied for monitoring metabolic 
changes in responses to biotic stress. Different types of small-molecular-weight 
molecules can be induced by the attack and infection of different organisms. 
Phenylpropanoids, along with flavonoids, play a biological role in plant signalling 
and driving plant defence responses. This compound class plays multiple roles, 
such as a physical or chemical barrier to prevent invasion or a direct toxic weapon 
against microbial or insect targets (Ramaroson et al., 2022). The levels of gallic 
acid, caffeic acid, kaempferol and p-hydroxybenzoic acid are increased in palm 
leaves infected with Ganoderma boninens (Isha et al., 2019). In other studies, vine 
infected with Esca disease and Plasmopara viticola showed an increase in feruoyl 
and caffeoyl derivatives, shikimic acid, quercetin glucoside and caffeic acid (Lima 
et al., 2010; Ali et al., 2012). In a cultivar of chickpea resistant after infection, F. 
oxysporum infection resulted in a rise in the genistein level in the roots, whereas 
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responded with an increase in sucrose in an earlier stage of the infestation (Uawi-
setwathana et al., 2015).
Overall, the levels of amino acids are generally increased in response to fungal 
infection. The most commonly reported increases are described for alanine (Ali et 
al., 2012; Copley et al., 2017; Medina-Melchor et al., 2022) and glutamic acid 
(Kumar et al., 2016; Copley et al., 2017; Medina-Melchor et al., 2022), whereas 
proline (Isha et al., 2019), tyrosine (Medina-Melchor et al., 2022) phenylalanine 
(Medina-Melchor et al., 2022), isoleucine (Medina-Melchor et al., 2022), leuci-
ne (Medina-Melchor et al., 2022) and valine (Medina-Melchor et al., 2022) were 
increased in certain plant species. The response of amino acid levels was highly 
dependent on the type of bacteria and the stage of the infection. Generally, an 
increase in amino acids occurred in the early stage, whereas a reduction followed 
in the late stage of the infection. The variations in amino acids were dependent 
on the host plant and the viral pathogen. For instance, the level of asparagine 
increased in vanilla and mung bean after infection with cymbidium mosaic virus 
and yellow mosaic virus, respectively (Palama et al., 2012; Maravi et al., 2022), 
whereas it decreased in the early stages of the infection of the vanilla plant steam 
(Palama et al., 2012). With the exception of tobacco (Choi et al., 2006), alanine 
increased in the initial stages of infection (López-Gresa et al., 2010, 2012; Palama 
et al., 2012; Plischke et al., 2012; Maravi et al., 2022). Glutamine also increased, 
regardless of the plant and pathogen (Choi et al., 2006; Palama et al., 2012). 
Amino acids generally decreased in coffee as a consequence of herbivory by Melo-
idogyne exigua (Machado et al., 2012).
The levels of organic acids in the tricarboxylic acid cycle tended to be higher after 
fungal pathogen infections (Choi et al., 2006; López-Gresa et al., 2010; Palama 
et al., 2012; Plischke et al., 2012; Maravi et al., 2022). Changes in organic acids 
were reported for B. rapa and olive after microbial infection, leading to the ac-
cumulation of fumaric (Simoh et al., 2009), succinic (Simoh et al., 2009) and 
malic acid (Simoh et al., 2009; Jlilat et al., 2021). The levels of organic acids only 
slightly changed after insect attacks, and an increase was only reported for malic 
acid (Plischke et al., 2012; de Falco et al., 2019); minor changes were reported 
for glutamine, glutamate and asparagine (Liu et al., 2010; Uawisetwathana et al., 
2015; Sabino et al., 2019).

Chemical constitutive defences

Constitutive defences are initiated and maintained regardless of whether herbi-
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Alternaria alternata (Krstić et al., 2016). Interestingly, 1H NMR spectroscopy was 
capable of detecting changes in ascorbic acid, α-tocopherol and β-cryptoxanthin, 
involved in induced resistance to G. boninens in oil palm and to Drechslera maydis 
in corn (Isha et al., 2019; Vasmatkar et al., 2019). Nevertheless, the induction 
of complex fatty acids/acyl sugars was detected in tomato plants infested with T. 
absoluta (de Falco et al., 2019).
Another strength of 1H NMR spectroscopy is related to its ability to simultane-
ously quantify primary and secondary metabolic compounds. Mono-, di- and 
small oligosaccharides such as sucrose, trehalose, raffinose or galactinol are in-
volved in plant immunity as signalling molecules able to activate plant defence 
responses and increase plant resistance to pathogens by inducing secondary active 
metabolites or related pathways (Greco et al., 2012; Morkunas and Ratajczak, 
2014; Trouvelot et al., 2014). The reported leaf levels of glucose and sucrose 
using 1H NMR under fungal pathogen stress were dependent on the pathogen 
and time post infection, but both of them were mostly simultaneously increasing 
or decreasing (Lima et al., 2010; Ali et al., 2012; Copley et al., 2017; Su et al., 
2018; Isha et al., 2019; Medina-Melchor et al., 2022). Fluctuations were obser-
ved in relation with the time post-infection; for example, sucrose increased in A. 
thaliana infected by V. dahlia at 12 hours post-infection (h.p.i) but decreased at 6 
h.p.i. (Su et al., 2018). Grape infected by P. viticola showed an increase in sucrose 
and glucose levels only at 12 h.p.i (Ali et al., 2012). Changes in fructose were re-
ported in grape in relation to Esca disease (Lima et al., 2010). Other sugars, such 
as arabinose and xylose, increased in late-stage infection in pail oil trees infected 
by G. boninens (Isha et al., 2019), and galactose decreased in the early-stage infec-
tion in onion infected by Stemphylium vesicarium (Medina-Melchor et al., 2022). 
Glucose increased (Choi et al., 2004b; do Prado Apparecido et al., 2017; Jlilat et 
al., 2021) or decreased (Simoh et al., 2009; López-Gresa et al., 2010) depending 
on the plant and the type of bacterial infection, whereas the reported changes in 
sucrose and fructose were minor. Interestingly, the increase in sucrose was related 
to the type of phytoplasmas (Choi et al., 2004b). The response of glucose varied 
depending on the plant species and the nematode involved. The levels increased 
in tomato plants (Afifah et al., 2020) but decreased in coffee (Machado et al., 
2012). In general, glucose increased in plants infested by insects (Widarto et al., 
2006; Liu et al., 2010; de Falco et al., 2019). Interestingly, trehalose showed a 
specific increase in Arabidopsis infested by M. persicae (Hodge et al., 2013). Rice 
varieties with different levels of resistance post-infection responded with diffe-
rent carbohydrate levels when infested by Nilaparvata lugens (Uawisetwathana et 
al., 2015). The post-infection-susceptible variety responded with an increase in 
mannitol and a decrease in sucrose, whereas the post-infection-resistant variety 
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Dietze et al., 2014). Well-established roles of organic acids are as acids modifying 
pH, as chelators binding metals or as carbon sources for microbes. Additionally, 
they play a role in the pathogenicity of rot diseases and elicitors of host defences 
(Panchal et al., 2021) and provide resistance; however, the specific mechanisms 
are still not clear (Zeier, 2013). Interestingly, that in many plants, resistance was 
associated with higher free carbohydrate concentrations. As carbohydrates can 
be a readily available substrate for fungal growth or may increase palatability to 
herbivores, the opposite would be expected.

The proposed pipeline of NMR-based metabolomics comprises several stages, 
such as setting up the experiment, sampling the plant part of interest, extrac-
ting the metabolites, acquiring the NMR spectra and summarising the chemi-
cal information following an untargeted or targeted approach (Figure 5). The 
pipeline for NMR-based metabolomics has been extensively described elsewhere 
(Verpoorte et al., 2007, 2008, 2022; Kim and Verpoorte, 2010; Kim et al., 2010, 
2011; Schripsema, 2010; Rivas-Ubach et al., 2013), and an up-to-date approach 
consists of well-standardised instrumental conditions with gold-standard pulse 
sequences (Kim et al., 2010; Mckay, 2011; Le Guennec et al., 2017; Vignoli et 
al., 2019), in addition to well-established data reduction approaches. However, 
the aim of this study is to evaluate the necessities for moving plant metabolomics 
forward. This involves a full factorial design with an adequate number of replica-
tes, the inclusion of a robust validation, the use of standard protocols, the need 
for semi- or fully-automated pre-processing and annotation algorithms and the 
application of NMR metabolomics in interdisciplinary and multi-omics studies.

Experimental design: the need for external validation

A plant metabolomics study starts with the development of a solid hypothesis to 
ensure an appropriate experimental design, adequate sample preparation and sui-
table statistical methodologies. The experimental design typically includes condi-
tions for plant growth and treatments, sample collection and preparation, as well 
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vores or pathogens have damaged the plant. They include many preformed physi-
cal barriers, such as cell walls, waxy epidermal cuticles and bark, as well as chemi-
cal barriers, with a broad range of bioactive small-molecular-weight metabolites. 
The NMR is relatively lesser exploited when regarding constitutive resistance to 
fungal pathogens, bacterial pathogens and insects. We did not find any studies 
related to viral pathogens. Resistant plants mainly show an increased presence 
of taxonimically restricted secondary metabolites, sugars, amino acids and orga-
nic acids. The accumulation of phenylpropanoids and polyketides was associated 
with resistance to powdery mildew in gerbera and grape (Figueiredo et al., 2008; 
Mascellani et al., 2022), whereas resistance to blight disease in potato was asso-
ciated with the accumulation of chlorogenic acid (Tomita et al., 2017). Several 
phenolic compounds, including flavonoids, coumarins and terpenoids, are high 
in Citrus species resistant to black spot disease (Fernandes et al., 2022). Through 
focusing on subsets with varying levels of resistance, metabolomics was success-
fully applied for thrips. The constitutive chemical defences across different species 
were encoded to secondary metabolites, including phenylpropanoids, pyrrolizi-
dine alkaloids and isoalkyl signals of sugar lipids. The investigation included lea-
ves of carrot (Leiss et al., 2013), chrysanthemum (Leiss et al., 2009b), gladiolus 
(Wahyuni et al., 2021), senecio (Leiss et al., 2009a) and tomato (Mirnezhad et 
al., 2010).
Interestingly, resistant traits investigated by 1H NMR spectroscopy are often 
linked with a higher availability of non-structural soluble sugars, amino acids and 
organic acids. Sugar beet leaves resistant to Cercospora leaf spot disease had high 
carbohydrate levels than the susceptible genotypes (Sekiyama et al., 2017); this 
was also observed for kiwi varieties resistant to P. syringae (Sciubba et al., 2020). 
Resistance in wheat to Fusarium head blight disease was mainly associated with 
increased sugar and amino acid metabolism (Browne and Brindle, 2007). Tomato 
varieties resistant to Ralstonia solanacearum showed less organic acids (Murti et 
al., 2021). An increased concentration of sucrose was linked to thrips resistance 
in both senecio and gladiolus, with an additional decrease in glucose in the latter 
(Leiss et al., 2009a; Wahyuni et al., 2021). Additionally, increased amino acid le-
vels were reported in gladiolus (Wahyuni et al., 2021). Higher amounts of glucose 
and raffinose were reported in watermelon roots resistant to root-knot nematodes 
(Kantor et al., 2018), with choline and malic acid. Resistance to blight disease 
in potato was associated with the accumulation of organic acids but lower levels 
of carbohydrates (Tomita et al., 2017). It is assumed that non-structural soluble 
sugars, amino acids and organic acids are play an important role in the ability of 
plants to resist environmental stress. Non-structural soluble sugars increase resis-
tance, buffering the impacts of reductions in carbon balance (McDowell, 2011; 
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ber of biological replicates included in a randomised design to ensure biological 
variability and minimise experimental errors (Rodrigues et al., 2019). Experi-
mental design and randomisation (Rodrigues et al., 2019; Jendoubi, 2021; Uthe 
et al., 2021) are crucial aspects of the successful completion of a metabolomic 
study. The inclusion of multiple varieties increases the representation of biological 
variability and reduces the chance of false positive results. While designing the 
experiments, the investigator needs to ensure that between 200 and 500 mg of 
fresh sample (corresponding to 50 to 100 mg dry weight, according to the sam-
ple type) will be available during sampling (Kim et al., 2010; Patel et al., 2021). 
Pooling samples is a typical practice to capture the high biological variety when 
resources are restricted (Rodrigues et al., 2019). It is strongly advised to incorpo-
rate real-world populations and an external validation set if classifier models are 
employed in data processing. The more often used cross-validation overestimates 
the classifier performance of supervised models, reducing the guarantee of a good 
performance across different populations (Westad and Marini, 2015). Indepen-
dent external validation usually yields more trustable results, especially when em-
ploying different varieties and sampling times, but remains rarely applied.
It is crucial to point out that experiments carefully created for other omics tech-
nologies (such as transcriptomics and proteomics) may not be suitable for a meta-
bolomics strategy, let alone one that is NMR-based. The most frequent incompa-
tibilities are caused by insufficient repetitions and poor sample storage conditions, 
affecting the stability of the metabolites (Martins et al., 2018; Jendoubi, 2021).

Importance of standard operating procedures for extraction

The selection of the extraction solvent is essential to ensure the investigation of 
the biological question since the metabolome contains a wide range of chemicals 
with different polarity and localisation levels. To ensure intra- and inter-laborato-
ry comparability, several efforts have been made to develop and offer standardised 
procedures for NMR sample preparation (Verpoorte et al., 2007; Kim and Ver-
poorte, 2010; Kim et al., 2010; Rivas-Ubach et al., 2013). However, currently, 
various protocols are used. Extraction may include the direct use of deuterated 
solvent, which speeds up the process, or non-deuterated solvents, requiring sol-
vent evaporation, but with the potential of concentrating the extract prior to 
measurement (Schripsema, 2010; Medeiros Selegato et al., 2019). It has to be 
kept in mind that the use of deuterated solvents may cause the replacement of 
certain protons with deuterium and obscure the results (Verpoorte et al., 2022).

NMR-based plant metabolomics pipeline

as an analytical platform for hypothesis testing (Rodrigues et al., 2019). Ensuring 
the standardised reporting of metadata when describing the experiments is of 
similar importance (Sumner et al., 2007; Rodrigues et al., 2019). For a strong sta-
tistical analysis and a trustworthy biological interpretation of the data, biological 
replicates are crucial. As a rule of thumb, six should be the bare minimum num-

Figure 5 | Workflow overview of 1H NMR-based plant metabolomics approach and the necessi-
ties for advancing in the method and in the experimental design. Created with BioRender.com.
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bolites (Table 1), although they often account for the largest part of the spectrum 
signals, leaving the NMR potential completely underused. Multiple approaches 
can be followed for the elucidation of unknown peaks; statistical spectroscopic 
tools such as Statistical Total Correlation Spectroscopy (STOCSY), Subset Opti-
mization by Reference Matching (STORM) and Resolution-Enhanced (RED)-
STORM are employed to identify other signals in the NMR spectra relating to 
the same molecule (Dona et al., 2016; Garcia-Perez et al., 2020). This could fa-
cilitate data extraction from existing databases; this method is limited in case the 
signals are not aligned or are in crowded regions overlapping with signals from 
other molecules. Otherwise, 2D NMR spectroscopy analysis, separation and pre-
concentration techniques are other alternatives for structure elucidation (Dona 
et al., 2016; Hall et al., 2018; Garcia-Perez et al., 2020; Mascellani et al., 2022). 
Search in repositories could lead to suggestions for annotation; despite traditio-
nally known databases in the field (Medeiros Selegato et al., 2019), new databa-
ses are emerging, with a different approach for searching and storing the data as 
spectra (Wishart et al., 2022). However, to date, no databases based on FIDs are 
available. The incremental spiking of authentic chemical standards remains the 
only possibility to univocally positively identify the compound (Garcia-Perez et 
al., 2020).

Integration in interdisciplinary and multi-omics studies

Nowadays, in the post-genomics era, the application of chemometrics is not re-
stricted to a single data source. The aim is to extrapolate information from mul-
tiple-omics data sources with data fusion to produce more consistent, accurate 
and useful information than that provided by any single data source (Olivieri 
and Farina, 2012; Blanchet and Smolinska, 2016). It is critical to take a holistic 
approach to understand the biological mechanisms occurring during different 
environmental stress conditions to consider synergies and antagonisms (Meena et 
al., 2017; Mosa et al., 2017; Crandall et al., 2020). Nevertheless, the main chal-
lenge in multi-omics integration is related to the great metabolic diversity which 
characterises plants and symbioses with complex interaction networks, although 
multiple approaches have been proposed (Jamil et al., 2020). The integration of 
omics approaches in plant ecology consists of including metabolomics, genomics, 
metagenomics, volatilomics and spectranomics (Crandall et al., 2020).

NMR-based plant metabolomics pipeline

The extraction method mostly discussed in the field consists of ultrasonication 
with 1:1 methanol-d4 and KH2PO4 buffer in deuterium oxide at pH 6 (Kim et 
al., 2010). The advantage lies in the fact that secondary metabolites are extracted, 
besides primary metabolites such as amino acids and carbohydrates. Alternatives 
to this extraction method include increasing the methanolic portion to 80%, 
which could show a clear difference in the quantification of aromatic compounds 
(Verpoorte et al., 2008). This extraction protocol is eligible to be used as a stan-
dard operating procedure (SOP) for spectra repository in shared databases. The 
present application of NMR-based plant metabolomics requires the use of water 
for extraction, which limits the extraction of secondary metabolites involved in 
biological processes.
When non-polar compounds are of interest, chloroform may be used as extrac-
ting solvent. To extract both non-polar and polar compounds in the same ope-
ration, a two-phase extraction method with chloroform–methanol–water (2:1:1) 
was developed by Choi et al. (2004b) and Verpoorte et al. (2007) and recently 
reviewed by Rivas-Ubach et al. (2013). The special case of the extraction of wood 
samples has recently been reviewed, and ethyl acetate was the most satisfactory 
solvent for the extraction, whereas and 7:3 chloroform-d–methanol-d4 (v/v) was 
the most suitable solvent system for NMR analysis (Halabalaki et al., 2014).

Spectrum annotation: seeking for automation

One of the bottlenecks of an NMR approach is that spectrum analysis is a com-
plex and time-consuming process (Patel et al., 2021). Although promising tools 
were recently developed (Hao et al., 2014; Howarth et al., 2020; Khakimov et 
al., 2020; Wenk et al., 2023), they still are not as sophisticated and automated 
as those for HPLC or MS spectra, and they were not targeted for application in 
plant metabolomics. The metabolites are quantified by a ratio analysis normalised 
to the number of protons relative to the internal standard (Leiss et al., 2009b), 
after phase and baseline correction. The primary metabolites are well known, uni-
versal and easy to identify and quantify. Their spectra are implemented in many 
GUI software packages, and their annotation quantification is readily available 
to medium-experienced NMR users. The real challenge in plant metabolomics 
is the annotation of the secondary metabolites, which are highly taxonomically 
restricted and are often found in glycosylated forms. Nowadays, the annotation 
of secondary metabolites relies on experience and requires an expert, laboratory 
experience and in-house databases. Much less publications focus on these meta-
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Outlook, challenges and future prospective

As an integral part of the study of plant responses, metabolomics is an interdiscip-
linary field that is intimately connected to a number of other fields, including ana-
lytical chemistry, bioinformatics, chemometrics and biological sciences. The field 
of metabolomics research is quickly growing as a result of the advancement of ana-
lytical tools, particularly metabolic profiling based on MS and NMR. Although 
NMR is considered one of the major analytical techniques applied in metabolo-
mics studies, it is still limited in plant research, in particular for the assessment of 
biological alterations related to biotic stress. This review provides the state-of-the 
art in applying the 1H NMR-based metabolomics approach for plant resistance to 
biotic stress, post-infection stress responses and plant-host interactions.
The main challenge in the application of this method consists of the availability 
of the NMR spectrometers dedicated to metabolomics, including the implemen-
tation of trainings and summer schools for the young community. Nevertheless, 
we acknowledge that there are still several gaps in the approach that need to be 
addressed, such as databases, attempts to make databases, improved deconvolution 
and spectral processing. Vigorous research activities are being conducted applying 
1H NMR; however, the full potential of this method remains largely untapped due 
to the focus on primary metabolism and a lack of comprehensive annotation and 
shared databases for secondary metabolites. Even though the instrument records 
secondary metabolites, the limited attention it receives significantly diminishes 
the capabilities of the method. The high reproducibility is a great advantage to 
exchange spectral collections across laboratories, leading to broad collaboration 
opportunities and large sets of data. Vendors may facilitate the standardisation of 
used buffers by offering ready-to-use buffers, granting high reproducibility. In ad-
dition, computer-assisted intelligent metabolite data annotation is also important 
for advancing the method elucidating the diversity of plant-specific metabolites. 
Hence, we believe that 1H NMR can soon be widely applied in suitable studies 
where the limitations of the technique do not hide the investigated biological 
responses expanding the catchment area. The field of 1H NMR spectroscopy in 
plant science needs higher visibility and the promotion of the method advance-
ments. Researchers must have the possibility to decide whether to use NMR or 
MS coupled with a separation method when conducting metabolomics studies. 
Given that 1H NMR-based metabolomics can be largely applied in plant biology, 
it is my hope that this review will be useful not only for researchers active in this 
field but also for students and researchers with a more general interest in applying 
metabolomics in their studies to enable fully factorial multi-omics studies.

Outlook, challenges and future prospective
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Powdery mildew is a common disease affecting the commercial production of 
gerbera flowers (Gerbera hybrida, Asteraceae). Some varieties show a certain de-
gree of resistance to it. Our objective was to identify biomarkers of resistance to 
powdery mildew using an 1H nuclear magnetic resonance spectroscopy and che-
mometrics approach in a complex, fully factorial experiment to suggest a target 
for selection and breeding. Resistant varieties were found to differ from those 
that were susceptible in the metabolites of the polyketide pathway, such as ger-
berin, parasorboside, and gerberinside. A new compound probably involved in 
resistance, 5-hydroxyhexanoic acid 3-O-β-D-glucoside, was described for the first 
time. A decision tree model was built to distinguish resistant varieties, with an ac-
curacy of 57.7%, sensitivity of 72%, and specificity of 44.44% in an independent 
test. Our results suggest the mechanism of resistance to powdery mildew in ger-
bera and provide a potential tool for resistance screening in breeding programs.

Keywords: 1H NMR; Gerbera hybrida; decision tree; polyketides; powdery mil-
dew resistance.

Abstract

Author contribution: I contributed to the current study by carrying on the NMR metabolomics 
analysis including extraction, data acquisition and processing. I contributed to NMR structural 
elucidation and compound isolation. I carried out the statistical analysis and created the artwork. 
I drafted the original manuscript and curated the article until acceptance.

5-hydroxyhexanoic acid 
3-O-β-D-glucoside

Gerberin

Parasorboside

Gerberinside

Resistance detection model

Bars show proportions of plants described in the training subset as resistant (light color) and
susceptible (dark color). Concentrations are expressed as mg/g of dry leaves.
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Plants as sessile organisms cannot escape from unfavourable conditions in their 
surroundings. For this reason they have acquired the ability to produce a remar-
kable diversity of low-molecular-weight compounds to protect themselves. They 
produce a vast range of so-called secondary metabolites, specifically adapted to 
combat exposure to pathogens or herbivores both above and below the ground 
(Pichersky and Gang, 2000; Sirikantaramas et al., 2008). Those defensive com-
pounds are subjected to changes as the plant continues to evolve and adapt. Dif-
ferences in the content of such chemicals between plants are a key factor in the 
study of plant resistance, an important part of the integrated management of 
disease (Leiss et al., 2009b). More than one compound is usually involved in such 
biological processes, providing additional if not synergistic effects and reducing 
the chance that pathogens and herbivores might develop resistance.
Metabolomics is a suitable tool for the chemical characterization of compounds 
involved in plant resistance. It allows the simultaneous detection of a wide range 
of compounds (Kim et al., 2010). NMR spectroscopy can identify and quantify 
compounds quickly and reproducibly with little sample preparation (Allwood 
et al., 2008; Verpoorte et al., 2008; Kim et al., 2010). Chemometric tools for 
data mining encourage the exploratory use of NMR for metabolic fingerprinting 
(Winning et al., 2008). NMR has been successfully applied to study metabolites 
associated with pathogen (Kashif et al., 2009) and herbivore (Leiss et al., 2009b, 
2011, 2013) resistance. In comparison with the most common analytical meta-
bolomics techniques, NMR is characterized by its high reproducibility. Throug-
hout the years, chromatographic methods and mass spectrometry have shown to 
be affected by intra- and inter-day variability and inconsistency in reproducing 
the same results in another lab. Unlike chromatographic methods, NMR does 
not require continual calibration curves for each compound to be quantified, 
but instead can rely on in-house databases (Verpoorte et al., 2007). NMR is very 
well-suited for high-throughput methodology, including the possibility of robo-
tization. A 3-minute analysis can provide quantitative data. Despite the limited 
number of compounds detected in an extract and that certain minor compounds 
might not be observed, the major trends are clear (Verpoorte et al., 2007); NMR 
can be well-integrated with other spectroscopic or spectrometric techniques to 
identify metabolites and elucidate their structures (Wolfender et al., 2003; Kim 
et al., 2010).
Gerbera is one of the ten most economically important flower crops in Europe 
(Teeri et al., 2006) and the United States (USDA, 2019). It is a popular orna-

Introduction
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Plant material 

Eight varieties of G. hybrida grown by three Dutch breeders were used for this 
study (Figure 6). The plants were described as either resistant or susceptible to 
powdery mildew based on the empirical experience of the breeders. Half of the 
samples were gerbera mini varieties, of which two (varieties Evra and Jumbo) 
were resistant to powdery mildew and two were susceptible (Franky and Mokka).
The other four were standard varieties of gerbera, of which two (varieties 
Snowking, and Passoa) were resistant to powdery mildew and two were suscepti-
ble (Madeira and Fahrenheit). The samples were collected in spring and autumn 
(Figure 6). For each variety, young and old leaves were collected separately in five 
biological replicates, each consisting of 3 old or 5 young, pooled leaves. From 
each individual plant, the third (young) leaf from above and each third (old) leaf 
from below was sampled for the analysis. This resulted in a total of 120 samples. 
A second sample set was collected for the external validation of the model (Fi-
gure 6). A pooled sample of 5 leaves from different plants was collected from 27 
mildew-susceptible and 25 mildew-resistant varieties (Supplementary Table S2), 
based on the empirical experience of the breeders. It included the varieties used 

Materials and methods

Figure 6 | Timeline diagram of the study design.
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Introduction

mental plant used as a cut flower, potted plant, or landscape bedding plant to de-
corate gardens, terraces, and patios. Cultivated gerberas are derived from crosses 
between the wild species Gerbera jamesonii Bolus ex. Hook f. and G. viridifolia 
(DC.) Sch.Bip. and have been given the provisional name G. hybrida. An impor-
tant objective for gerbera breeders is to improve the resistance of the varieties to 
major fungal diseases, particularly powdery mildew (Kloos et al., 2005b; Deng 
and Harbaugh, 2010). Powdery mildew, a key economically important fungal 
disease of gerbera, is caused by Podosphaera xanthii (Castagne) U. Braun and N. 
Shishkoff (syn. Sphaerotheca fuliginea, formerly S. fusca Blumer). This disease is 
considered to be the most common and destructive disease of gerbera in com-
mercial production and landscape use, affecting all parts of the plant, leading to 
substantially reduced growth and loss of quality (Kloos et al., 2005b; Song and 
Deng, 2013; Ghani and Sharma, 2019). Symptoms of powdery mildew consist 
of white spots on the upper surfaces of the leaf, which gradually enlarge to form a 
white powder-like mat that can spread to the flowers and the stems. The genetic 
basis of resistance to powdery mildew in gerbera is poorly understood; putative 
sequences and markers have been studied (Song et al., 2012; Song and Deng, 
2013). The dominant allele determining powdery mildew resistance, Pmr1, has 
been identified in a wild type of gerbera (Kloos et al., 2005b). Recently, resistance 
and susceptibility genes in gerbera associated with powdery mildew were revealed 
(Bhattarai et al., 2020). However, this study is only based on two breeding lines, 
a resistant and a susceptible one, respectively. Gerbera is considered a model plant 
for plant reproduction exhibiting secondary metabolism of anthocyanins and po-
lyketides (Eckermann et al., 1998; Koskela et al., 2001; Kloos et al., 2005a; Teeri 
et al., 2006; Broholm et al., 2010; Ruokolainen et al., 2010; Bashandy et al., 
2015; Pietiäinen et al., 2016).
Information about resistance to powdery mildew in gerbera is scarce and little is 
known about the underlying mechanisms. Thus, in this study, we looked at dif-
ferences in the composition of metabolites, both identities and concentrations, 
between resistant and susceptible varieties and aimed at providing a tool for the 
prediction of the resistance to powdery mildew based on the metabolome. An 
untargeted NMR-based metabolomics approach was applied to a set of 120 sam-
ples, including eight different varieties, four classified as resistant and four as 
susceptible. Standard and mini gerbera and five replicates of young and old leaves 
were included. Compounds for which the peaks in the NMR spectrum differed 
between the groups were further isolated and their structures elucidated by means 
of semi-preparative HPLC, LC-MS, and NMR, and quantified by 1H NMR to 
build a decision tree enabling rapid screening for the selection of varieties and 
systematic plant breeding.
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internal standard (TMSP, 0.01% [w/v]) and reduced to spectral bins of 0.04-
ppm by the sum of data points corresponding to the region of δH 0.02 to δH 
10.0. The regions corresponding to water (δH 4.70‒5.00 ppm) and methanol 
(δH 3.28–3.40 ppm) were excluded from the analysis. A script built in-house was 
used for data reduction. PCA and OPLS-DA were performed using the packa-
ge MetaboAnalystR (Pang et al., 2020) version 3.0.2 in R 4.0.0(R Core Team, 
2020). PQN, log transformation, and auto-scaling were applied for PCA and 
OPLS-DA. The OPLS-DA model was validated by R2Y and Q2 metrics using the 
permutation method through 100 applications, to describe the percentage of va-
riation explained by the model and its predictive ability, respectively. Graphs were 
constructed using the package ggplot2 (Wickham, 2016) version 3.3.3 in R 4.0.0 
(R Core Team, 2020). A two-tailed unpaired t-test comparison (no correction for 
multiple comparison) was performed for each 0.04 ppm bin. Color-coded graphs 
were generated from an in-house script in MATLAB® R2020a (The Mathworks). 
The signals from the most significant (p(corr) > |0.5| and/or p < 0.05) bins results 
were identified and quantified.

Extraction and isolation to identify the compounds

The discriminating NMR signals between the two varieties were isolated by NMR-
guided semi-preparative HPLC. To identify the metabolites, pooled samples of 
resistant leaves were extracted by decoction for 15 min and filtered. The resulting 
extract with an approx. concentration of 5 mg/mL of dry weight was used for 
fractionation collection using an HPLC (UltiMateTM 3000 system, Thermo Fisher 
Scientific, Waltham, MA, USA) equipped with a Dionex Ultimate 3000 UV de-
tector and fraction collector (Thermo Fisher Scientific, Waltham, MA, USA). The 
chromatographic separation was carried out on a Triart C18 column (5 μm, 250 
× 4.6 mm) (YMC CO., LTD., Kyoto, Japan) coupled with Polar C-18 Security-
Guard Cartridges (Phenomenex, Torrance, CA, USA) at 35°C, with a flow rate of 
0.8 mL/min and an injection volume of 100 μL. The mobile phase consisted of 
(A) Milli-Q water and (B) methanol. The gradient was as follows: 0% B isocrati-
cally for 5 min followed by increase to 100% B over 10 min, a hold for 5 min, and 
a subsequent return to the initial conditions. Fractions were collected every 24 sec, 
resulting in a total of 48 fractions. Multiple injections were pooled. The fractions 
collected were freeze dried and each residue was resuspended in MeOD and D2O 
(1:1, v/v) for NMR fast screening. Selected fractions were pooled and purified by 
a second HPLC fractionation with the same conditions as described above.

Materials and methods

to build the models and other varieties not previously included, the same varieties 
from different breeders were included. The plant material was immediately frozen 
in liquid nitrogen upon harvesting and freeze dried. After freeze drying, samples 
were ground using a laboratory grinder IKA A 11 basic Analytical Grinder Mill 
and stored at ‒80°C until extraction.

Chemicals

All chemicals and reagents used were of analytical grade. Potassium dihydro-
gen phosphate (99%, KH2PO4), deuterium oxide (99.9%, D2O), methanol-
d4 (>99.8%, MeOD), and methanol were purchased from VWR (Radnor, PA, 
USA). Sodium deuteroxide 40% w/v solution in D2O (99.5%, NaOD) was ob-
tained from Alfa Aesar (Kandel, Germany). 3-(trimethylsilyl) propionic-2,2,3,3-
d4 acid sodium salt (99%, TMSP) was obtained from Sigma-Aldrich (St. Louis, 
MO, USA). A Millipore Direct-Q® 3 UV Water Purification System (Millipore 
Corp., Bedford, MA, USA) or (Merck KGaA, Darmstadt, Germany) for ultrapu-
re water was used throughout the study.

Extraction of plant material and acquisition of NMR data

Each 50 mg of the finely ground leaves, were extracted in MeOD-D2O (1:1, 
v/v) as previously described (Kim et al., 2010; Mascellani et al., 2021). All spec-
tra were recorded on a Bruker Avance III spectrometer equipped with a broad 
band fluorine observation (BBFO) SmartProbeTM with z-axis gradients (Bruker 
BioSpin GmbH, Rheinstetten, Germany), operating at the 1H NMR frequency 
of 500.23 MHz. All 1H NMR spectra were acquired and processed under the 
same conditions (Mascellani et al., 2021). All samples were calibrated to the in-
ternal standard TMSP at 0.0 ppm, subject to exponential apodization of 0.3 Hz, 
and phase- and baseline corrections were made using Mnova software, version 
14.1.0 (Mestrelab Research, S.L., Santiago de Compostela, Spain).

Data analysis
Spectral intensities of the 1H-NMR spectra were scaled to the intensity of the 
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Statistical modelling

The concentrations of the targeted compounds used to build a conditional inter-
ference tree were chosen using the package party (Hothorn et al., 2006) v. 1.3-5in 
R version 4.0.0. Of the samples, 70% were used for training, and the remaining 
30% as testing subsets. Accuracy, sensitivity, and specificity were used to evaluate 
the performance of the decision trees based on the confusion matrix. Accuracy 
is the probability that a sample is correctly predicted. Sensitivity constitutes the 
probability that a resistant sample is correctly predicted to be resistant, specificity 
expresses the probability that a susceptible sample has been correctly identified as 
susceptible. The model was successively validated with the second dataset collec-
ted to evaluate its performance for the applications in breeding.

Data reduction

Application of the PCA model resulted in eight principal components explaining 
50.3% of the total variance. Intergroup separation between the resistant and su-
sceptible varieties occurred across the principal component 5, representing 4.1% 
of the variation (Figure 7A). Relatively dispersed mildew- resistant and -suscep-
tible samples were observed, reflecting the varied character of the samples. Diffe-
rence in the ages of the leaves between samples seemed to be relatively unimpor-
tant. To explore the segregation between the two classes concerned, a supervised 
OPLS-DA model was compiled (Figure 7B) to distinguish resistant varieties from 
these which susceptible. It showed a clear separation between mildew-resistant 
and -susceptible varieties, with an R2Y value of 0.88 and a Q2 value of 0.66, 
suggesting a strong prediction. An additional set of t-tests comparing samples 
(no correction for multiple comparisons was made) from resistant and suscepti-
ble varieties was performed (p < 0.05). Graphical projection of p(corr) using the 
OPLS-DA and p-value values from the t-test (Figure 7C‒D) indicated the signals 
contributing most to the class discrimination. Combining multivariate and uni-
variate statistical analyses showed that the characteristic metabolites of resistant 
varieties had stronger proton resonance signals for bins centred at δH 7.50 ppm 
(p ≤ 0.01, p(corr) = -0.55), δH 7.46 ppm (p ≤ 0.01, p(corr) = -0.50), δH 7.18 ppm 

Results

Materials and methods

Identification of the isolated compounds

The acquired 2D NMR spectra consisted of DQF-COSY, HMBC, and HSQC 
with common standard settings (Supplementary Table S3). NMR spectra were 
recorded on the spectrometer previously described. The spectra were processed 
with Mnova software version 14.1.0 (Mestrelab Research). The MS/MS spect-
ra were acquired using a qualitative tandem liquid chromatography quadrupole 
time of flight mass spectrometry (LC-QTOF-MS/MS) system consisting of Di-
onex Ultimate 3000 ultra-high performance liquid chromatography chromato-
graph (Thermo Fisher Scientific, Waltham, MA, USA) coupled with an Impact II 
quadrupole time-of-flight mass spectrometer with high resolution accurate mass 
(Bruker Daltonics, Bremen, Germany), equipped with an electrospray ionization 
source in both positive and negative ionization modes. Liquid chromatography 
separations and the ionization parameters for mass spectrometry were performed 
using the conditions described in Supplementary Table S4. The chromatogra-
phy was controlled by Chromeleon Xpress link (Thermo Fisher Scientific, Wal-
tham, MA, USA). The MS/MS fragmentation spectra were acquired by O-Tof 
Control 4.0 and HyStar 3.2 software (Bruker Daltonik, Bremen, Germany). The 
spectra were processed using Compass DataAnalysis 4.3 (Bruker Daltonik, Bre-
men, Germany). The fragments were analysed using Mass Frontier 7.0.5.9 SR3 
(High Chem Ltd., Bratislava, Slovakia) and Thermo Excalibur 3.0.63 (Thermo 
Fisher Scientific, Waltham, MA, USA) software. The exact masses obtained were 
searched using Bruker Compound Crawler 3.0 databases (Bruker Daltonik, Bre-
men, Germany) and their fragmentation spectra were compared with MetFrag 
free on-line software results.

Quantification of metabolites

The peak areas of selected 1H NMR signals belonging to the target compounds, 
and the peak area of TMSP, were integrated manually for all of the samples and 
the metabolites were quantified by a ratio analysis normalised to the number of 
protons (Leiss et al., 2009b). These quantitative data were used to test differences 
in the concentration between varieties and between leaf ages by a two-tailed un-
paired t-test and also to build a decision tree model. The criterion for statistical 
significance was a probability value of p ≤ 0.05.
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(p ≤ 0.01, p(corr) = -0.48), δH 7.14 ppm (p ≤ 0.01, p(corr) = -0.56), δH 5.94 ppm 
(p ≤ 0.01, p(corr) = -0.55), δH 5.38 ppm (p ≤ 0.01), and δH 1.34 ppm (p ≤ 0.01, 
p(corr) = -0.21). These signals were selected as candidates for further investigating 
and quantification. Additionally, we included signals at δH 1.44 ppm, and 1.20 
ppm in the comparisons because they were structurally similar to the candidate 
signal at δH 1.34 ppm in the centred bin.

Identification of metabolites

The candidate signals chosen as markers of resistance to mildew were isolated and 
assigned to the four compounds gerberin, parasorboside, gerberinside and 5-hy-
droxyhexanoic acid 3-O-β-D-glucoside, using MS/MS and NMR (Table 3, Sup-
plementary Figure S1–S16). The resonance signals observed for these compounds 
corresponded to the signals in the bins described above, as illustrated in Figure 8.
To the best of our knowledge, the spectral data for 5-hydroxyhexanoic acid 
3-O-β-D-glucoside do not correspond to data of any compound previously pub-
lished, but they agree partially with the data for methyl and ethyl esters previously 
described (Tschesche et al., 1971; Numata et al., 1990), who considered them 
to be artefacts. The 5-hydroxyhexanoic acid 3-O-β-D-glucoside (purity 95%) 
was isolated as a colourless amorphous substance. Gerberin and parasorboside 
were isolated and identified as an inseparable mixture (Yrjönen et al., 2002). 
The NMR data obtained were in good agreement with those published (Nagu-
mo et al., 1989), as well for gerberinside (Nagumo et al., 1989; He et al., 2014) 
although different solvents were used and H-3‘ and H-5‘ of the structure were 
probably erroneously assigned (He et al., 2014).

Quantitative 1H NMR of the isolated compounds

The concentrations of 5-hydroxyhexanoic acid 3-O-β-D-glucoside, gerberin, pa-
rasorboside, and gerberinside differed for young and old leaves in resistant and 
susceptible varieties of Gerbera (Supplementary Figure S17, Supplementary Table 
S5). Independent of leaf age, leaves of resistant varieties generally accumulated 
more parasorboside (p ≤ 0.001) and gerberinside (p ≤ 0.001), with younger leaves 
containing higher concentrations of parasorboside (p = 0.01) and gerberinside 
(p = 0.002) than older leaves. This was also the case for susceptible varieties with 
younger leaves containing more parasorboside (p ≤ 0.001) and gerberinside (p ≤ 

Results

Figure 7 | Univariate and multivariate statistical analysis of leaves extracted in MeOD-D2O (1:1, 
v/v). (A) PCA scores plot. (B) OPLS-DA scores plot. (C) based on the 1H NMR differential 
spectrum (mean susceptible spectrum, N=60, minus mean resistant spectrum, N=60). (D) t-test 
coefficient plot based on the 1H NMR differential spectrum (mean susceptible spectrum, N=60, 
minus mean resistant spectrum, N=60). Parasorboside (a), gerberin (b), gerberinside (c), 5-hydro-
xyhexanoic acid 3-O-β-D-glucoside (d) are shown. Peaks in the positive direction indicate meta-
bolites more abundant in varieties susceptible to mildew. Metabolites more abundant in leaves of 
varieties resistant to mildew are shown as peaks in the negative direction. The color bar indicates 
the correlation of the bins with the predicting variation (C) and p-value (D). The filled red circle 
represents the 95% confidence region of varieties resistant to mildew and the filled green circle 
the 95% confidence region of varieties susceptible to mildew. Filled squares represent the young 
leaves and filled dots the old leaves of varieties resistant (red) or susceptible (green) to mildew.
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0.001) than older leaves. Greater amounts of gerberin occurred only in the leaves 
of resistant standard gerbera (p ≤ 0.001), but not in the resistant mini varieties.

Resistance detection model

Based on the selected candidate markers for resistance, a decision tree predictive 
model was constructed to predict the detection of resistance for breeding purpo-
ses. Decision trees are one of the most popular classification algorithms in cur-
rent use in data mining and machine learning. The algorithms can easily handle 
multi-class discrimination and its constructed decision tree has a structure that is 
easy to understand as a flowchart. The algorithms are based on a recursive proce-
dure which logically combines a sequence of simple tests (Kotsiantis, 2013). Each 
sample was characterized only by the concentrations of the candidate markers. To 
reduce the risk of over-fitting, 30% of the dataset was not used to construct the 
model but rather to evaluate the model. The resulting predictive model achieved 
92.5% accuracy, 90% sensitivity, and 95% specificity. It is depicted in Figure 9. 
Gerberinside was the key compound for class discrimination, with varieties rich 
in gerberinside being mildew resistant. When the concentration of gerberinside 
is lower, greater concentrations of gerberin and parasorboside lead to resistance 
to powdery mildew. If a smaller amount of parasorboside was present, then the 
resistance dependent on the concentration of 5- hydroxyhexanoic acid 3-O-β-
D-glucoside. A total of 52 samples were used as an external validation dataset to 
test the applicability of the model for breeding purposes. The model showed an 
accuracy of 57.7%, sensitivity of 72%, and specificity of 44.44% (Table 4). Four 
varieties already used in the first test set were included in the validation set. They 

Figure 8 | Representative annotated 1H NMR spectrum of young leaves of the powdery-mildew-
resistant variety Snowking extracted in MeOD-D2O (1:1, v/v).

Results

 

 LC-QTOF-MS/MS 1H and 13C NMR 

Compound name & structure. 
 

Retention 
time 

(conditions) 

m/z [M+H]+ 
(formula, 
calculated 

mass) a 

m/z [M-H]- 
(formula, 
calculated 

mass) Formula Pos. δH (mult; J in Hz) ppm δC 
5-hydroxyhexanoic acid 3-O-β-
D-glucoside  

 

3.6 min 
(0.2% formic 
acid and 
methanol) 

311.1336 
(C12H23O9, 
calcd 
311.1342) 
 

309.1197 
(C12H21O9, 
calcd 
309.1186) 
 
 

C12H22O9 1 
2 
3 
4 
 
5 
6 
1' 
2' 
3' 
4' 
5' 
6' 

- 
2.46 (qd, 14.4, 14.4, 14.4, 6.3) 
4.23 (m) 
1.65 (dt, 14.2, 5.4) 
1.87 (m) 
4.00 (m) 
1.21 (d, 6.2) 
4.52 (d, 7.9) 
3.21 (dd, 7.9, 9.2) 
3.46 (dd, 9.2, 8.6) 
3.35 (dd, 8.6, 9.8) 
3.40 (ddd, 9.8, 5.5, 2.1) 
3.89 (dd, 12.1, 2.1) 
3.71 (dd, 12.1, 5.5) 

176.7c 
43.7 
77.1 
44.1 
 
66.8 
22.6 
70.1 
74.2 
76.8 
70.0 
76.8 
61.6 
 

Gerberin 

 

3.9 min 
(0.2% formic 
acid and 
methanol) 

291.1071 
(C12H19O8, 
calcd 
291.1079) 
 

289.0932 
(C12H17O8, 
calcd 
289.0923)  

C12H18O8 1 
2 
3 
4 
 
5 
6 
1' 
2' 
3' 
4' 
5' 
6' 

- 
5.40 (d, 1.3) 
- 
2.60 (dd, 1.3 17.5) 
2.64 (dd, 4.7, 17.5) 
4.59 c  
1.45 (d, 6.3) 
5.11(d, 7.7) 
3.50 (dd, 7.7, 9.3) 
3.56 (m) 
3.45 (m) 
3.56 (m) 
3.73 (dd, 5.4, 12.4) 
3.90 (dd, 2.2, 12.4) 

180.3 c  
92.8 
171.6 c  
32.1 
 
72.8 
18.2 
97.5 
71.5 
75.2 
68.2 
75.2 
59.6 
 

Parasorboside 

 

4.0 min 
(0.2% formic 
acid and 
methanol) 

293.1225 
(C12H21O8, 
calcd 
293.1236) 
 
 

291.1086 
(C12H19O8, 
calcd 
291.1080) 

C12H20O8 1 
2 
3 
4 
 
5 
6 
1' 
2' 
3' 
4' 
5' 
6' 

- 
2.80 (m) 
4.41 (m) 
2.26 (m) 
1.81 (ddd, 2.9, 11.3, 14.4) 
4.91 c  
1.39 (d, 6.4) 
4.50 (d, 7.8) 
3.22 (dd, 7.8, 9.3) 
3.45 (m) 
3.34 (dd, 8.8, 9.8) 
3.40 (ddd, 2.2, 5.8, 9.8) 
3.88 (dd, 2.2, 12.3) 
3.68 (dd, 5.8, 12.3) 

b 
33.8 
69.7 
33.8 
 
73.5 
18.8 
100.5 
72.2 
75.8 
68.7 
75.1 
59.6 

Gerberinside 

 

8.0 min (5 
mM 
ammonium 
formate) 

339.1070 
(C16H19O8, 
339.1079) 

337.0927 
(C16H17O8, 
337.0923) 

C16H18O8 2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1' 
2' 
3' 
4' 
5' 
6' 

- 
6.03 (s) 
- 
- 
7.24 (d, 7.6) 
7.65 (t, 7.8) 
7.30 (d, 8.1) 
- 
- 
2.77 (s) 
5.34 (d, 7.8) 
3.73 (dd, 9.2, 7.8) 
3.62 (t, 9.2) 
3.52 (m) 
3.68 (ddd, 10, 5.6, 2.3)  
3.78 (dd, 12.4, 5.6) 
3.94 (dd, 12.4, 2.3) 

b  
93.3 
169.2 c  
138.7 c  
129.4 
133.7 
116.1 
155.7 c  
114.7 c  
23.7 
100.3 
73.9 
77.1 
70.1 
77.9 
61.5 

 

Table 3 | 1H and 13C NMR spectroscopic assignments in ppm [at 500 and 125 MHz, MeOD-
D2O (1:1, v/v)] and LC-QTOF-MS/MS assignments of compounds from fractionation of Ger-
bera hybrida aqueous extract.

Coupling constants (J in Hz) in parentheses.
s = singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of doublets, dt = doublet of tri-
plets.
a = fragment ions are reported in Supplementary Figure S5, S10, S11, S16.
b = not observed, c = observed in HMBC.
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were predicted within the same class. The same varieties but derived from diffe-
rent breeders have also been predicted within the same class.

Discriminating analysis of resistant and susceptible gerbera plants showed that 
gerberin, parasorboside, gerberinside, and 5-hydroxyhexanoic acid 3-O-β-D-
glucoside can be used as biomarkers for resistance to powdery mildew. Indepen-
dent of leaf age, these compounds showed greater concentrations in the resistant 
compared to the susceptible varieties. These polyketide-derived glycosylated mo-
lecules are compounds well-known present in gerbera (Bohlmann et al., 1973; 
Teeri et al., 2006), where the aglycones are considered to play a role in defending 
the plant against pathogens (Koskela et al., 2001, 2011; Pietiäinen et al., 2016). 
Gerberin and parasorboside are produced in large amounts in all gerbera tissues 
and are described as bitter tasting glycosidic lactones (Yrjönen et al., 2002; Pieti-
äinen et al., 2016). Gerberin aglycone is known as 5,6-dihydro-4-hydroxy-6-me-
thyl-2H-pyran-2-one. Gerbera and its close relatives produce rare coumarin-like 
compounds. 4-hydroxy-5-methylcoumarin, which is the aglycone component of 
gerberinside. This compound is somewhat taxonomically restricted to Gerbera 
spp. (Inoue et al., 1989; Nagumo et al., 1989; Pietiäinen et al., 2016), however, 
its derivatives occur in other taxa within the Asteraceae family, such as in Mutisia 
spp. (Zdero et al., 1988). Moreover, an occurrence in taxonomically unrelated 
Diospiros spp. has been reported (Paknikar et al., 1996). It is important to men-
tion, that this compound is formed by a polyketide synthase in the acetate-me-
valonate pathway and not the shikimate (phenylpropanoid) pathway, the source 
of relatively common coumarins found particularly in plants of the Apiaceae and 
Rutaceae families (Bourgaud et al., 2006; Pietiäinen et al., 2016).
Gerbera expresses three genes encoding for 2-pyrone synthases (G2PS1, G2PS2, 
and G2PS3) which are chalcone synthase-like polyketide synthases with altered 
starter substrate specificity (Helariutta et al., 1996). G2PS1 is present in the who-
le plant and is responsible for the synthesis of 4-hydroxy-6-methyl-2-pyrone (tri-
acetolactone), a putative precursor of gerberin and parasorboside (Eckermann et 
al., 1998). G2PS2, expressed in the leaf blades and inflorescences, and G2PS3, ex-
pressed in the roots, are necessary for the biosynthesis of 4-hydroxy-5-methylcou-
marin. G2PS2 and G2PS3 lead to the formation of 4,7-dihydroxy-5-methylcou-

Discussion
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Table 4 | Decision tree confusion matrix classification of gerbera leaves resistant and susceptible 
to mildew in the validation sample set extracted in MeOD-D2O (1:1, v/v). Misclassification error: 
44%, sensitivity: 72%, specificity: 44%.

Figure 9 | Decision tree showing the concentrations (mg/g of dry leaves) of the selected metabo-
lites responsible for resistance to powdery mildew based on the 1H NMR spectra of gerbera leaves 
extracted in MeOD-D2O (1:1, v/v). Concentrations are expressed as mg/g of dry leaves. Nodes 
are either numbered in squares or as Node #. Bars show proportions of plants described in the 
training subset as resistant (light color) and susceptible (dark color).
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NMR-based metabolomics coupled with chemometrics can detect plant metabo-
lites involved in resistance to powdery mildew in plants. Based on the contents 
of gerberin, parasorboside, gerberinside and 5-hydroxyhexanoic acid 3-O-β-D-
glucoside, model for the prediction of resistance to a powdery mildew was develo-
ped. Collecting more data on more varieties and on more time points during crop 
growth will improve the model even further. Such a model enables screening of 
existing varieties and also breeding population intended for the development of 
new varieties. As such, the metabolites can function as biomarkers for resistance 
to mildew and represent a crucial tool for resistance breeding programs. Especially 
so since powdery mildew is an obligate biotroph pathogen, which until now only 
could be tested by using relatively small scale, labor- and capital-intensive plant 
bio-assays; validation of the single compounds by in-vitro bioassays is hampered. 
Single compounds would need to be separated, whereby the separation of gerberin 
and parasorborside would form a major challenge (Yrjönen et al., 2002). Even if 
compounds would be applied as a mixture, powdery mildew as an obligate fungus 
does not grow on artificial substrates to which the compounds in question could be 
added. Here we have an alternative metabolomics-based approach to create decis-
ion trees that enabled us to detect the compounds responsible for plant resistance, 
and to determinate their synergies and relative contributions to the overall effect. 
This approach seems to be particularly important for obligate biotrophic plant 
pathogens such as powdery mildew, for which bioassays are not easy to carry out.

Conclusion

and shaped by continuous evolutionary forces regulated by the adaptation of the 
host-plant, is therefore conjugation of the toxic defense compound with various 
organic molecules, including sugars. The detoxification of a harmful compound 
by glycosylation can generate a non-toxic agent and often leads to sequestration 
in a storage compartment such as the cell vacuole (Jones and Vogt, 2001; Gachon 
et al., 2005). When a pathogen attacks, the detoxified compound is activated 
by glycosyl hydrolases released by the host plant or the invading organism (Os-
bourn, 1996; Minic, 2008; Murphy et al., 2011). Glycosylation increases the 
water solubility and also stability of hydrophobic metabolites, improving their 
bio-distribution and metabolism (Jones and Vogt, 2001; Gachon et al., 2005).

Discussion

marin. The further pathway is unknown, but a reductase enzyme is likely required 
to complete the pathway for the biosynthesis of 4-hydroxy-5-methylcoumarin 
(Pietiäinen et al., 2016).
Chemometrics gives us a tool to study the relationships among multiple metabo-
lites at the same time. The decision tree explains more complex relationships bet-
ween compounds, which are not elucidated by a univariate statistical approach. 
The main node of the decision tree is gerberinside, which suggests that this com-
pound plays the most important role in defining resistance. A comparable result 
was obtained from the OPLS-DA. Signals from the compound were assigned the 
highest values of absolute p(corr) and significance by the t-test. The antifungal 
activity of plant coumarins has been investigated and confirmed (Sardari et al., 
2000). In particular, gerberinside aglycone (4-hydroxy-5-methylcoumarin) was 
observed to be more effective than gerberin aglycone, triacetolactone, and sorbic 
acid for inhibiting the growth of B. cinerea, Heterobasidium annosum, and Rhi-
zoctonia solani in in-vitro tests using artificial media (Koskela et al., 2011). Accor-
ding to the decision tree, resistant varieties with low concentrations of gerberin-
side were characterized by greater concentrations of gerberin and parasorboside. 
Parasorboside is regarded as a precursor of parasorbic acid, the plant form of the 
widely used food preservative sorbic acid (Tschesche et al., 1971; Koskela et al., 
2011). In agreement with our results, the concentrations of gerberin and parasor-
boside varied greatly between different gerbera varieties, with varieties resistant to 
B. cinerea containing greater concentrations than these more susceptible (Koskela 
et al., 2001). In most varieties, gerberin was most abundant in the flowers, whe-
reas the highest level of parasorboside was observed in both the leaf and the scape 
(Koskela et al., 2001). Plants in which the pathway was inhibited with antisense 
G2PS1 blocking the synthesis of gerberin and parasorboside showed increased 
susceptibility to Botrytis cinerea (Koskela et al., 2011). Geberin aglycone inhi-
bited the growth of B. cinerea, Heterobasidium annosum, and Rhizoctonia solani 
(Koskela et al., 2011). In addition, parasorboside has been demonstrated to be an 
antifeedant agent for the larvae of the yellow butterfly Eurema hecabe mandarina 
(Numata et al., 1990). The decision tree suggested that 5-hydroxyhexanoic acid 
3-O-β-D-glucoside may also play a role in resistance to mildew. Strong structu-
ral similarities to parasorboside suggest that this compound may be part of the 
gerberin pathway. Further investigation is needed to clarify the role of this com-
pound in gerbera.
The segregated class of isolated compounds was glycosylated. As the first che-
mical barriers to attacking organisms, preformed inhibitory compounds play a 
key role in the early stages of plant defence. However, these compounds may 
also be toxic for plant itself. One of the strategies implemented by the plants, 
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Effect of carbamazepine accumuation in maize

The presence of pharmaceuticals in the environment is a matter of great con-
cern. They are consistently found in the environment, raising concerns regarding 
human exposure through dietary intake. In this study, we observed the effect of 
the application of carbamazepine at 0.1, 1, 10, and 1000 μg per kg of soil con-
tamination levels to assess stress metabolism in Zea mays L. cv. Ronaldinio at the 
4th leaf, tasselling, and dent phenological stages. The transfer of carbamazepine 
to the aboveground and root biomass was assessed, and uptake increased dose-
dependently. No direct effect on biomass production was observed, but multi-
ple physiological and chemical changes were observed. Major effects were con-
sistently observed at the 4th leaf phenological stage for all contamination levels, 
including reduced photosynthetic rate, reduced maximal and potential activity 
of photosystem II, decreased water potential, decreased carbohydrates (glucose 
and fructose) and γ-aminobutyric acid in roots, and increased maleic acid and 
phenylpropanoids (chlorogenic acid and its isomer, 5-O-caffeoylquinic acid) in 
aboveground biomass. A reduction in net photosynthesis was observed for the 
older phenological stages, whereas no other relevant and consistent physiological 
and metabolic changes related to contamination exposure were detected. Our 
results indicate that Z. mays can overcome the environmental stress caused by the 
accumulation of carbamazepine with notable metabolic changes at the early phe-
nological stage; however, older plants adapted and only exhibited minor effects 
in the presence of the contaminant. The potential implications for agricultural 
practice could be associated with the plant‘s response to simultaneous stresses due 
to metabolite changes associated with oxidative stress.

Keywords: carbohydrate; carotenoid; GABA, chlorogenic acid; photosynthesis; 
soil contaminant.
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dent

Carbamazepine (CBZ)

CBZ (μg/Kg of soil)
0.1 1 10 1000

Net photosynthesis ↓ ↓ ↓ ↓
Transpiration ↓ ↓ ↓ ↓
Fv/Fm ↑ ↑ ↑
Fv/Fo ↑ ↑ ↑
Water potential
Carotenoids ↑

CBZ (μg/Kg of soil)
0.1 1 10 1000

Net photosynthesis ↓ ↓ ↓ ↓
Transpiration ↓ ↓ ↓
Fv/Fo ↑
Water potential ↑ ↑ ↑
Carotenoids ↑ ↑ ↑

CBZ (μg/Kg of soil)
0.1 1 10 1000

Net photosynthesis ↓ ↓ ↓ ↓
Transpiration ↓
Fv/Fm ↓ ↓ ↓
Fv/Fo ↓ ↓ ↓ ↓
Water potential ↑ ↑ ↑ ↑
Carotenoids ↑ ↑ ↑
Chlorogenic acid ↑ ↑ ↑
5-O-caffeoylquinic acid ↑ ↑ ↑
Glucose ↓ ↓ ↓ ↓
Fructose ↓ ↓ ↓ ↓

tasseling

4th leaf
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Pharmaceutical residues in aquatic and soil environments and their potential 
ecotoxicity are environmental concerns. Recent scientific evidence has revealed 
an alarming number of pharmaceutical residues in the effluents of wastewater 
treatment plants, surface and ground waters, and drinking water (Miège et al., 
2009). Irrigation with treated wastewater and the application of biosolids and 
manure to arable land exposes the agro-environment to pharmaceuticals and per-
sonal care products which can be taken up by crops. The current study focused 
on the widely used antiepileptic drug carbamazepine (CBZ), a ubiquitous phar-
maceutical that is frequently detected in wastewater, natural water bodies, and 
arable soils at concentrations ranging from ng/L to μg/L in water and ng/kg to 
mg/kg in biosolids and arable land (Calderón-Preciado et al., 2011; Dordio et 
al., 2011; Dalkmann et al., 2012; Aznar et al., 2014; Shao et al., 2018; Mejías 
et al., 2021). CBZ is one of the most recalcitrant pharmaceutical compounds in 
wastewater and aquatic environments (Dordio et al., 2011; Li et al., 2013; Shao 
et al., 2018) with high bioaccumulation factors in plants (Hurtado et al., 2017). 
The fate of CBZ and its metabolites in the agro-ecosystem, including sorption, 
leaching, and plant uptake, has been previously studied (Fenet et al., 2012; Paz 
et al., 2016). CBZ accumulates in the top soil layer because of its sorption onto 
soil organic matter, and its availability for plant uptake is caused by desorption 
(Williams et al., 2006; Arye et al., 2011; Paz et al., 2016). CBZ in soil can be 
further degraded into different biologically active products, including 10,11-di-
hydro-10-hydroxycarbamazepine, carbamazepine-10,11-epoxide, acridone-N-
carbaldehyde, 4-aldehyde-9-acridone, and acridine (Li et al., 2013). The most 
commonly present metabolites in wastewater, carbamazepine-10,11-epoxide and 
10,11-dihydro-10,11-dihydroxycarbamazepine, have lower sorption affinities 
and higher mobilities in soils than the parental drug (Fenet et al., 2012; Paz et al., 
2016); therefore, they can be easily transported from the soil surface to the aqui-
fer. CBZ is taken up from the soil by a range of agriculturally important vegetab-
les; the plant uptake of CBZ differs among different plant species and cultivation 
conditions. CBZ accumulation was reported for radish, arugula, lamb’s lettuce 
(Kodešová et al., 2019), lettuce (Wu et al., 2013; Hurtado et al., 2017; Kodešová 
et al., 2019; Leitão et al., 2021), spinach (Wu et al., 2013; Kodešová et al., 2019), 
cucumber (Shenker et al., 2011; Wu et al., 2013), celery, carrot, pak-choi (Li et 
al., 2018a), maize (Marsoni et al., 2014; Ryšlavá et al., 2015; Beltrán et al., 2020; 
Pérez et al., 2022), tomato (Goldstein et al., 2014; Riemenschneider et al., 2017), 
zucchini (Goldstein et al., 2014; Carter et al., 2015; Knight et al., 2018), pepper 

Introduction
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Plant material, experimental design, growth conditions, and sampling

The pot experiment was performed in a 3 × 5 full factorial design (three sampling 
times, five pollution/control treatments), where each treatment was replicated 
three times, resulting in a total of 45 pots. Each pot contained 5 kg (dry weight, 
d.w.) of soil or soil-carbamazepine mixture. Four experimental concentrations of 
CBZ were used, 0.1, 1, 10, and 1000 μg CBZ per kg (d.w.) of soil, and were re-
ported in this study as CBZ0.1, CBZ1, CBZ10, and CBZ1000, respectively. The 
CBZ standard solution was thoroughly mixed with the unpolluted soil prior to 
sowing. The soil used was Chernozem (Mollisol) collected from a long-term field 
trial (plough depth 30 cm) at the Czech University of Life Sciences in Prague, 
where no fertilisers have been applied since 1996. The soil was neutral sandy 
loam (pHCaCl2 = 7.1) with 1.6% Coxf, 0.14% Ntot and 118 mg/kg available PMehli-

chIII. More details about the field trial and site (Suchdol, Prague) are reported by 
Kulhánek et al. (2016). Eight Z. mays L. cv. Ronaldinio seeds (KWS saat SE & 
Co. KGaA, Einbeck, Germany) were sown on June 5th, 2020, and the germinated 
plants were reduced to three plants per pot at the emergence of the 3rd leaf. The 
experiment was conducted in an outdoor precipitation-controlled vegetation hall 
under natural lighting and temperature conditions. The positions of the pots 
were fully randomised on a weekly basis. The plants were irrigated with tap water, 
demineralised by reverse osmosis, till 50% of the soil water-holding capacity was 
reached (controlled gravimetrically every third day). Three biological replicates 
(three pots, three plants each) were collected for each experimental condition at 
46, 75, and 117 days after sowing, which corresponded to the 4th leaf, tasselling, 
and dent phenological stages, respectively. Harvested plants were separated into 
roots and shoots. The collected samples were weighed, washed in demineralised 
water, immediately frozen in liquid nitrogen, ground to a fine powder using a 
mortar and pestle, freeze-dried, and stored at ‒80 °C till further analyses.

Reagents and materials

All the chemicals and reagents used were of analytical grade. Potassium dihydro-
gen phosphate (99%, KH2PO4), deuterium oxide (99.9%, D2O), methanol-d4 
(99.8%, MeOD), and methanol (MeOH) were purchased from VWR Interna-

Materials and methods
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(Wu et al., 2013), and rocket (Marsoni et al., 2014). Although pharmaceuticals 
are consistently found in the environment and absorbed by plants, little is known 
about their effects on plant biochemistry, health, or crop yield parameters, which 
may affect the resilience of production systems. Zea mays L. is one of the most 
economically important food crops worldwide and its cultivation cycle requires 
significant amounts of water during plant growth and flowering (Marsoni et al., 
2014). Reclaimed water could be important for maize irrigation (Pérez et al., 
2022) and CBZ residues in treated wastewater can lead to soil contamination and 
affect growth, biomass yield, and yield quality. Maize is an important crop and a 
potential gateway for pharmaceuticals to enter the food chain. This study aimed 
to mimic the presence of CBZ in soil as consequence of application of biosolid 
amendments or treated wastewater containing pharmaceuticals and uncover the 
physiological and metabolic effects of CBZ exposure on maize (Zea mays L. cv. 
Ronaldinio) to point out the agronomic possible impact of CBZ presence in soil. 
On the basis of confirmed soil pollution, four contamination levels were selected: 
0.1 μg CBZ/kg mimics contamination from short-term irrigation using surface 
waters (Calderón-Preciado et al., 2011), 1 μg CBZ/kg simulates the use of surface 
waters for irrigation on a regular basis (Aznar et al., 2014), 10 μg CBZ/kg repre-
sent the soil concentration produced by the application of sewage sludge (Mejías 
et al., 2021) and 1000 μg CBZ/kg was chosen as positive control. Therefore, 
changes in CBZ accumulation, yield, selected physiological parameters, pho-
tosynthetic pigments, and plant metabolites at the three different phenological 
stages corresponding to the 4th leaf, tasselling, and dent were examined. This 
study highlights the impact of CBZ on the metabolic profiles of major phytoche-
mical constituents at various developmental stages and explores the effect of low 
contaminant concentrations, similar to environmentally detected doses found in 
contaminated soils, on maize. To date, there have been no metabolomics studies 
on major cereal crops reflecting the CBZ contamination levels normally achieved 
with common agricultural practices.
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Quantification of carbamazepine in plant tissues

Root and aboveground biomass samples from the CBZ10 and CBZ1000 treat-
ments were extracted using a protocol previously described by Mercl et al. (2021). 
Briefly, 0.1 g of freeze-dried biomass in a 15 mL polypropylene test tube was spiked 
with CBZ-13C6 and extracted twice with 5 mL of MeOH:H2O (50:50, v:v). The 
aqueous solution (pH = 2.5) consisted of 0.5% HCOOH and 0.1% Na2EDTA. 
Extraction was performed by sonication for 15 min. Supernatants obtained by 
centrifugation at 6000 × g for 5 min were mixed. Proteins were then precipitated 
from a 2-mL aliquot by adding 200 μL of 5-sulfosalicylic acid (450 mg/mL, water 
solution). Finally, the protein-free supernatant was filtered through a syringe filter 
(regenerated cellulose, 0.22-μm pore size) and analysed by liquid chromatogra-
phy with tandem mass spectrometry (LC-MS/MS). Matrix-matched calibrations 
were prepared from aboveground and root control treatment biomass. The CBZ 
concentrations in samples CBZ0.1 and CBZ1 were below or close to the limit 
of quantification of the method described above. Therefore, these samples (1 g) 
were spiked as described above and extracted twice by sonication for 15 min in 5 
mL of MeOH. The supernatant obtained by centrifugation (6000 × g, 5 min) was 
passed through a solid-phase extraction cartridge (Chromabond HLB, 60 μm, 6 
mL/150 mg; Macherey-Nagel GmbH & Co. KG, Dueren, Germany), previously 
washed with MeOH, and conditioned with MilliQ water. After passing the sam-
ple through the cartridge, the cartridge was flushed with MeOH. The filtrate coll-
ected was evaporated under a gentle stream of nitrogen until dry and re-dissolved 
in 2 mL of H2O:MeCN (75:25 v:v) for LC-MS/MS analysis. Matrix-matched 
calibrations were prepared for aboveground and root biomass separately. Chro-
matographic separation of CBZ was performed using an ultra-high performance 
liquid-chromatography system (Agilent 1290 Infinity II, Agilent Technologies, 
Santa Clara, CA, USA) with 0.005% HCOOH and MeOH as mobile phases A 
and B, respectively. A triple quadrupole mass spectrometer (MS) (6495B, Agi-
lent Technologies, Santa Clara, CA, USA) equipped with electrospray ionisation 
(ESI) was used in multiple reaction monitoring mode. The detailed parameters 
of chromatographic separation, ESI, and MS were identical to those described 
by Mercl et al. (2021). Overall details of the method performance can be found 
in Supplementary Table S6 including the method limits of quantification, and 
absolute recoveries.

Materials and methods

tional (Radnor, Upper Marion, PA, USA). Sodium deuteroxide in D2O (99.5%, 
NaOD; 40% w/v) solution was purchased from Alfa Aesar (Kandel, Germany). 
The 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (99%, TSP) and car-
bamazepine (>99% purity) were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Carbamazepine-13C6 (CBZ-13C6) in MeOH was purchased from Cerilli-
ant (Round Rock, TX, USA). Chemicals used for CBZ quantification by liquid 
chromatography coupled with mass spectrometry (LC-MS), namely MeOH, 
acetonitrile (MeCN), and formic acid (HCOOH), were of LC-MS grade and 
purchased from Honeywell (Charlotte, NC, USA). Dimethylformamide (99%) 
for determining pigment content in the leaves was purchased from VWR Inter-
national (USA).

Pigment and physiological analysis

Chlorophyll A (Chl A), chlorophyll B (Chl B), total chlorophyll (ΣChl), and 
carotenoid (Crt) pigment levels in the leaves were measured using an Evolution 
2000 UV-Vis spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, 
USA), following the method described by Zemanová et al. (2020). The mean 
value of five replicates was calculated for each biological replicate. Additionally, 
chlorophyll fluorescence, expressed as maximal photosystem II (PSII) photoche-
mical efficiency (Fv/Fm), and potential activity of PSII (Fv/Fo) were measured 
using a modulated chlorophyll fluorometer OS1-FL (OptiSciences, ADC BioS-
cientific, Ltd., Hoddesdon, UK) as previously described (Zemanová et al., 2020). 
The mean value of five technical replicates is presented for each biological replica-
te. The leaf net photosynthetic rate (A), transpiration rate (E), and stomatal con-
ductance (gs) were determined using the portable gas-exchange system LCpro+ 
(ADC BioScientific Ltd., Hoddesdon, UK), as previously described (Zemanová 
et al., 2020). The mean value of ten replicates was used for each biological repli-
cate. All measurements were conducted between 8:00 a.m. and 11:30 a.m., just 
before harvesting. Plant water status (water potential) was measured as the leaf 
water potential (WP) using a dew point PotentiaMeter (Decagon Devices, Inc., 
Pullman, WA, USA), as previously described (Zemanová et al., 2020). The mean 
value of three replicates was used for each biological replicate.



86 87

Effect of carbamazepine accumuation in maize

Biomass production and CBZ accumulation 

The level of CBZ contamination did not affect the production of root or abo-
veground biomass (Table 5) at any phenological stage. The plants accumulated 
CBZ in both aboveground and root biomass, which increased with increasing 
concentrations of CBZ in the soil (Table 6).

Results

Table 5 | Dry yield of Z. mays biomass grown in CBZ-contaminated soil. Values are means ± 
standard deviation of three biological replicates expressed as g of dry matter/pot.
 

Phenological 
stage Plant part 

Yield 
control CBZ0.1 CBZ1 CBZ10 CBZ1000 

4th leaf  aboveground 
biomass 5.32±0.48 4.50±0.21 n.s. 4.05±0.52 n.s. 5.04±0.99 n.s. 4.82±0.40 n.s. 

tasseling aboveground 
biomass 14.47±0.63 16.37±1.77 n.s. 14.19±0.53 n.s. 14.65±0.99 n.s. 14.68±1.53 n.s. 

dent aboveground 
biomass 18.09±2.03 20.15±3.69 n.s. 20.35±0.51 n.s. 20.92±1.49 n.s. 20.27±1.75 n.s. 

4th leaf root biomass 3.42±0.14 2.87±0.43 n.s. 2.66±0.25 n.s. 3.14±0.46 n.s. 2.79±0.52 n.s. 

tasseling root biomass 5.82±0.62 6.39±1.19 n.s. 5.05±1.35 n.s. 5.84±0.87 n.s. 7.09±0.09 n.s. 

dent root biomass 6.30±1.98 6.92±1.06 n.s. 7.42±0.90 n.s. 8.08±1.45 n.s. 7.89±0.41 n.s. 

 

Table 6 | CBZ content in dry Z. mays biomass. Values are means ± standard deviation of three 
biological replicates expressed as ng/g d.w.
 

Phenological 
stage Plant part 

Soil contamination 
control CBZ0.1 CBZ1 CBZ10 CBZ1000 

4th leaf  aboveground 
biomass n.d. 0.07 ± 0.03 0.21 ± 0.01 4.19 ± 0.14 717.09 ± 44.48 

tasseling aboveground 
biomass n.d. 0.04 ± 0.01 0.50 ± 0.05 6.41 ± 1.28 1,669.35 ± 148.22 

dent aboveground 
biomass n.d. 0.07 ± 0.04 0.47 ± 0.11 5.70 ± 1.93 1,739.59 ± 116.72 

4th leaf root biomass n.d. 0.10 ± 0.00 1.12 ± 0.13 12.29 ± 0.94 2,223.62 ± 252.74 

tasseling root biomass n.d. 0.11 ± 0.00 0.92 ± 0.05 11.30 ± 0.86 1,698.63 ± 161.01 

dent root biomass n.d. 0.11 ± 0.00 0.76 ± 0.14 10.49 ± 0.67 1,630.83 ± 132.72 

 

Materials and methods

Metabolic profile analysis

Nuclear magnetic resonance (NMR) was the analytical method of choice for 
quantitatively determining the 24 abundant primary and secondary metabolites 
in this study. Fifty milligrams of the homogenised, freeze-dried finely ground 
plant part was extracted in MeOD-D2O (1:1, v/v), as previously described (Kim 
et al., 2010; Mascellani et al., 2021). All spectra were recorded at 298 K at a 1H 
NMR frequency of 500.23 MHz using a Bruker Avance III spectrometer equip-
ped with a broadband fluorine observation SmartProbeTM with z-axis gradients 
(Bruker BioSpin GmbH, Rheinstetten, Germany). After acquisition, spectra were 
processed as previously described (Mascellani et al., 2021). All samples were sub-
jected to exponential apodization (0.3 Hz), and phase correction was performed 
using Topspin 3.6.1 (Germany). The spectral intensities of the 1H NMR spectra 
were scaled to the intensity of the internal standard (TSP, 0.01% [w/v]) and pre-
processed using an in-house script and MATLAB® R2020a (MathWorks, Natick, 
MA, USA) consisting of multipoint baseline correction in user-defined segments, 
ensuring the same pre-processing for all spectra. Spectra were reduced to predefi-
ned spectral bins containing annotated peaks by the sum of data points included 
in the region between δH 0.05–9, considering the peak shape for segment defini-
tion with bin borders set in baseline regions. The regions corresponding to water 
(δH 4.70–5.00 ppm) and methanol (δH 3.28–3.40 ppm) were excluded from the 
analysis. Annotation was based on previous publications and operator knowledge 
(Leiss et al., 2009b; Vinci et al., 2018).

Statistical analyses

Three independent biological replicates were used for each experiment. The data 
analysis was conducted using MATLAB® R2020a (USA). Comparisons were 
performed between control and CBZ-exposed plants with each plant part and 
phenological stage being considered as an independent experiment; therefore, a 
one-way analysis of variance followed by Dunnett’s post-hoc test was used with 
CBZ concentration as a factor (Pokala, 2012). Fold change (FC) was calculated as 
the ratio of the average changes between treatments and the control. The princi-
pal component analysis (PCA) algorithm used was implemented in PLS_Toolbox 
8.9 (Eigenvector Research, Manson, WA, USA).
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ase was observed (Figure 10E, F). Concerning the pigments, the amount of Crt 
increased with the presence of CBZ in the soil at contamination levels above and 
equal to 1 μg CBZ per kg (d.w.) of soil (Figure 11A). The ΣChl and Chl A were 
not affected by the treatments (Figure 11B, C), whereas Chl B only decreased 
with the highest CBZ exposure (Figure 11D).
At tasselling, A reduced for all treatments (Figure 10A), similarly to the other 
phenological stages. Fv/Fm and Fv/Fo increased significantly for CBZ0.1, CBZ1, 
and CBZ10, and only Fv/Fm increased significantly for CBZ1000 (Figure 10B, 
C). E decreased with increasing concentrations of pollutants in the soil (Figure 
10F). Irrespective of the presence of CBZ in the soil, gs and WP were not statisti-
cally different from the control (Figure 10D, E). Crt only significantly decreased 
for CBZ10 (Figure 11A), whereas ΣChl, Chl A, and Chl B were not affected by 
the treatments, except for Chl A and Chl B which were affected by the lower CBZ 
concentration (Figure 11B‒D).
Growth of Z. mays in CBZ-contaminated soil resulted in a decrease in A (Figure 
10A) at the dent phenological stage as reported for the previous phenological 
stages; however, Fv/Fm was not different compared with the control and Fv/Fo 
was significantly increased for CBZ10 (Figure 10B, C). E decreased in CBZ0.1, 
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Figure 11 | Pigment content in control and CBZ-exposed Zea mays cv. Ronaldinio plants. Treat-
ments included 0.1 (CBZ0.1), 1 (CBZ1), 10 (CBZ10), and 1000 μg (CBZ1000) CBZ per kg 
(d.w.) of soil at the 4th leaf, tasselling, and dent phenological stages. (A) carotenoids; (B) total 
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risks indicate significant differences in comparison with the control (*p ≤ 0.05, ** p ≤ 0.01, *** p 
≤ 0.001). CBZ, carbamazepine.

Results

Physiological and pigment changes

The 4th leaf phenological stage of Z. mays in the CBZ-contaminated soil result in 
a decrease in A (Figure 10A) at all CBZ concentrations. Fv/Fm, as an indicator 
of plant photosynthetic activity, and Fv/Fo, as an indicator of the number and 
size of active photosynthetic reaction centres, statistically decreased for CBZ1, 
CBZ10, and CBZ1000, with the exception of CBZ0.1, where only Fv/Fm de-
creased (Figure 10B, C). WP increased in the presence of pollutants in the soil 
(Figure 10D). Regardless of the presence of CBZ in the soil, gs and E were not 
statistically different from those of the control, except for CBZ10, where a decre-
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PC2 is not related to our hypotheses. The control differed from the treatments 
predominantly because of increased concentrations of fructose, glucose, leucine, 
glycine betaine, GABA, and 3-O-caffeoylquinic acid (Figure 14D).
At the tasselling phenological stage, no significant metabolic changes were identi-
fied by the NMR-based metabolomic approach (Figure 12). In the aboveground 
biomass, aspartic acid significantly decreased in the CBZ1 and CBZ10 treat-
ments, and malic acid significantly decreased in CBZ1000 (Figure 12). No signi-
ficant metabolic changes were observed at the dental phenological stage (Figure 
12), similar to the tasselling phenological stage. In the aboveground biomass, 
maleic acid content increased for CBZ1 (Figure 13H).
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Figure 12 | Metabolites quantified in root and aboveground biomass of Zea mays cv. Ronaldinio. 
Values are fold change (FC) of means of three replicates compared to the control. Treatments 
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change.

Results

CBZ10, and CBZ1000 (Figure 10F). Significant decreases were observed in gs 
for CBZ1000 (Figure 10E) and WP for CBZ1, CBZ10, and CBZ1000 (Figure 
10D). Crt was significantly increased for higher contaminations, namely CBZ1, 
CBZ10, and CBZ1000 (Figure 11A), whereas the chlorophyll contents (Chl A, 
Chl B, and ΣChl) remained unchanged (Figure 11B‒D), except for Chl A for 
CBZ10.

Metabolic changes

Metabolic changes were reflected in the primary metabolism of the root biomass 
and amino acids and the secondary metabolism of aboveground biomass (Figure 
12) at the 4th leaf phenological stage. Decreased levels of root carbohydrates 
(glucose and fructose) and γ-aminobutyric acid (GABA) were observed in the 
pollutant treatments (Figure 12 and 13A–C). A decrease in the amino acid leuci-
ne was detected for CBZ0.1 and CBZ1 when compared with the control (Figure 
12 and 13D). Metabolic changes in the aboveground biomass included a decrease 
in isoleucine and valine levels with CBZ0.1 and CBZ1 exposure (Figure 12 and 
13E–F). A decreased concentration of threonine was only observed for the lowest 
CBZ concentration (Figure 12 and 13G). Maleic acid increased significantly
in the aboveground biomass for the CBZ0.1 (FC 6.7), CBZ1 (FC 7.0), and 
CBZ10 (FC 13.4) concentrations (Figure 12 and 13H). The secondary metabo-
lite organic acids, 3-O-caffeoyl and 5-O-caffeoylquinic acids, were highly correla-
ted with an increase in CBZ concentration, except for the highest concentration 
(Figure 12 and 13I–J). Multivariate analysis of the metabolome suggested similar 
differences in the metabolites as described by the univariate method (Figure 14). 
The variance representing the differences in the aboveground biomass between 
the treatments was explained by PC1 and PC3, with a total variance of 53.3% 
(Figure 14A). The CBZ0.1, CBZ1 and CBZ10 treatments displayed increased 
concentrations of aspartic acid, maleic acid, malic acid, 3-O-caffeoylquinic acid 
(chlorogenic acid), 5-O-caffeoylqyinic acid, sucrose, and trans aconitic acid com-
pared with the control (Figure 14B). Treatment with CBZ1000 was characterised 
by increased levels of quinic acid, shikimic acid, aspartic acid, glutamine, and 
choline compared with the control.
All treatments showed decreased concentrations of ethanolamine, glycine betai-
ne, and amino acids (alanine, leucine, isoleucine, and threonine). The variance 
of the differences between the treatments in root biomass was explained by PC1 
and PC3, with a total variance of 62.8% (Figure 14C). The variance expressed by 
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The presence of pharmaceuticals in the environment is of major concern. CBZ is 
present in arable soil and water and is one of the most recalcitrant pharmaceutical 
compounds (Dordio et al., 2011; Li et al., 2013; Shao et al., 2018) which is taken 
up and accumulated in Z. mays (Marsoni et al., 2014; Ryšlavá et al., 2015; Beltrán 
et al., 2020; Pérez et al., 2022). Our results showed that Z. mays accumulated 
CBZ in the aboveground and root biomass (Table 5) when grown in Chernozem 
soil spiked with 0.1, 1, 10, and 1000 μg CBZ per kg (d.w.) of soil. This confirmed 
the plant uptake and translocation of CBZ previously reported in Z. mays (Mar-
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Figure 14 | Principal component analysis score and loading plots of metabolites present in abo-
veground and root biomass at the 4th leaf phenological stage of Zea mays cv. Ronaldinio. Treat-
ments included 0.1 (CBZ0.1), 1 (CBZ1), 10 (CBZ10), and 1000 μg (CBZ1000) CBZ per kg 
(d.w.) of soil. (A) Score plot aboveground biomass; (B) Loading plot aboveground biomass; (C) 
Score plot root biomass; (D) Loading plot root biomass.

Results

Figure 13 | Metabolite changes at the 4th leaf phenological stage in root or aboveground bio-
mass of Zea mays cv. Ronaldinio. Treatments included 0.1 (CBZ0.1), 1 (CBZ1), 10 (CBZ10), 
and 1000 μg (CBZ1000) carbamazepine per kg (d.w.) of soil at the 4th leaf, tasselling, and dent 
phenological stages. (A) glucose in root biomass; (B) fructose in root biomass; (C) GABA in 
root biomass; (D) leucine in root biomass; (E) isoleucine in aboveground biomass; (F) valine in 
aboveground biomass; (G) threonine in aboveground biomass; (H) maleic acid in aboveground 
biomass; (I) 3-O-caffeoylquinic acid in aboveground biomass; (J) 5-O-caffeoylquinic acid in abo-
veground biomass. Values are means ± standard deviation. Asterisks indicate significant differen-
ces in comparison with the control (*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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2012). A similar hypothesis has been described for common reed (Phragmites 
australis (Cav.) Steud.) exposure to diclofenac, with the detection of higher quer-
cetin levels (Wahman et al., 2020). The induction of oxidative stress due to the 
presence of CBZ in lettuce was described by the activation of multiple enzymes 
involved in quenching reactive oxygen species induced by oxidative stress (Leitão 
et al., 2021). Increased oxidative stress has been observed in cucumbers exposed 
to a mixture of pharmaceuticals and personal care products at environmentally 
relevant concentrations (Sun et al., 2018). In our study, an increase in carotenoids 
was reported in the 4th leaf stage (Figure 11A). These factors contribute to the 
reduction of oxidative stress in plants. In the CBZ0.1 and CBZ1 treatments for 
the 4th leaf phenological stage, leucine levels were reduced in the roots (Figure 12 
and 13D) and isoleucine and valine levels were reduced in leaves (Figure 12 and 
13E–F). However, branched-chain amino acids have shown to be important 
when carbohydrate availability is limited because they represent an important 
respiratory substrate to the tricarboxylic acid cycle and provide electrons directly 
to the mitochondrial electron transport chain (Kochevenko and Fernie, 2011). 
Valine, isoleucine, and leucine are osmoprotective amino acids whose concentra-
tions increase in tomato plants irrigated with 500 and 2500 nM CBZ after 20 or 
28 days of treatment (Gorovits et al., 2021). In the same study, an increase in 
GABA was observed in roots after 20 days of CBZ exposure, whereas we detected 
a decrease in GABA in roots (Figure 12 and 13C) 46 days after sowing in CBZ- 
contaminated soil at all four contamination levels investigated. GABA has been 
described to be involved in the defence against oxidative damage by inhibiting 
the formation of ROS, redox imbalance, and cell death in response to various 
abiotic stimuli (Rodrigues-Corrêa and Fett-Neto, 2019). Another compound 
known for being involved in process and pathways related to oxidative stress is 
maleic acid (Wang et al., 2021). This compound was highly increased in abo-
veground samples grown under CBZ0.1, CBZ1, and CBZ10 conditions. Additi-
onally, maleic acid has been described as a product of CBZ degradation in waste-
water (Yin et al., 2022); however, the high concentrations found in this study 
suggest that it originates from the plant metabolism itself. Conversely, the older 
plants did not show relevant metabolite changes, even though the CBZ concent-
ration in the biomass did not decrease over time, leading to the hypothesis that 
older plants adapted to the environmental conditions and withstood the presence 
of CBZ. The yield of the crop was not affected by the CBZ treatments (Table 6), 
despite alterations in A, E, Fv/Fm, Fv/Fo, and carotenoids being observed (Figu-
re 10, 11). The effect was monotonic and nonlinear with the dose and was parti-
cularly notable for the lowest concentrations (CBZ0.1 and CBZ1), which are the 
most relevant concentrations as these are mostly found in arable soil. The results 

Discussion

soni et al., 2014; Beltrán et al., 2020; Pérez et al., 2022). The increased uptake of 
CBZ with increasing concentration (Table 5) in the soil suggests the potential for 
greater CBZ uptake by Z. mays at higher soil concentrations. Several plant species 
are capable of absorbing and detoxifying xenobiotics. However, stress typically 
induced by chemical pollutants leads to the activation of several biochemical and 
physiological pathways which may cause a significant decrease in growth, deve-
lopment, and productivity. The exposure of plants to active pharmaceutical ingre-
dients is likely to impact plant development with unknown implications (Carter 
et al., 2015). In the present study, we did not observe any changes in biomass 
production, whereas multiple physiological and chemical changes were recorded, 
with notable effects observed in the early phenological stage. The young plants 
(4th leaf ) were highly affected by the metabolic disruption, resulting in a decrea-
se in the majority of physiological parameters, such as A, Fv/Fm, and Fv/Fo, 
possibly showing reduced transport of assimilates, owing to the lower WP. At la-
ter phenological stages, Z. mays plants were less affected by the stress, with an 
overall reduced effect on physiology and negligible effect on metabolite levels. 
The reduction in photosynthetic activity which was previously described in diffe-
rent crops exposed to different pharmaceuticals (Sun et al., 2018; Opriş et al., 
2019) is linked to a reduction in photosynthetic pigments, decreased stomatal 
conductance to CO2, and active photosynthetic reaction centres; however, this 
was not consistently observed in the present study (Figure 11). The inhibition of 
photosynthesis (Figure 10A) may explain the reduction of carbohydrates in roots 
at the 4th leaf stage (Figure 12 and 13A–B), which was not observed at the other 
stages (Figure 12). The effects of CBZ induced notable changes in metabolite le-
vels (Figure 12), reducing GABA, glucose, and fructose in roots (Figure 12 and 
13A–C), and 3-O-caffeoyl- and 3-O-caffeoylquinic acid in leaves (Figure 12 and 
13I–J). A reduction in glucose and fructose in roots can be linked to the reduc-
tion of biosynthesis and translocation between roots and aboveground biomass. 
Changes in glucose, fructose, and sucrose levels were observed in tomato plants 
(Solanum lycopersicum L. cv. Daniella) for leaves and roots exposed to 500 nM 
(118.13 μg/L) and 2500 nM (590.67 μg/L) of CBZ (Gorovits et al., 2021). The 
authors observed an increase in sucrose in tomato plant roots irrigated with 2500 
nM CBZ after 20 days, and an increase in glucose and fructose after 28 days of 
exposure to 2500 nM CBZ (Gorovits et al., 2021). In contrast to our findings, 
Gorovits et al. (2021) reported changes in the level of glucose, fructose, and su-
crose in the leaves. These differences could be related to the different plants and 
C4 metabolism that characterizes Z. mays. The role of caffeoylquinic acids may be 
linked to protection against reactive oxygen species during exposure to phar-
maceuticals, contributing to the maintenance of cellular redox status (Xu et al., 
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Fv/Fm and Fv/Fo did not differ from those of the control in older plants. CBZ 
accumulation increased the content of carotenoids, but not chlorophylls, at the 
4th leaf and dent phenological stages. The 4th leaf phenological stage displayed 
notable changes in the metabolites, with a reduction in GABA, glucose, and fruc-
tose in roots and leaves, but 3-O-caffeoyl and 5-O-caffeoyl quinic acid, increased 
significantly. The effect of CBZ concentration was nonlinear and monotonic, 
even at the lowest concentrations, suggesting high relevance to real-life settings. 
The effect of CBZ was highest in young plants and minor in older stages.

Conclusion

suggest that maize physiology is altered in the early developmental stage when 
exposed to CBZ, which could have potential implications for agricultural practi-
ce. These implications are likely not related to yield or production but could be 
associated with the plant‘s response to simultaneous stresses, a particular concern 
in today‘s agriculture, which is challenged by climate change. It can be hypothe-
sised that plants grown in soil contaminated by CBZ could have a weaker respon-
se to other stresses such as flooding and heavy precipitation events commonly 
observed in the US (Milly et al., 2002), or warmer temperatures and reductions 
in annual precipitation more common in Mediterranean areas (Meza et al., 2008). 
Our study found that physiological and metabolic responses of maize to soil CBZ 
are linked to metabolites associated with oxidative stress. However, from the pre-
sent study, it’s not clear whether the cause of these changes could be the parent 
compound, or its toxic metabolites generated in the rhizosphere or inside the 
plant. Nevertheless, CBZ was reported as being slowly degraded in soil up to 
5-30% depending on texture, microbial activity, organic matter content and ae-
robic condition (Li et al., 2013; Thelusmond et al., 2016). The metabolite acri-
done-N-carbaldehyde, which has been found to be present in a significant porti-
on of soil and resistant to further degradation, may be a potential contributor to 
these changes and requires further investigation (Li et al., 2013).

The results of this study indicated that different CBZ concentrations in the soil 
results in changes in the metabolism of Z. mays at different phenological stages. 
CBZ contamination levels comparable to those found in arable soils affect the 
early phenological stage of Z. mays, while older plants adapt and only display 
minor effects due to the contaminant. CBZ was translocated from the soil to the 
plant roots and, to a lesser extent, to the aboveground biomass; CBZ accumulati-
on corresponded well with the applied rate. The presence of CBZ in soil resulted 
in a decrease in net photosynthesis in all three phenological stages, but it was 
not directly proportional to increasing contaminant concentration. The decrease 
in the photosynthetic rate was not due to a decrease in stomatal conductance to 
CO2. Plant photosynthetic activity and active photosynthetic reaction centres de-
creased in shoots grown in CBZ-contaminated soils at the 4th leaf stage, whereas 
both increased at the tasselling stage, even though net photosynthesis decreased. 

Conclusion
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Carbohydrate metabolism in ripe fig fruits under salt stress

Fig trees (Ficus carica L.) are commonly grown in the Mediterranean area, where 
salinity is an increasing problem in coastal areas. Young, fruiting plants of cv. 
Dottato were subjected to moderate salt stress (100 mM NaCl added to irrigation 
water) for 48 days before fruit sampling. To clarify the effect of salinity stress we 
investigated changes in the transcription of the main sugar metabolism-related 
genes involved in the synthesis, accumulation and transport of soluble carbohyd-
rates in ripe fruits by quantitative real-time PCR as well as the content of soluble 
sugars by quantitative 1H nuclear magnetic resonance spectroscopy. A general 
increase in the transcript levels of genes involved in the transport of soluble car-
bohydrates was observed. Alkaline-neutral and Acid Invertases transcripts, related 
to the synthesis of glucose and fructose, were up-regulated in ripe fruits of NaCl-
stressed plants without a change in the content of D-glucose and D-fructose. 
The increases in sucrose and D-sorbitol contents were likely the result of the up-
regulation of the transcription of sucrose synthase- and sorbitol dehydrogenase- 
encoding genes.

Keywords: Ficus carica L.; salinity stress; carbohydrates metabolism; RT-qPCR; 
qNMR; 1H NMR.
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Fig trees (Ficus carica L., Moraceae) are widely grown in the Mediterranean area 
for the consumption of fresh or dry fruits. In 2019, the world production of figs 
was about 1.3 million tonnes, with an increasing trend over the last three years. 
The leading country was Turkey, with a production of 310 thousand tonnes, fol-
lowed by Egypt and Morocco (FAOSTAT, 2019). The consumption of fig fruits, 
a key component of the Mediterranean diet for millennia, is also increasing (So-
lomon et al., 2006; Gilani et al., 2008; Veberic et al., 2008). Fig fruits are a sour-
ce of carbohydrates, vitamins, minerals, dietary fibres and amino acids, and in 
recent years a lot of effort and economic resources have been invested to enhance 
fruit quality and flavour as well as extend the storability of the highly perishable 
fresh fruits (Allegra et al., 2017, 2018).
Ficus carica is well known for its ability to tolerate water deficit and moderate 
salinity (Golombek and Lüdders, 1993; Caruso et al., 2017; Vangelisti et al., 
2019; Sadder et al., 2021) that makes this species suitable to be cultivated in 
semi-arid environments where the use of saline or brackish water for irrigation is 
quite common (Tóth et al., 2008). The cultivar ‘Dottato’ is a bifera-type fig that 
is widely grown in Italy. Its ‘brebas’ (the first crop) are harvested between the end 
of June and the beginning of July, while the syconia fruit of the main crop (‘forni-
ti’) are harvested from early August to late September (Allegra et al., 2017). This 
cultivar showed moderate resilience to salinity (Caruso et al., 2017; Vangelisti et 
al., 2019).
In many species, salt stress alters leaf carbohydrate partitioning and concentrati-
on. 14CO2 pulse-chase experiments showed an increase in mannitol and a decrea-
se in sucrose and glucose partitioning in the leaves of salt-stressed celery and olive 
plants (Everard et al., 1994; Gucci et al., 1998). Salt stress also enhances fruit 
soluble sugar concentrations, depending on the genotype and the magnitude of 
stress. Salinity has been shown to reduce fruit size in many crops (Hoffman et 
al., 1989; Saied et al., 2005; Colla et al., 2006; Saito et al., 2008). In waterme-
lon (Colla et al., 2006), strawberries (Saied et al., 2005) and tomato (Saito et 
al., 2008) salt exposure improved fruit quality by increasing dry matter, soluble 
solids, amino acids and soluble sugars (glucose, fructose and sucrose) concen-
trations. In tomato plants, salinity stress doubled starch accumulation during 
early developmental stages; at later stages, the complete degradation of starch to 
soluble sugars was responsible for the increase of sugar content in ripe red fruits 
(Yin et al., 2010). The main soluble carbohydrates in fig fruits are glucose and 
fructose, followed by sucrose (Vemmos et al., 2013). Sorbitol is present at low 

Introduction
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8.6% silt and 85% sand. All plants were watered till saturation with tap water 
three times a week before we started the experiment. From the middle of June, 
half of the plants were irrigated three times a week with 700 ml of 50 mM NaCl 
solution for one week and then with the final 100 mM NaCl solution for the 
following 42 days (salt-treated plants) using distilled water. The step increment 
was used to alleviate the shock effect of salt and reach the final concentration gra-
dually. The remaining eight control plants were similarly irrigated with only dis-
tilled water. The saline solution was obtained by adding NaCl (purity > 99.8%) 
(Sigma-Aldrich Co., St. Louis, MO, USA) to distilled water. Ripe fruits were 
sampled during the last part of phase III (Marei and Crane, 1971), then peeled 
and frozen in liquid nitrogen. The pulp (infructescence and seeds) was stored at 
‒80°C until analysis (Fattorini et al., 2021). The sampled fruits from control and 
100 mM NaCl-stressed plants were similar in morphology and colour (Supple-
mentary Figure S1, Supplementary Table S7).

Nucleic acid isolation and analysis of gene expression

Frozen fruit pulp was ground in liquid nitrogen and 100 mg were used for the ex-
traction of total RNA using the RNeasy® Mini Plants Kit (Qiagen, Hilden, Ger-
many). Quantification of the total RNA samples was measured using a Qubit-
iT® RNA BR Assay Kit (Life Technologies, Carlsbad, CA, USA) and the integrity 
was evaluated by visual observation on agarose gel electrophoresis.
The RNA samples after treatment with an Amplification Grade DNase I kit (Sig-
ma-Aldrich Saint Louis, MO, USA) was reverse transcripted to the first-strand 
cDNA using a Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) following the manufacturer‘s instructions. The ca-
libration transcription rate of the cDNA template for the following expression 
analysis was established by agarose gel electrophoresis of the RT-qPCR product 
using the primer Universal 18S ribosomal gene (QuantumRNA, universal 18S 
Internal Standard; Applied Biosystems/Ambion, Foster City, CA; USA).
Analysis of gene expression was carried out by RT-qPCR using Fast SYBR® Green 
Master Mix (Applied Biosystems, Foster City, CA, USA) with specific primers for 
each gene (Fattorini et al., 2021) in a StepOne® real-time PCR System (Applied 
Biosystems, Foster City, CA, USA) using the thermal cycling conditions reported 
in the use manual. The β-tubulin gene was chosen as the housekeeping gene to 
normalise the relative expression of each gene for both salt-stressed and control 
samples (Fattorini et al., 2021). The amplification of the selected genes and the 

Materials and methods

concentrations and, therefore, fig is considered a sorbitol-poor species (Brown 
and Hu, 1996).
Many genomic tools are available for the ‘Dottato’ cultivar, including a haplotype 
phased genome sequence (Usai et al., 2020, 2021; Vangelisti et al., 2021) and a 
leaf transcriptome (Yin et al., 2010). Previous studies from our research group 
showed that the ‘Dottato’ transcriptome is very different from that of another fig 
cultivar, ‘Horaishi’ (Mori et al., 2017), with five hundred and thirty-four putative 
genes specific to the Italian cultivar (Usai et al., 2017). Some key genes invol-
ved in sugar content variability were previously identified and their expression 
compared between phase II (unripe fruits) and the late part of phase III (ripe 
fruits) of cvs. Dottato and Brogiotto (Fattorini et al., 2021). In cv. Dottato, an 
increased expression of a gene encoding a sucrose synthase, SUSY1, was shown 
in ripe fruits; however, another gene, SUSY6, showed a reduced expression. The 
transcripts of alkaline-neutral and acid invertases increased in the mature stages 
except for an Alkaline-neutral Invertase, INVAND, which decreased in ripe fruits. 
Sorbitol dehydrogenase (SDH)-encoding genes were up-regulated, as well as He-
xokinase (HEXKIN) and Phosphofructokinase (PFK). Sucrose transporters-enco-
ding genes, SUCTPR and SUCT2IS1, were up-regulated in ripe fruits compared 
to unripe ones; nonetheless, SUCT was down-regulated. Of the analysed manni-
tol and hexose transporter-encoding genes, MANT and HEXT6, transcript levels 
did not change during ripening (Fattorini et al., 2021). On the other hand, the 
effect of abiotic stresses on gene expression of fig fruits has not been studied so far.
In the present study, we investigated the effect of short-term, moderate salinity 
stress on the expression of the same genes as mentioned above (Fattorini et al., 
2021), involved in the synthesis, accumulation and transport of soluble carbohy-
drates in ripe fig fruits. The possible effect on sugar content was investigated by 
quantitative 1H nuclear magnetic resonance (qNMR) spectroscopy.

Plant material and salt treatment

Sixteen plants of F. carica cv. Dottato (five years old), propagated by rooted cut-
tings from the same mother plant, were trained to a single stem and grown in 
a glasshouse (Fattorini et al., 2021). The substrate was a mixture of 6.4% clay, 

Materials and Methods
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Experimental design and statistical analysis of data

Plants were arranged in a completely randomised experimental design in a glass-
house. Three fully-ripe fruits were sampled from three different plants for each 
treatment (control and salt-treated). The data for gene expression and sugar con-
tent were analysed by the Student’s t-test using GraphPad Prism version 5.00 
(GraphPad software, San Diego, CA, USA). Statistical significance was conside-
red to occur with a p-value ≤ 0.05.
The statistical analysis for the RT-qPCR was performed by the authors from the 
Department of Agriculture, Food and Environment, University of Pisa. The 1H 
NMR analysis was performed by the Department of Food Science, Czech Uni-
versity of Life Sciences, Prague.

Salt-induced expression of genes involved in soluble carbohydrate metabo-
lism and transport

We investigated the salinity-mediated changes in the expression of three different 
genes encoding sucrose transporters including Sucrose Transporter (SUCT), Sucro-
se Transporter 4-Like (SUCTPR) and Sucrose Transporter 2 Isoform 1 (SUCT2IS1). 
There were no significant differences in the expression of SUCT (Figure 15A), 
whereas SUCTPR and SUCT2IS1 were up-regulated in salt-treated fruits (Fi-
gure 15B–C). Moreover, we detected the transcript levels of Sorbitol Transporter 
(SORT) and Probable Mannitol Transporter (MANT) genes, which were higher in 
the pulp of the NaCl-stressed plants than in control ones (Figure 15D–E). There 
were no significant differences in the expression of the Hexose Transporter 6 Like 
(HEXT6) gene (Figure 15F).
We also analysed the expression levels of 11 key genes involved in the reversible 
conversion of sucrose and sorbitol into fructose and glucose. The transcript le-
vels of Sucrose Synthase (SUSY1 and SUSY6) genes, which catalyse the reversible 
conversion of sucrose into UDP-glucose and fructose (Ikegami et al., 2013; Des-
noues et al., 2014), were up-regulated (Figure 16A–B). Moreover, the Sorbitol 
Dehydrogenase (SDH) gene, encoding the enzyme for the conversion of sorbitol 
into fructose (Yamaki and Moriguchi, 1989; Ikegami et al., 2013; Desnoues et 

Results
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reference genes were run using three biological replicates and with three technical 
replicates each. The relative abundance of transcripts was calculated by using the 
2−ΔΔCt method (Livak and Schmittgen, 2001).

Quantitative 1H NMR for the determination of free soluble carbohydrates

All chemicals and reagents used were of analytical grade. Potassium dihydro-
gen phosphate (99%, KH2PO4), deuterium oxide (99.9%, D2O), methanol-d4 

(>99.8%, MeOD) were purchased from VWR (Radnor, PA, USA). Sodium deu-
teroxide 40% w/v solution in D2O (99.5%, NaOD) was obtained from Alfa 
Aesar (Kandel, Germany). The 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodi-
um salt (99%, TSP), D-sorbitol (≥98%), D-fructose (≥98%), D-glucose (≥98%), 
sucrose (≥98%) and D-mannitol (≥98%) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA).
500 μL of MeOD and 500 μL of KH2PO4 buffer (90 mM, pH 6.0) in D2O con-
taining 0.01% TSP (w/v) were added to 50 mg of the finely ground fig pulp. The 
mixture was vortexed at room temperature for 1 min, ultrasonicated for 15 min 
and centrifuged at 24,400 × g for 10 min. An aliquot of 600 μl of the superna-
tant liquid was transferred to NMR tubes. The phosphate buffer was prepared by 
adding 90 mM of KH2PO4 and 0.01% of TSP. The pH was adjusted to 6.0 using 
1.0 M NaOD (Kim et al., 2010).
All spectra were recorded at 298 K (25°C) on a Bruker Avance III HD spectrome-
ter equipped with a broadband fluorine observation (BBFO) SmartProbeTM with 
z-axis gradients (Bruker BioSpin GmbH, Rheinstetten, Germany), operating at 
a 1H NMR frequency of 500.23 MHz. The spectrometer transmitter was locked 
to MeOD, and all the spectra were recorded with the Bruker pulse sequence 
‘noesypr1d’ for presaturation of the water signal at 4.704 ppm. Each sample was 
collected into 64 k data points after 128 scans and 4 dummy scans using a spect-
ral width of 8000 Hz. The receiver gain was set to 18, the relaxation delay of 1 s, 
the acquisition time of 4 s and mixing time of 0.1 s. The free induction decay was 
multiplied by 0.3 Hz line broadening before Fourier transformation. TSP was 
used for calibration at 0.0 ppm.
1H NMR spectra were phased and baseline corrected using Chenomx NMR suite 
8.5 software, professional edition (Chenomx Inc., Edmonton, AB, Canada). The 
signal assignment was performed using an in-house database and spiked samples.
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Changes in main soluble carbohydrates contents in response to salinity

The D-glucose, D-fructose, D-sorbitol, D-mannitol and sucrose concentrations 
in the fruit pulp were determined by NMR quantitative analysis to investigate 
whether the differences in key soluble carbohydrates pathway-related genes could 
affect the soluble carbohydrate contents of NaCl-stressed plants. The spin systems 
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Figure 16 | Relative expression of genes encoding carbohydrate metabolism in the pulp of F. ca-
rica (cv. Dottato) fruits harvested from control and 100 mM NaCl-stressed plants after 48 days. 
The values were determined with RT-qPCR. (A) Sucrose Synthases 1 (SUSY1); (B) Sucrose Syntha-
ses 6 (SUSY6); (C) Sorbitol Dehydrogenase (SDH); (D) NADP-dependent D-sorbitol 6-phosphate 
Dehydrogenase (S6PDH); (E) Alkaline-neutral Invertase-Like Chloroplastic (INVCLO); (F) Alkali-
ne-neutral Invertase-Like Mitochondrial (INVMIT); (G) Alkaline-neutral Invertase B (INVANB); 
(H) Probable Alkaline-neutral Invertase D (INVAND); (I) Acid β-fructofuranosidase (INVA); (J) 
Hexokinase-1 (HEXKIN); (K) ATP-dependent-6-phosphofructokinase 3 (PFK). Fold change values 
are means ± SD of three biological replicates. Asterisks indicate statistically significant differences 
(*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).
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Figure 15 | Relative expression of genes encoding carbohydrate transporters in the pulp of F. 
carica (cv. Dottato) fruits harvested from control and 100 mM NaCl-stressed plants after 48 days. 
The values were determined with RT-qPCR. (A) Sucrose Transporter (SUCT); (B) Sucrose Trans-
porter 4-Like (SUCTPR); (C) Sucrose Transporter 2 Isoform 1 (SUCT2IS1); (D) Sorbitol Transporter 
(SORT); (E) Probable Mannitol Transporter (MANT); (F) Hexose Transporter 6-Like (HEXT6). 
Fold change values are means ± SD of three biological replicates. Asterisks indicate statistically 
significant differences (*p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).

al., 2014), was up-regulated (Figure 16C) as well as the expression of NADP 
dependent D-sorbitol 6-phosphate Dehydrogenase gene (S6PDH), which is related 
to the conversion of glucose 6-phosphate into sorbitol 6-phosphate (Yamaki and 
Moriguchi, 1989; Ikegami et al., 2013; Desnoues et al., 2014) in response to 
salinity (Figure 16D). All analysed invertase-encoding genes involved in the con-
version of sucrose into glucose and fructose (Ikegami et al., 2013; Desnoues et 
al., 2014), were up-regulated, such as Alkaline-neutral Invertase-Like Chloroplastic 
(INVCLO), Alkaline-neutral Invertase-Like Mitochondrial (INVMIT), Alkaline-
neutral Invertase B (INVANB) and Acid β-fructofuranosidase (INVA) but not Pro-
bable Alkaline-neutral Invertase D (INVAND), which was down-regulated (Fi-
gure 16E–I). The Hexokinase-1 gene (HEXKIN) transcript level was unaffected 
by salinity (Figure 16J), whereas the second analysed kinase, the ATP-dependent 
6-phosphofructokinase 3 (PFK) was up-regulated in fruits of NaCl-stressed plants 
(Figure 16K).
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Fig plants show several adaptive responses to salinity, which makes this species 
suitable for cultivation in moderately saline soils (Caruso et al., 2017; Vangelisti 
et al., 2019). However, there is no information on the effect of salt stress on solu-
ble sugar concentrations, a key attribute of fruit quality. Fig fruits can accumulate 
high amounts of soluble sugars, up to 50% of dry weight at ripening (Vemmos et 
al., 2013). Therefore, we investigated how salinity affected carbohydrate metabo-
lism by comparing the transcript level of the main genes involved in the synthesis, 
accumulation and transport of soluble carbohydrates in ripe fruits of cv. Dottato 
plants grown under saline conditions.
The genes encoding sugar transporters analysed in this study showed a significant 
increase in the transcript levels in the fruit pulp of NaCl-stressed plants compared 
to controls, except SUCT and HEXT6, whose transcript level increases were not 
significant (Figure 15). We found that salt stress induced a general increase in the 
expression of genes related to carbohydrate transport, similar to results obtained 
in tomato fruits (Yin et al., 2010). The expression of MANT was also higher in 
salt- stressed fruits (Figure 15E), but it has to be considered that we were unable 
to quantify the mannitol concentration by qNMR. This might be due to the low 
sensitivity of qNMR for the detection of mannitol in the dry fig matrix or to the 
absence of mannitol. To the best of our knowledge, mannitol has not been quan-
tified in Ficus spp. tissue so far. Mannitol is a polyol that can confer resistance to 
oxidative stress (Smirnoff and Cumbes, 1989; Williamson et al., 1995; Jennings 
et al., 1998) and salt tolerance (Conde et al., 2007) because it may play multiple 
roles as a compatible solute, a low molecular weight chaperone, a reactive oxygen 
species scavenging compound, an osmolyte and an osmoprotectant (Gupta and 
Huang, 2014). In our experiment, fig MANT transcript levels increased in the 
mature fruits of NaCl-stressed plants (Figure 15E), as already observed in oli-
ve fruits, in which the OeMaT1 transcripts increased throughout salinity stress, 
suggesting that this gene was involved in the accumulation of mannitol for salt 
tolerance (Conde et al., 2008).
Among the analysed genes encoding enzymes of carbohydrate metabolism, it 
should be noted that the expression level of both sucrose synthase-encoding genes 
increased under salinity stress, with a major expression level for SUSY1 (Figure 
16A). In NaCl-stressed tomato plants, an increased expression of a gene encoding 
a Sucrose Synthase, SUS3, was shown; however, another gene, SUS2, showed a re-
duced expression (Lu et al., 2010). Salinity stress promoted sucrose translocation 
into the fruit (Saito et al., 2009) increasing its concentration (Saito et al., 2008) 

Discussion

Results

Figure 17 | Representative annotated 1H NMR spectrum of fig pulp extracted in MeOD-D2O 
(1:1, v/v).

of D-mannitol were not unequivocally identified (Figure 17).
Total soluble carbohydrate, glucose and fructose concentrations were unaffec-
ted by salinity, but those of sucrose and D-sorbitol were higher in NaCl-stressed 
fruits than in control fruits (Table 7). The ratios between soluble sugars reported 
in Table 7 were generally higher in the stressed treatment, except for glucose/
fructose. The ratios of sucrose/fructose+glucose and D-sorbitol/fructose+glucose 
were significantly higher in the fruits of NaCl-stressed plants than in the control 
fruits (Table 7).

Table 7 | Concentrations of D-fructose, D-glucose, sucrose and D-sorbitol and their ratios in F. 
carica cv. Dottato fruits from control and 100 mM NaCl-stressed plants for 48 days. Values are 
means ± S.D. of three replicate fruits expressed as mg g-1 of fruit dry pulp. p ≤ 0.05 is in bold font.
 

Soluble carbohydrates Control 100 mM  
NaCl-stressed p-value 

D-Fructose 242.68 ± 7.73 235.87 ± 3.64 0.24 
D-Glucose 240.92 ± 15.71 219.30 ± 5.29 0.09 
Sucrose 27.9 ± 0.3 34.31 ± 3.51 0.03 
D-Sorbitol 0.99 ± 0.23 1.48 ± 0.15 0.04 
Total 511.68 ± 23.04 490.97 ± 2.14 0.18 
Ratio (*100)    
Glucose/Fructose  99.22 ± 3.76 92.99 ± 3.04 0.09 
Sucrose/Fructose 11.5 ± 0.25 14.55 ± 1.55 0.03 
Sucrose/Glucose 11.61 ± 0.64 15.68 ± 1.95 0.03 
Sucrose/Glucose+Fructose 5.78 ± 0.22 7.55 ± 0.87 0.03 
Sorbitol/Sucrose 3.55 ± 0.82 4.35 ± 0.69 0.26 
Sorbitol/Glucose 0.42 ± 0.12 0.68 ± 0.08 0.03 
Sorbitol/Fructose 0.41 ± 0.10 0.63 ± 0.06 0.03 
Sorbitol/Glucose+Fructose 0.21 ± 0.05 0.33 ± 0.03 0.03 
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In conclusion, we showed that salinity affected the expression of main sugar me-
tabolism and transport genes in fig fruits. A general increase in the transcript 
levels of genes involved in transport was observed. The increase of the transcripts 
encoding the enzymes involved in the synthesis of glucose and fructose did not 
increase the content of D-glucose and D-fructose, which are the most readily me-
tabolised sugars. Perhaps an up-regulation of Sorbitol Dehydrogenases could lead 
to the accumulation of D-sorbitol using glucose and fructose since there was an 
increase of D-sorbitol.

This research was funded by University of Pisa, Italy, project “Progetto di Ri-
cerca di Ateneo 2020: Risposta a stress ambientali e controllo ecosostenibile dei 
parassiti di Ficus carica”, by FIGGEN/PRIMA19_00197 project, that is part of 
the PRIMA Programme supported by the European Union through a national 
MIUR (Italy) grant, and by METROFOOD-CZ research infrastructure project 
(MEYS Grant No: LM2018100) including access to its facilities.
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and increased sucrose synthase activity in tomato fruits (Saito et al., 2008, 2009). 
This is consistent with a higher concentration of sucrose in fig fruits grown under 
salinity conditions compared to control fruits.
The INVAND gene was the only gene whose transcript levels decreased in fruits 
of NaCl-stressed plants (Figure 16H), while the transcripts of other invertase 
encoding genes increased (Figure 16E‒G, I). Similar differences among invertase 
encoding genes were reported in tomato fruits in response to salinity (Lu et al., 
2010), where salinity increased the expression levels of the Tiv-1 gene and redu-
ced those of Lin5 (Lu et al., 2010).
In addition, the PFK transcript levels increased in mature fig fruits of salt-treated 
plants (Figure 16K). It has been evidenced that phosphofructokinase-encoding 
genes play diverse functional roles in different tissues (Lü et al., 2019) including 
stress responses, as observed in rice seedlings (Mustroph et al., 2013).
In many species, salt stress affects carbohydrate contents in the fruit, depending 
on the genotype and the magnitude of stress. For example, a difference in the par-
titioning of assimilates in salinity stress conditions has been reported in tomato 
fruits (Gao et al., 1998; Lu et al., 2010; Yin et al., 2010; Moles et al., 2019). Few 
studies have investigated changes in soluble carbohydrates in fig fruits. Despite 
differences among cultivars, fructose and glucose are the most abundant sugars 
reported in F. carica, followed by sucrose (Ersoy, 2007; Slatnar et al., 2011; Se-
daghat and Rahemi, 2018; Fattorini et al., 2021). In this work, we confirm that 
major soluble carbohydrates in fig fruit were fructose, glucose and sucrose (Table 
7). The D-glucose/D-fructose content ratio was about 1:1 and remained fairly 
constant under saline conditions. On the other hand, sucrose and sorbitol were 
significantly higher in the fruits of salt-stressed plants (Table 7), which suggests 
a different partitioning towards translocatable sugars in the fruit. In salt-stressed 
tomato fruit, the sucrose content rose, whereas the glucose and fructose contents 
were unaffected by salinity (Saito et al., 2008), despite glucose and fructose incre-
asing in watermelon cultivated under salinity (Colla et al., 2006). Nevertheless, 
in strawberry, glucose, fructose, sucrose and starch content reduced in all plant 
organs, including the fruits, due to NaCl salinity (Saied et al., 2005).
D-sorbitol is a well-known osmolyte that plays various roles in responses to salini-
ty stress (Gupta and Huang, 2014). Sorbitol has also been implicated in drought 
mitigation in sink organs of peach (Lo Bianco et al., 2000). Higher concentra-
tions of sorbitol in the fruits of plants grown in stressed conditions also suggest a 
possible key role for sorbitol in fig. Recent studies have reported the advantages 
of having sorbitol in addition to sucrose as the main translocatable sugars in apple 
trees to maintain the glucose and fructose levels to near homeostasis (Li et al., 
2018b).
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With its exceptional versatility, quantifiability and ability to probe molecular 
structure in mixtures, NMR spectroscopy emerges as a powerful tool capable of 
detecting and elucidating changes associated with both biotic and abiotic stress. 
Its broad range of applicability renders it invaluable for investigating diverse bio-
logical questions targeted at different plant organs (roots, fruits, leaves and flo-
wers). Throughout this thesis, the versatility of NMR spectroscopy in exploring 
different biological questions, solidifying its significance in the field, is presented. 
The NMR method served as the connection between the three research chapters 
and the review chapter within this thesis. During this comprehensive discussion, 
particular emphasis will be placed on NMR and the knowledge we acquired from 
its practical application in studying plant metabolism and physiology.
Here we have shown that NMR is highly versatile as a screening tool for powdery 
mildew constitutive resistance in gerbera. The NMR analysis not only pointed 
at the most significant molecules the plant produces to protect itself against mil-
dew, but by applying state-of-the-art statistical methods, such as a decision tree, 
it became clear how these molecules are ranked in their importance. Classifica-
tion decision trees are constructed by recursive binary splitting; the prediction 
is obtained by starting at the root node and following a set of logical rules, for 
instance, metabolite concentration cut-off values, until a terminal node is reached 
(Debik et al., 2022). In constitutive defence, plants choose several chemical or 
physiological strategies to increase the survival and reduce the damage from pa-
thogen or herbivore. Unlike in classical statistics, decision trees can show as a 
more complex insight into the plant defence mechanisms. Individual plants or 
breeding lines show slightly different strategies and alterations in synthetic pa-
thways to produce these defence chemicals. The plant can for instance produce 
either less of one more active metabolite or more of another with slightly lower 
biological activity, but the effect will be the same. Some constitutive defensive 
compounds can be almost equally important for the plant, and different varieties 
can use them interchangeably. These trends can only be seen when using the me-
tabolomics approach and are not visible from the commonly applied approach 
when compounds are first separated and later tested for their activities in bioas-
says. The results highlight the significance of polyketides in gerbera as biomarkers 
for detecting resistance against powdery mildew. Among these polyketides, ger-
berinside emerged as a key compound associated with resistance, with higher le-
vels indicating higher resistance. Additionally, when this was low, higher levels of 
gerberin and parasorboside were also observed to contribute to resistance. Moreo-

Unlocking the potentials
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transcripts, responsible for glucose and fructose synthesis, did not result in cor-
responding changes in the glucose and fructose contents in ripe fruits of NaCl-
stressed plants. Instead, the higher levels of sucrose and D-sorbitol were likely 
attributable to the up-regulation of genes encoding sucrose synthase and sorbitol 
dehydrogenase, respectively. Here, NMR spectroscopy played a crucial role in 
rapidly screening and quantifying major sugars, providing valuable quantitative 
data. We uncovered the intricate connections between gene regulation and me-
tabolic responses by coupling NMR spectroscopy with gene expression analysis. 
This integrative approach deepens our understanding of the molecular mecha-
nisms underlying complex biological phenomena and elucidates how changes in 
gene expression contribute to alterations in metabolic pathways. The importance 
of the integration of the omics technology in research was pointed out for abiotic 
and biotic stress responses and tolerance in plants (Meena et al., 2017; Sheikh et 
al., 2020; Jamla et al., 2021; Raza et al., 2022).
All three self-containing studies mentioned above pointed out the capability of 
NMR metabolomics to provide the simultaneous quantification of primary and 
secondary metabolites. Although secondary metabolites are often the target of in-
terest because of their role in plant interactions with other organisms, the primary 
metabolism regulates the vital functions of the plant.
Although NMR spectroscopy has been applied for approximately two decades, 
constant efforts are required to fully exploit its vast potential. Future advance-
ments should focus on establishing freely available databases to ensure the anno-
tation of taxonomically restricted secondary metabolites. The initial and essential 
progress towards advancement lies in the establishment of databases consisting of 
real (non-simulated) standard compounds, isolated compounds from mixtures 
and matrix spectra under well-defined standard conditions. This crucial step aims 
to facilitate the annotation process for the vast array of compounds that plants 
have the capacity to synthetise. By providing a comprehensive compound anno-
tation reference, researchers can more effectively identify and characterise these 
compounds, accelerating our understanding of the plant metabolome.
The greatest and unique benefit of NMR spectroscopy is the robustness of the 
method, which enables the exchange of spectra and the combination of spect-
rum collections among research teams. Ensuring the comparability of data sets, 
such as using standard operating procedures and possibly buying ready-to-use 
extraction kits or buffering solutions, can be crucial to facilitate the spectrum 
exchange among laboratories. The standardisation of extraction methods towards 
methanolic solutions, which gives a broader overview of secondary metabolism 
along with primary metabolites, enhances the holistic overview of NMR-based 
plant metabolomics.

Unlocking the potentials

ver, a newly identified compound, 5-hydroxyhexanoic acid 3-O-β-D-glucoside, is 
potentially involved in resistance mechanisms. Interestingly, in the chromatogra-
phic system, gerberine and parasorboside elute at the same retention time and are 
often reported as an inseparable mixture (Yrjönen et al., 2002), but in the NMR 
spectrum, they can be easily identified and quantified due to their distinct and 
prominent signals. Different varieties have different strategies of resistance, which 
was indicated when the resistance model was tested on other 27 varieties, and the 
model performance decreased.
The advantages of LC-MS over NMR are frequently highlighted. Nevertheless, 
our research yielded a contradictory experience. A well-curated set of 30–60 mo-
lecules with high physiological relevance, providing a reasonable data size for 
practical data mining and capturing the major metabolic trends, can overcome 
the limitations of datasets obtained through MS, which often comprise thousands 
of provisionally identified features with limited information about the structure, 
posing challenges for data interpretation. The study investigating the effect of 
carbamazepine soil contamination on maize, where key metabolic trends were 
identified and integrated with physiological parameters, exemplifies the power 
of a precisely annotated molecular set. Plants possess an impressive capacity to 
adjust to environmental challenges. Through the use of NMR spectroscopy, it 
was shown that whilst carbamazepine soil contamination and plant accumulation 
did not directly impact crop yields, it significantly influenced multiple metabolic 
functions at the early phenological stage, but older plants were able to compen-
sate and adapt. Notably, alterations at the early phenological stage in the photo-
systems and photosynthesis were linked to decreased levels of sugars (glucose and 
fructose) in the roots. Furthermore, aboveground biomass exhibited an increase 
in the levels of carotenoids and phenylpropanoids, such as chlorogenic acid and 
its isomer, 5-O-caffeoylquinic acid, known for their ability to balance oxidative 
stress.
Metabolomics is complementary to other omics disciplines such as transcripto-
mics and proteomics. Being a „downstream“ consequence of gene expression, 
changes in the metabolome are widely regarded as the most accurate reflection 
of cellular activities at a functional level (Putri et al., 2013). In our study on the 
effect of salinity stress on the quality of fig fruits, we integrated NMR-based me-
tabolomics within a multidisciplinary framework. We specifically focused on the 
expression of crucial sugar metabolism and transport genes, as well as the soluble 
carbohydrate content of fig fruits. Interestingly, changes in gene transcript levels 
did not directly correlate with alterations in the sugar content. Although there 
was a general increase in the transcript levels of genes involved in the transport 
of soluble carbohydrates, the up-regulation of Alkaline-neutral and Acid Invertase 
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provides a comprehensive understanding of stress responses allocated at the levels 
of primary and secondary metabolism. Additionally, the accuracy in the annota-
tion and the size of the collected data provides the possibility to target metabolic 
pathways. This gives invaluable insights into multiple biological concerns, ser-
ving as a fundamental screening method in multiple studies. Consequently, this 
facilitates the identification of specific metabolic pathways for crop improvement 
in the context of global yield losses caused by a multitude of abiotic and biotic 
factors. Its broad applicability solidifies its status as a potential cornerstone tech-
nique in pursuing sustainable agriculture, disease management and fundamental 
biological research. Therefore, NMR spectroscopy emerges as a valuable tool for 
multi-omics investigations, providing insights into the functioning of metabolic 
networks.

Conclusion

Advances are needed in spectral processing. The use of 0.01- and 0.04-ppm bins 
is a common practice for data reduction (Kim et al., 2010); although it is a re-
latively easy process, it has the disadvantage that deconvolution is not applied, 
and concentrations related to a single compound are often left behind. The deve-
lopment of semi- or fully-automated advanced fittings created ad-hoc for plant 
metabolites is another important advancement. Nowadays, multiple attempts 
are available, but they were mainly developed for the clinical investigation of 
biofluids or foodomics (Hao et al., 2014; Howarth et al., 2020; Khakimov et al., 
2020; Wenk et al., 2023). 
Due to its low sensitivity, NMR spectroscopy is often overlooked in the field 
of plant metabolomics (Patel et al., 2021; Katam et al., 2022). Simultaneously, 
it is known for its easy sample preparation procedure. It may be interesting to 
include multiple steps for metabolite concentration in sample preparation, such 
as solid-phase extraction methods. This would target the analysis in a range of 
metabolites, increase the concentration and overcome the limit in the detection 
level of NMR spectroscopy.
Nevertheless, the application of NMR spectroscopy in multi-omics research, ad-
vancement toward single-cell metabolomics and root exudates in environmental 
responses and the interactions with symbiotic organisms could be the new fron-
tiers for a comprehensive understanding in plant responses to abiotic and biotic 
stresses. These developments could facilitate the wider use of NMR spectroscopy, 
enabling researchers to maximise its capabilities and accelerate progress in various 
fields. However, enhancing the availability of NMR instruments for metabolo-
mics studies is crucial, enabling researchers to freely choose the technique that 
best suits their research questions. Each analytical method offers unique advanta-
ges tailored to address specific research inquiries.

NMR spectroscopy stands as an indispensable tool for probing the impacts of 
biotic and abiotic stresses on plants. Its applicability relies on the robustness of 
the technique, allowing spectrum collection exchange between laboratories; it 
should be chosen as a preferred method as it can provide an overview of the 
key metabolite changes for further investigations. Its ability to detect metabolite 
changes in plants offers a comprehensive overview of metabolic pathways and 

Conclusion
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Supplementary Table S2 | Description of the independent validation dataset.
 

Variety Type 
Resistance definition 
according to the breeder Location 

Clasico Standard Susceptible Breeder D 
Cream Beach Standard Susceptible Breeder D 
Dark Diamond Standard Resistant Breeder D 
Don Leo Standard Resistant Breeder D 
Evi Standard Susceptible Breeder D 
Full moon Standard Resistant Breeder D 
Mandarina Standard Susceptible Breeder D 
Peptalk Standard Susceptible Breeder D 
Mango Standard Susceptible Breeder D 
Red Explosion Standard Resistant Breeder D 
Rodeo Standard Resistant Breeder D 
Romance Standard Susceptible Breeder D 
Submarine Standard Resistant Breeder D 
White House Standard Susceptible Breeder D 
Albino Mini Resistant Breeder D 
Allure Mini Susceptible Breeder D 
Banana Mini Susceptible Breeder D 
Cafe Mini Resistant Breeder D 
Cassis Mini Resistant Breeder D 
Delmonte Mini Resistant Breeder D 
Noud Mini Susceptible Breeder D 
Dorito Mini Susceptible Breeder D 
Kimsey Mini Resistant Breeder D 
Suri Mini Susceptible Breeder D 
Navelino Mini Resistant Breeder D 
Delphi Mini Resistant Breeder A 
Kimsey Standard Susceptible Breeder A 
Jumbo Mini Resistant Breeder A 
Mokka Mini Susceptible Breeder A 
Passoa Standard Resistant Breeder A 
Madeira Standard Susceptible Breeder A 
Flamenco Standard Susceptible Breeder A 
Contigo Standard Susceptible Breeder A 
Betty Boop Mini Susceptible Breeder A 
Lido Mini Susceptible Breeder A 
Cafe del mar Standard Resistant Breeder A 
Monza Mini Resistant Breeder A 
Bravia Mini Resistant Breeder A 
Petticoat Mini Resistant Breeder A 
Franky Mini Resistant Breeder A 
Suri Standard Susceptible Breeder E 
Cafe Standard Resistant Breeder E 
Prosseco Mini Susceptible Breeder E 
Caramba Standard Resistant Breeder E 
Nirvana Mini Resistant Breeder E 
Maserati Mini Susceptible Breeder E 
Dixon Standard Resistant Breeder E 
Caprise Standard Susceptible Breeder E 

Supplementary Table S1 | Strategy for literature search.
 

Criterium Details 
Used databases Scopus (https://www.scopus.com) 

Web of Science (https://www.webofknowledge.com) 
Search keywords (Boolean 
operators) included in article title, 
abstract, and keywords. 

Nuclear magnetic resonance spectroscopy (NMR OR 1HNMR OR “1H-NMR” 
OR “nuclear magnetic resonance”), metabolomics (metabolomics OR “metabol* 
profil*”) and biotic stress (biotic OR pathogen OR insect OR fungi OR caterpillar 
OR herbivor* OR resistanc* OR susceptib* OR pest OR nematod* OR “defen?e 
mechanism” OR “plant defen*” OR “resistance against” OR “insect resistance” 
OR virus OR insect OR infected). 

Inclusion criteria 1H NMR spectroscopy was used as an analytical technique for metabolomics 
studies in plants to investigate biochemical processes related to plant resistance to 
biotic stress by pathogenic organisms and herbivores, post-infection stress 
response, and plant-host interactions. Studies in which elicitors were used, in which 
the effect was investigated during the application of a treatment, or in which 
simulated stressors (e.g., wounding) were used were excluded. Reviews, book 
chapters and conference abstracts were not included. 

Extracted data Publication (authors, year of publication, title), information about the type of the 
stress (scientific name of the organism), study design, scientific name of the stressed 
plant and resistance and susceptibility traits if specified, organ, chemical responses 
of the host, spectra acquisition specifications (proton frequency, pulse sequence), 
extraction method (type of solvent and use published standard protocols), 
annotation method (spiking with standard compounds, in-house database, 
acquisition of 2D NMR spectra, comparison with database, annotation and 
structural elucidation), integration with other type of analysis and the statistical 
approaches used. Only metabolites that were significantly modulated by the host-
plant interaction (increase or decrease in concentration) and by resistance traits 
(increase or decrease in concentration) (p < 0.05) were extracted from the eligible 
publications; in case multivariate methods were included the compounds 
mentioned in the result section as of interest were included. 

Number of total records screened 
after duplicate removal 

2700 

Number of records excluded 2606 
Number of records included 94 
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Supplementary Table S3 | Description of the acquisition of the 2D NMR experiments.
 

2D experiment Description 

DQF-COSY A phase-sensitive 2D correlation spectroscopy (DQF-COSY) with Double Quantum Filter and 
presaturation (Bruker pulse sequence cosydfphpr) was obtained with 1.0 s relaxation delay, 6510 
Hz spectral width in both dimensions (1H chemical shift axes). Twenty-four scans were 
acquired per 521 increments for an overall experimental time of 5hr and 56 min. Zero filled 
data to 4,096 × 4,096 points and a sine2 bell-shaped window function shifted by /2 in the F1 
and /4 in the F2 dimension was applied. Automatically phased and calibrated to the internal 
standard (TSP = 0.0 ppm). 

HMBC A phase-sensitive ge-2D heteronuclear multiple bond correlation (HMBC) (Bruker pulse 
sequence hmbcetgpl3nd) was acquired using 512 and 4,096 complex points in F1 and F2, 
respectively. Spectral widths of 6510 Hz in F2 (1H chemical shift axis) and 27675 Hz in F1 (13C 
chemical shift axis) yielding t1 and t2 acquisition times of 4 and 314 ms, respectively. 240 scans 
were acquired for an overall experimental time of 23 hr and 51 min. A sine2 bell-shaped 
window function shifted by /2 in the F1 and /6 in the F2 dimension was applied. The spectrum 
was calibrated according to the internal standard (1H: TSP = 0 ppm; 13C: methanol = 16.7 
ppm).  

HSQC A phase-sensitive ge-2D heteronuclear single quantum coherence spectroscopy (HSQC) 
(Bruker pulse sequence hsqcgpph) was acquired using 256 and 1,024 complex points in F1 and 
F2, respectively. Spectral widths of 6510 Hz in F2 (1H chemical shift axis) and 27675 Hz in F1 
(13C chemical shift axis) yielding t1 and t2 acquisition times of 4 and 314 ms, respectively. 240 
scans were acquired for an overall experimental time of 1d 3 hr and 13 min. A sine2 bell-shaped 
window function shifted by /2 in the F1 and /6 in the F2 dimension was applied. The spectrum 
was calibrated according to the internal standard (1H: TSP = 0 ppm; 13C: methanol = 49.0 
ppm). 

 

Supplementary Table S4 | Parameters of the liquid chromatography separation and the mass 
spectrometer settings.
 

 Parameter Settings 
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Column Acclaim™ RSLC 120 C18 column (2.2 μm, 120Å 2.1 × 100 mm; 
Thermo Fisher Scientific, Waltham, MA, USA), coupled with an 
Acquity UPLC BEH C18 VanGuard pre-column (Waters, Milford, 
MA, USA) 

Temperature 35℃ 
Mobile phase 5 mM ammonium formate or 0.2% formic acid in water (phase A) 

and methanol (phase B) 
Gradient elution program 5% B isocratically for 1.5 min, then from 5% to 70% B over the next 

8.5 min, from 70% to 100% B during the next 3 min, held constant 
for 4 minutes, and then returned to the initial conditions 

Flow rate 0.25 mL/min 
Injection volume 5 µL 

M
as

s s
pe

ct
ro

m
et

er
 

Ion source settings: 
 

End plate offset:               500 V 
Capillary voltage:               3500 V 
Nebulizer gas:   2.0 Bar 
Drying gas (N2):  8.0 L/min 
Drying temperature: 250°C 

Mass Range: 50-1500 m/z 
Scan rate: 3x1sec 
Calibration mixture: Na+ formate clusters 
collision energy The MS/MS fragmentation spectra collected at three discrete levels of 

collision energy 20, 40, and 60 eV for each precursor ion 
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Variety Type 
Resistance definition 
according to the breeder Location 

Clasico Standard Susceptible Breeder D 
Cream Beach Standard Susceptible Breeder D 
Dark Diamond Standard Resistant Breeder D 
Don Leo Standard Resistant Breeder D 
Evi Standard Susceptible Breeder D 
Full moon Standard Resistant Breeder D 
Mandarina Standard Susceptible Breeder D 
Peptalk Standard Susceptible Breeder D 
Mango Standard Susceptible Breeder D 
Red Explosion Standard Resistant Breeder D 
Rodeo Standard Resistant Breeder D 
Romance Standard Susceptible Breeder D 
Submarine Standard Resistant Breeder D 
White House Standard Susceptible Breeder D 
Albino Mini Resistant Breeder D 
Allure Mini Susceptible Breeder D 
Banana Mini Susceptible Breeder D 
Cafe Mini Resistant Breeder D 
Cassis Mini Resistant Breeder D 
Delmonte Mini Resistant Breeder D 
Noud Mini Susceptible Breeder D 
Dorito Mini Susceptible Breeder D 
Kimsey Mini Resistant Breeder D 
Suri Mini Susceptible Breeder D 
Navelino Mini Resistant Breeder D 
Delphi Mini Resistant Breeder A 
Kimsey Standard Susceptible Breeder A 
Jumbo Mini Resistant Breeder A 
Mokka Mini Susceptible Breeder A 
Passoa Standard Resistant Breeder A 
Madeira Standard Susceptible Breeder A 
Flamenco Standard Susceptible Breeder A 
Contigo Standard Susceptible Breeder A 
Betty Boop Mini Susceptible Breeder A 
Lido Mini Susceptible Breeder A 
Cafe del mar Standard Resistant Breeder A 
Monza Mini Resistant Breeder A 
Bravia Mini Resistant Breeder A 
Petticoat Mini Resistant Breeder A 
Franky Mini Resistant Breeder A 
Suri Standard Susceptible Breeder E 
Cafe Standard Resistant Breeder E 
Prosseco Mini Susceptible Breeder E 
Caramba Standard Resistant Breeder E 
Nirvana Mini Resistant Breeder E 
Maserati Mini Susceptible Breeder E 
Dixon Standard Resistant Breeder E 
Caprise Standard Susceptible Breeder E 

Supplementary Table S2 | Continued.
 

Variety Type 
Resistance definition 
according to the breeder Location 

Clasico Standard Susceptible Breeder D 
Cream Beach Standard Susceptible Breeder D 
Dark Diamond Standard Resistant Breeder D 
Don Leo Standard Resistant Breeder D 
Evi Standard Susceptible Breeder D 
Full moon Standard Resistant Breeder D 
Mandarina Standard Susceptible Breeder D 
Peptalk Standard Susceptible Breeder D 
Mango Standard Susceptible Breeder D 
Red Explosion Standard Resistant Breeder D 
Rodeo Standard Resistant Breeder D 
Romance Standard Susceptible Breeder D 
Submarine Standard Resistant Breeder D 
White House Standard Susceptible Breeder D 
Albino Mini Resistant Breeder D 
Allure Mini Susceptible Breeder D 
Banana Mini Susceptible Breeder D 
Cafe Mini Resistant Breeder D 
Cassis Mini Resistant Breeder D 
Delmonte Mini Resistant Breeder D 
Noud Mini Susceptible Breeder D 
Dorito Mini Susceptible Breeder D 
Kimsey Mini Resistant Breeder D 
Suri Mini Susceptible Breeder D 
Navelino Mini Resistant Breeder D 
Delphi Mini Resistant Breeder A 
Kimsey Standard Susceptible Breeder A 
Jumbo Mini Resistant Breeder A 
Mokka Mini Susceptible Breeder A 
Passoa Standard Resistant Breeder A 
Madeira Standard Susceptible Breeder A 
Flamenco Standard Susceptible Breeder A 
Contigo Standard Susceptible Breeder A 
Betty Boop Mini Susceptible Breeder A 
Lido Mini Susceptible Breeder A 
Cafe del mar Standard Resistant Breeder A 
Monza Mini Resistant Breeder A 
Bravia Mini Resistant Breeder A 
Petticoat Mini Resistant Breeder A 
Franky Mini Resistant Breeder A 
Suri Standard Susceptible Breeder E 
Cafe Standard Resistant Breeder E 
Prosseco Mini Susceptible Breeder E 
Caramba Standard Resistant Breeder E 
Nirvana Mini Resistant Breeder E 
Maserati Mini Susceptible Breeder E 
Dixon Standard Resistant Breeder E 
Caprise Standard Susceptible Breeder E 
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Matrix Method (variants) Absolute Recovery 
(%)* 

RSD 
(%)** 

MLOQ 
(ng/g dw.)*** 

Roots Protein precipitation 
(CBZ10, CBZ1000) 

89 2 1 

Aboveground 
biomass 

Protein precipitation 
(CBZ10, CBZ1000) 

87 4 1 

Roots SPE (CBZ0.1, CBZ1) 100 5 0.02 
Aboveground 
biomass 

SPE (CBZ0.1, CBZ1) 99 8 0.02 

 

Supplementary Table S6 | Performance of the analytical methods.

MLOQ: method limits of quantification; RSD: relative standard deviation, dw.: dry weight.
* Calculated as pre-extract spike peak area/post-extract spike peak area × 100.
** Relative standard deviation calculated from 4 independent extractions.
*** Method limit of quantification.

Supplementary Table S7 | Fruit fresh weight of control and 100 mM NaCl-stressed plants for 48 
days. Values are means ± standard deviations (SD) of three replicate fruits expressed as g of fresh 
fruit. p-value was calculated by Student’s t-test.

 

 Control 100 mM NaCl-stressed p-value 
Replicate 1  40.56 24.75 - 
Replicate 2  53.19 30.37 - 
Replicate 3  29.41 23.22 - 
Mean ± SD  41.05 ± 11.90 26.11 ± 3.76 0.11 
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Supplementary Table S5 | Pairwise analysis of 5-hydroxyhexanoic acid 3-O-β-D-glucoside, ger-
berin, parasorboside, and gerberinside of young and old leaves of varieties resistant and suscepti-
ble to powdery mildew extracted in MeOD-D2O (1:1, v/v). 

 
5-hydroxyhexanoic 

acid 3-O-β-D-
glucoside 

Gerberin Parasorboside Gerberinside 

Class �̅�𝒙* ±SD p-value �̅�𝒙* ±SD p-value �̅�𝒙* ±SD p-value �̅�𝒙* ±SD p-value 

Resistanta 12.58 9.09 
0.63 

73.72 47.47 
0.31 

39.69 12.62 
8.60 
e-04 

11.36 5.46 
6.05 
e-08 

Susceptiblea 11.71 10.16 65.84 36.61 32.56 10.07 6.88 2.44 

Young 
resistantb 13.78 10.58 

0.95 
74.16 43.78 

0.69 
43.65 11.95 

0.02 
13.48 6.03 

5.80 
e-05 Young 

susceptibleb 13.99 12.54 69.89 39.26 37.56 7.82 8.46 1.95 

Old  
resistantb 11.38 7.30 

0.28 
73.29 51.65 

0.31 
35.72 12.20 

0.01 
9.23 3.89 

5.16 
e-06 Old 

susceptibleb 9.45 6.51 61.81 33.93 27.56 9.67 5.31 1.79 

Resistant 
youngb 13.78 10.58 

0.31 
74.16 43.78 

0.94 
43.65 11.95 

0.01 
13.48 6.03 

1.96 
e-03 Resistant  

oldb 11.38 7.30 73.29 51.65 35.72 12.20 9.23 3.89 

Susceptible 
youngb 13.99 12.54 

0.08 
69.89 39.26 

0.40 
37.56 7.82 

4.63 
e-05 

8.46 1.95 
1.93 
e-08 Susceptible 

oldb 9.45 6.51 61.81 33.93 27.56 9.67 5.31 1.79 

Mini  
resistantb 12.51 9.60 

0.56 
34.31 25.48 

0.19 
35.09 9.47 

0.94 
14.92 5.43 

3.53 
e-09 Mini 

susceptibleb 11.22 7.55 40.83 8.04 35.32 11.99 7.48 2.19 

Standard 
resistantb 12.65 8.72 

0.88 
113.13 26.87 

0.01 
44.28 13.82 

3.30 
e-06 

7.79 2.22 
0.02 

Standard 
susceptibleb 12.22 12.35 90.87 36.97 29.80 6.83 6.28 2.57 

Resistant  
minib 12.51 9.60 

0.95 
34.31 25.48 

7.79 
e-17 

35.09 9.47 
3.91 
e-03 

14.92 5.43 
1.11 
e-08 Resistant 

standardb 12.65 8.72 113.13 26.87 44.28 13.82 7.79 2.22 

Susceptible 
minib 11.22 7.55 

0.70 
40.83 8.04 

1.13 
e-09 

35.32 11.99 
0.03 

7.48 2.19 
0.06 

Susceptible 
standardb 12.22 12.35 90.87 36.97 29.80 6.83 6.28 2.57 

 
*average concentration expressed as mg/g dry leaves. aN=60, bN=30.
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Supplementary Figure S1 | 1H NMR spectrum of 5-hydroxyhexanoic acid 3-O-β-D-glucoside 
in MeOD-D2O (1:1, v/v) (500MHz).
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Supplementary Figure S3 | HMBC spectrum and key correlations of 5-hydroxyhexanoic acid 
3-O-β-D-glucoside in MeOD-D2O (1:1, v/v).

Supplementary figuresSupplementary figures

Supplementary Figure S2 | HSQC spectrum of 5-hydroxyhexanoic acid 3-O-β-D-glucoside in 
MeOD-D2O (1:1, v/v).
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Frac27_FA_12340 #364-427 RT: 3.24-3.77 AV: 60 SB: 44 2.88-3.24 NL: 1.02E6
T: + c ESI Full ms [80.00-1501.00]
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Frac_27_FA-MS2_Pos_01_RA2_01_12408 #397 RT: 3.63 AV: 1 SB: 1 3.32 NL: 1.09E3
T: + c ESI Full ms [80.00-1500.00]
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Supplementary Figure S5 | (A) MS spectrum (in-source fragmentation) and proposed fragments 
of 5-hydroxyhexanoic acid 3-O-β-D-glucoside at m/z 311.1336 [M+H]+ and (B) MS/MS spect-
rum of the aglycone at m/z 149.0808 [M+H]+ (positive mode, 0.2% formic acid and methanol).
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Supplementary Figure S4 | DQF-COSY spectrum and key correlations of 5-hydroxyhexanoic 
acid 3-O-β-D-glucoside in MeOD-D2O (1:1, v/v).
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Supplementary Figure S8 | HMBC spectrum and key correlations of gerberin and parasorboside 
in MeOD-D2O (1:1, v/v).
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Supplementary Figure S6 | 1H NMR spectrum of gerberin and parasorboside in MeOD-D2O 
(1:1, v/v) (500MHz).
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Supplementary Figure S7 | HSQC spectrum of gerberin and parasorboside in MeOD-D2O (1:1, 
v/v).
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Gerb_FA_MS2_F30_06 #449 RT: 3.97 AV: 1 NL: 1.89E5
T: + c ESI Full ms [80.00-1500.00]
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A Gerb_FA_MS2_F30_05 #452 RT: 3.99 AV: 1 NL: 3.63E4
T: + c ESI Full ms [80.00-1500.00]
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Supplementary Figure S10 | MS/MS spectrum and proposed fragmentation of (A) gerberin at 
m/z 291.1071 [M+H]+ and (B) geberin aglycone at m/z 129.0546 [M+H]+ (positive mode, 0.2% 
formic acid and methanol).
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Supplementary Figure S9 | DQF-COSY spectrum and key correlations of gerberin and parasor-
boside in MeOD-D2O (1:1, v/v).
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Supplementary Figure S12 | 1H NMR spectrum of gerberinside in MeOD-D2O (1:1, v/v) 
(500MHz).
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Supplementary Figure S13 | HSQC spectrum of gerberinside in MeOD-D2O (1:1, v/v).
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Gerb_FA_MS2_F30_06 #456 RT: 4.03 AV: 1 SB: 3 4.00-4.01 , 4.05 NL: 1.05E3
T: + c ESI Full ms [80.00-1500.00]
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Gerb_FA_MS2_F30_05 #457 RT: 4.03 AV: 1 SB: 1 4.18 NL: 3.27E4
T: + c ESI Full ms [80.00-1500.00]
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Supplementary Figure S11 | MS/MS spectrum and proposed fragmentation of (A) parasorbosi-
de at m/z 293.1207 [M+H]+ and (B) parasorboside aglycone at m/z 131.0718 [M+H]+ (positive 
mode, 0.2% formic acid and methanol).
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Supplementary Figure S15 | DQF-COSY spectrum and key correlations of gerberinside in 
MeOD-D2O (1:1, v/v).
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Supplementary Figure S14 | HMBC spectrum and key correlations of gerberinside in MeOD-
D2O (1:1, v/v).
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Supplementary figures

Supplementary Figure S18 | Ripe fruit of Ficus carica cv. Dottato during the salinity experiment.

Supplementary Figure S17 | Quantitative 1H NMR analysis in the leaves of varieties resistant 
and susceptible to powdery mildew extracted in MeOD-D2O (1:1, v/v). (A) Quantitative 1H 
NMR analysis of 5-hydroxyhexanoic acid 3-O-β-D-glucoside. (B) Quantitative 1H NMR analy-
sis of gerberin. (C) Quantitative 1H NMR analysis of parasorboside. (D) Quantitative 1H NMR 
analysis of gerberinside. Error bars refer to the standard deviation (aN=10, bN=5). Different letters 
on the vertical bars indicate similarities on the mean among groups. If a letter is shared, the mean 
is similar.
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Supplementary Figure S16 | MS/MS spectrum and proposed fragmentation of (A) gerberinside 
at m/z 339.1070 [M+H]+ and (B) gerberinside aglycone at m/z 177.0545 [M+H]+ (positive mode, 
5mM ammonium formate).
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