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A B S T R A C T

Nootkatone, a natural sesquiterpenoid, has recently emerged as a candidate allelochemical for sustainable weed 
management. However, its phytotoxic effects and underlying mechanisms in plants remain poorly understood. In 
this study, we present a comprehensive characterization of nootkatone-induced toxicity in Arabidopsis thaliana, 
integrating physiological, metabolomic, and nutritional analyses. Exposure to increasing concentrations of 
nootkatone resulted in dose-dependent reductions in biomass and photosynthetic efficiency, accompanied by 
visible morphological damage. GC–MS-based metabolomic profiling revealed significant reprogramming of 
primary metabolism, particularly affecting amino acid biosynthesis and nitrogen-related pathways. Network 
analysis identified glutamic acid as an important metabolic hub, linking nitrogen assimilation to stress-related 
responses. Nutritional profiling and stable isotope analysis demonstrated that nootkatone disrupts nitrogen 
homeostasis by promoting ammonium uptake over nitrate assimilation. This shift was confirmed by 15N-labeled 
experiments, which showed reduced nitrate uptake and compensatory ammonium absorption. The altered ni
trogen source preference was associated with increased accumulation of ammonium, free amino acids, and 
nitrogen-rich intermediates, consistent with typical symptoms of ammonium toxicity. These findings suggest a 
potential mechanism underlying nootkatone-induced phytotoxicity and underscore its promise as a bioactive 
compound for sustainable and environmentally friendly weed management strategies.

Introduction

Weeds represent one of the major constraints affecting agricultural 
productivity globally, significantly reducing crop yields through 
competition for environmental resources, including mineral nutrients, 
water, light, and space (Chauhan, 2020). Traditional weed management 
strategies primarily rely on synthetic chemical herbicides, which – 
despite their effectiveness – have given rise to significant environmental 
and agronomic issues mainly linked to the contamination of water re
sources, their adverse effects on non-target species, and the troubling 
spread of herbicide-resistant weed biotypes (Powles and Yu, 2010; Duke 
and Heap, 2017; Westwood et al., 2018). Moreover, the increasing 
public concern regarding food safety, ecosystem sustainability, and 
biodiversity protection has propelled the search for more sustainable 

and eco-friendly weed control alternatives, thus redirecting research 
attention toward natural compounds and bioherbicides (Dayan and 
Duke, 2010; Duke et al., 2022). In such a context, allelopathy – the 
chemical interaction between plants mediated by secondary metabolites 
released into the environment – has garnered considerable scientific 
interest as a promising source of novel phytotoxic compounds for the 
development of bio-based herbicides (Satyanarayana Murthy et al., 
2025).

Plants synthesize a diverse array of specialized metabolites, 
including phenolics, alkaloids, and terpenoids, which can significantly 
impact the growth, development, and survival of neighboring plant 
species (Butnariu and Koirala, 2025; Zambelli et al., 2025). These 
naturally derived compounds offer several advantages over synthetic 
herbicides for weed control, including reduced environmental 
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persistence, a lower risk of contamination, decreased ecotoxicity, and 
diverse biochemical modes of action that help minimize the develop
ment of resistance in weed populations (Palanivel et al., 2021; Arora 
et al., 2024). Furthermore, allelochemicals are typically biodegradable, 
providing opportunities to develop sustainable weed management 
strategies compatible with integrated pest management practices and 
organic farming (Macías et al., 2022).

Among plant secondary metabolites, terpenoids represent one of the 
largest and most chemically diverse groups, with numerous documented 
phytotoxic activities (Graña et al., 2013; Araniti et al., 2013, 2016, 
2017a; Araniti et al., 2017b). Their modes of action involve alterations 
in critical physiological and metabolic processes, which manifest as 
disruptions in photosynthetic efficiency, impairment of cellular mem
brane integrity, induction of oxidative stress, hormonal imbalances, and 
interference with nutrient uptake and assimilation (Verdeguer et al., 
2020).

Nootkatone – a sesquiterpenoid primarily isolated from the peel of 
grapefruit (Citrus paradisi) and Alaskan yellow cedar (Cupressus noot
katensis) – has recently attracted scientific interest due to its insecticidal, 
antimicrobial, aromatic, and food flavoring properties (Panella et al., 
2005; Dietrich et al., 2006; Leonhardt and Berger, 2015; Clarkson et al., 
2021; Fan et al., 2022; Wang et al., 2022). However, evidence regarding 
nootkatone’s effects on plants remains limited, as few studies have 
directly investigated its phytotoxic potential, leaving its mode of action 
and biochemical targets poorly characterized (Mao et al., 2004, 2006; 
M’Barek, 2016; Habash et al., 2020).

In this study, we present a detailed characterization of the phytotoxic 
effects exerted by exogenous nootkatone on Arabidopsis thaliana. By 
integrating multiple analytical approaches – including GC–MS-based 
metabolomics combined with advanced network analysis, stable isotope 
tracing, and comprehensive nutritional profiling – we formulate a 
mechanistic hypothesis to explain the toxicity of nootkatone. Specif
ically, we show that the phytotoxicity of nootkatone is closely linked to 
its ability to perturb nitrogen nutrition by promoting ammonium uptake 
over nitrate assimilation, thereby triggering metabolic reprogramming 
and metabolic stress responses.

Materials and methods

Plant material, growth conditions, and experimental designs

All experiments were carried out on Arabidopsis thaliana Col-0 plants 
that were pre-grown for 25 days in complete nutrient solutions [0.75 
mM KNO3, 0.5 mM Ca(NO3)2, 1.75 mM NH4Cl, 1 mM KH2PO4, 0.5 mM 
MgSO4, 0.75 mM KCl, 0.5 mM CaCl2, 25 μM FeNa-EDTA, 46 μM H3BO3, 
9 μM MnCl2, 0.8 μM ZnCl2, 0.3 μM CuCl2, 0.1 μM (NH4)6Mo7O24, 30 µM 
Na2SiO3, pH 6.5], essentially as described by Ferri et al. (2017). The 
duration of the pre-growing period was selected to ensure the devel
opment of well-established hydroponically grown plants, providing 
sufficient biomass for reliable and reproducible elemental, isotopic, 
metabolomic, and physiological analyses. At the end of the pre-growing 
period, plants were transferred to centrifuge tubes containing 50 mL of 
fresh nutrient solution and incubated for 192 h in the presence or 
absence of nootkatone at five concentrations (11.25, 22.5, 45, 90, and 
180 µM). These concentrations were selected based on: (i) preliminary in 
vitro dose-response assays on Arabidopsis seedlings grown on agar 
media, which yielded an estimated IC₅₀ of IC50 = 45.7 ± 4.8 μM (see, 
Supplementary Material, Figure S1), and (ii) the estimated aqueous 
solubility limit of nootkatone, reported to be approximately 36 mg L⁻¹ 
(Zhang et al., 2022). The chosen range therefore encompasses values 
below and above the experimentally determined EC₅₀ while ensuring 
that concentrations remained below the solubility limit of nootkatone in 
aqueous solution, thereby avoiding the need for co-solvents.

All hydroponic solutions were renewed daily to minimize nutrient 
depletion and possible isotopic effects caused by the preferential uptake 
of lighter 14N isotope (Kalcsits et al., 2014). The renewal procedure did 

not impose mechanical or cumulative stress, as plants remained undis
turbed in their original supports and were handled identically in control 
and treated groups.

At the end of the exposure period, shoots were harvested, immedi
ately frozen in liquid N2, ground to a fine powder using a mortar and 
pestle, and stored at − 80 ◦C until further analysis.

In the 15N-labeled nitrogen experiments, pre-grown plants (as pre
viously described) were either exposed or not exposed to 90 µM noot
katone for 96 h in the same nutrient solution enriched with 15N-NO₃⁻ at 
10 % atomic percentage. Plants were sampled at 24-hour intervals 
during the incubation. At each time point, roots were washed twice for 
10 minutes in ice-cold water to remove apoplastic NO3

- . Both roots and 
shoots were then frozen in liquid N₂, ground to a fine powder, and 
freeze-dried for subsequent analysis of total N content (Ntot) and 15N 
atomic percentage, as described in the section Stable Isotope Analysis. 
The results were used to calculate the amount of nitrate absorbed during 
each time interval (Fig. 5D). In the same experiment, the amount of 
ammonium absorbed during each time interval (Fig. 5E) was estimated 
as the difference between the change in Ntot and the amount of NO3

- 

taken up by the plants during each time interval, given that the growth 
solution contained only NO3

- and NH4
+ as absorbable N sources.

Measurement of the chlorophyll fluorescence parameter Fv/Fm

The maximum photochemical quantum yield of photosystem II (Fv/ 
Fm) was measured in treated and untreated Arabidopsis thaliana rosettes 
using an open FluorCam 800 imaging system (Photon System In
struments, Drásov, Czech Republic). Prior to measurement, plants were 
dark-adapted for 20 min to ensure complete relaxation of the photo
synthetic apparatus.

During imaging, cool white LED panels (6500 K; 130 × 130 mm) 
were positioned at a 45◦ angle relative to the rosette plane to provide 
uniform actinic illumination. The camera lens was placed 10–15 cm 
above the plants to capture the entire rosette surface. The “quenching 
act 2″ protocol was applied, with a shutter speed of 20 μs and a sensi
tivity setting of 20 %.

Actinic light was delivered at an intensity of 240 μmol m⁻² s⁻¹, while 
saturating pulses were set to 300 μmol m⁻² s⁻¹. These conditions enabled 
accurate and reproducible determination of the Fv/Fm parameter.

GC–MS-driven metabolomic analysis

Frozen and pulverized shoot tissue samples were extracted and 
derivatized following the protocol described by Misra et al. (2020). The 
derivatized extracts were analyzed using an Agilent 8890 gas chro
matograph (Agilent Technologies, USA) coupled to a 5977C 
single-quadrupole GC/MSD. Sample injections were performed using a 
CTC PAL autosampler (CTC Analytics, Switzerland). The GC system was 
equipped with a 30 m × 0.25 mm × 0.25 µm 5MS capillary column and a 
10 m precolumn. Temperature programs, instrument settings, and 
MS-DIAL workflows – including baseline correction, alignment, decon
volution, peak detection, and annotation – were applied as described by 
Misra et al. (2020). Feature annotation was conducted using an in-house 
spectral library developed according to Misra et al. (2019). To ensure 
data quality and monitor retention index (RI) drift, solvent blanks, 
pooled quality control samples, and even-chain C10–C40 n-alkane 
standards were injected at regular intervals. Metabolite identification 
was based on matching RI values and electron ionization mass spectra 
against the proprietary library, with annotations classified as level 2 or 3 
according to the criteria established by Sumner et al. (2007). Because 
GC–MS metabolomics often produces multiple trimethylsilyl (TMS) de
rivatives of the same metabolite, only the most intense and reproducible 
derivative was retained for quantitative and multivariate analyses, in 
accordance with established guidelines. This approach prevents redun
dant features and ensures data robustness.
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Nutrient analysis

For ionome determination, 2 mg of dried and finely ground shoot 
tissue were digested in 1 mL of a 2:1 (v/v) mixture of nitric acid and 
perchloric acid. The resulting digests were solubilized in 5 mL of 2 % (v/ 
v) nitric acid and subsequently analyzed by ICP-MS, as described by 
Orasen et al. (2019). Ammonium content was determined from 150 mg 
of frozen and pulverized shoot tissue, following the protocol outlined by 
Prinsi and Espen (2018). Nitrate content was determined from 150 mg of 
frozen and pulverized shoot tissue according to Cataldo et al. (1975).

Stable isotope analysis

Samples were prepared by placing 1.5 mg of dried and finely ground 
shoot tissues into 5 × 9 mm tin capsules. Each capsule was sealed using 
clean tweezers and subsequently loaded into the autosampler. The total 
nitrogen content and stable nitrogen isotope ratio were determined 
using a Flash 2000 HT elemental analyzer, coupled via a ConFlo IV 
interface to a Delta V Advantage Isotope Ratio Mass Spectrometer 
(IRMS), and controlled through Isodat 3.0 software (Thermo Fisher 
Scientific). The combustion and reduction reactors, housed within a 
single quartz tube, were maintained at 1020 ◦C. Helium was supplied at 
flow rates of 120 mL min⁻¹ for the carrier line and 100 mL min⁻¹ for the 
reference line. For flash combustion, an oxygen purge was applied for 3 s 
at a flow rate of 175 mL min⁻¹ per sample. The gas chromatographic 
(GC) separation column was held at 45 ◦C. At the start of each run, three 
20-second pulses of N₂ reference gas were introduced. The total run time 
for each sample analysis was 600 s. Calibration was carried out using 
secondary reference materials provided by IAEA: IAEA-N-1 (δ15N =
+0.43 ± 0.07 ‰); IAEA-N-2 (δ15N =+20.41 ± 0.12 ‰); IAEA-N-3 (δ15N 
= +4.7 ± 0.2 ‰). Two in-house standards – sulfanilamide (δ15N =
+4.12 ± 0.1 ‰) and methionine (δ15N = +6.12 ± 0.1 ‰) – were used 
for normalization and quality assurance. Isotope ratios were expressed 
in delta (δ) notation in parts per thousand (‰), relative to the interna
tional standard – the atmospheric nitrogen (AIR) – as follows: 

δ15NAIR(%0) =
(
Rsample − Rstandard

)/
(Rstandard) × 1000 

where R is the ratio of the heavy to light isotope in the sample and the 
standard.

Statistical analysis

Metabolomic experiments were conducted using a completely ran
domized design with three biological replicates. Prior to multivariate 
and univariate statistical analyses, metabolite intensities extracted via 
MS-DIAL were normalized to the ribitol internal standard, log₁₀-trans
formed, and Pareto scaled. All data preprocessing was performed using 
the open-source platform MetaboAnalyst 6.0 (Pang et al., 2024). 
Following normalization, unsupervised principal component analysis 
(PCA) and supervised partial least squares discriminant analysis 
(PLS-DA) were performed to identify and visualize metabolic shifts 
among experimental groups. In the PLS-DA model, the variable impor
tance in projection (VIP) score was used to quantify the contribution of 
each metabolite to group separation; metabolites with VIP scores > 1 
were considered significant contributors. Permutational multivariate 
analysis of variance (PERMANOVA) was applied to the principal 
component scores to assess differences among predefined groups, using 
999 random permutations. To prevent overfitting, the PLS-DA model 
was validated through cross-validation and permutation testing (20 
permutations). The model was considered valid only when empirical 
P-values for both Q² and R²Y were ≤ 0.05 and their values approached 1.

Subsequently, pairwise partial correlations between metabolites 
were calculated using debiased sparse partial correlation (DSPC), 
applying a betweenness centrality threshold of 1 to evaluate relation
ships between individual metabolites while accounting for the influence 

of all others (Basu et al., 2017). Univariate analysis was performed using 
one-way ANOVA followed by Fisher’s least significant difference (LSD) 
post hoc test, with statistical significance set at P ≤ 0.05. Quantitative 
data for all other measurements are presented as mean ± standard de
viation (SD). Significance values were adjusted for multiple comparisons 
using the Bonferroni correction. Student’s t-test was used to assess dif
ferences between control and nootkatone-treated plants, with statistical 
significance defined as P < 0.05.

Results

Nootkatone exposure reduces biomass and impairs photosynthetic 
efficiency in Arabidopsis

Arabidopsis plants exposed to increasing concentrations of nootka
tone (0–180 µM) for 192 h exhibited a concentration-dependent 
reduction in both root and shoot biomass accumulation (Fig. 1A,B). 
Photosynthetic performance – evaluated through the maximum photo
chemical quantum yield of photosystem II (Fv/Fm) – also declined in a 
dose-dependent manner (Fig. 1C). Significant reductions in Fv/Fm values 
were observed at concentrations ≥ 45 µM, indicating impaired photo
synthetic efficiency in response to nootkatone exposure. The visual 
assessment of rosette morphology at the end of the treatment period 
aligned with the physiological data (Fig. 1D). Control plants (0 µM) and 
those treated with 11.25 µM nootkatone exhibited healthy and fully 
expanded green rosettes. In contrast, plants exposed to nootkatone 
concentrations ≥ 45 µM showed progressive reductions in size, chlo
rosis, and necrosis, particularly at 90 and 180 µM, consistent with stress- 
induced damage.

Nootkatone induces dose-dependent metabolic reprogramming centered on 
amino acid metabolism

Principal component analysis (PCA) of the metabolite profiles 
revealed a clear dose-dependent separation of Arabidopsis metabolomes 
along the first two components (Fig. 2A). PERMANOVA performed on 
the PCA results yielded an F-value of 8.0288, an R² of 0.76987, and a P- 
value of 0.001 (based on 999 permutations), indicating strong separa
tion among predefined groups in multivariate space (high F), with 
approximately 67 % of the total variance explained (high R²), and a 
highly significant grouping pattern unlikely to have occurred by chance 
(P = 0.001). The three biological replicates for each nootkatone treat
ment clustered tightly, indicating high experimental and analytical 
repeatability. Principal component 1 (PC1) accounted for 48.7 % of the 
total variance and primarily separated the highest nootkatone concen
trations (90 and 180 µM) from both the control (0 µM) and low-dose 
treatments (11.25 and 22.5 µM). Principal component 2 (PC2) 
explained an additional 18.6 % of the variance, further distinguishing 
the intermediate concentration (45 µM) from the extremes (Fig. 2A). 
Collectively, the first two principal components accounted for the ma
jority of metabolic alterations induced by nootkatone exposure, high
lighting a concentration-dependent reprogramming of the Arabidopsis 
metabolome (Fig. 2A). The PC1 loading vector was primarily defined by 
metabolites such as citrulline, glutamine, L-ornithine, tryptophan, citric 
acid, asparagine, and pantothenic acid. In contrast, PC2 was mainly 
driven by fumaric acid, mannitol, galactose, fructose, methylsuccinic 
acid, threonic acid, L-ornithine, β-alanine, urea, phosphate, and sorbitol 
(Fig. 2B; Table S1).

Since PCA provided an unbiased overview of variance and confirmed 
dose-dependent metabolic trends without incorporating class informa
tion, supervised PLS-DA was subsequently applied to maximize group 
separation, identify key discriminant metabolites through variable 
importance in projection (VIP) scores, and enhance the interpretability 
of dose-related metabolic signatures. The supervised PLS-DA model, 
constructed using the same dataset, enhanced and substantiated the 
dose-dependent clustering initially observed through PCA by leveraging 
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known treatment labels to optimize inter-class variance. While PCA 
began to differentiate between high and low nootkatone concentrations, 
PLS-DA yielded more compact and clearly separated clusters across all 
six tested concentrations (0–180 µM). This was evidenced by elevated 
R²Y and Q² values (approaching 1) and a score plot exhibiting no overlap 
between groups (Fig. 2C; Table S1). Model robustness was confirmed 
through cross-validation and a 20-fold permutation test, with empirical 
P-values ≤ 0.05 for both Q² and R²Y, indicating the absence of over
fitting (Table S1). Furthermore, the 334 metabolites with VIP scores 
exceeding 1 were categorized into distinct chemical classes (Fig. 2D). 
Amino acids and their derivatives, which represented the most abundant 
class of metabolites, included citrulline, tryptophan, glutamine, L-orni
thine, asparagine, glutamic acid, L-aspartic acid, L‑serine, proline, 
γ-aminobutyric acid (GABA), and pyroglutamic acid. Tricarboxylic acid 
(TCA) cycle intermediates included citric acid and malic acid. Sugars 
and sugar derivatives comprised glucose, xylulose, and β-lactose. 
Phenolic and phenylpropanoid compounds consisted of sinapinic acid 
and 1,4-benzenedicarboxylic acid. Glucosinolates and indolic com
pounds were represented by sinigrin and 3-indoleacetonitrile. The py
rimidine derivative 5,6-dihydrouracil and the polyamine spermidine 
were also detected. Lipid-related metabolites included long-chain al
kanes (tricosane, heneicosane, tetracosane, and pentacosane) and fatty 
acids (heptadecanoic, nonadecylic, stearic, and icosanoic acids). Pan
tothenic acid was the only compound identified in the cofactor-related 
category.

The heatmap adjacent to the VIP score plot illustrates the concen
tration changes of each metabolite across the entire range of nootkatone 
contractions tested (Fig. 2D). Notably, most of the amino acids were 
characterized by a dose-dependent increase. In addition, ANOVA 
revealed that 51 out of 81 metabolites were significantly affected by the 
treatments. These metabolites were visualized in a heatmap (Fig. 3), 
which displays their relative scaled abundances (rows) across the six 
nootkatone treatment groups. Hierarchical clustering was applied to 
both metabolites and samples. In the sample dendrogram (top), the 
highest concentrations (90 and 180 µM) formed a distinct cluster, clearly 

separated from the control group and the lower to intermediate con
centrations (classes 11.25 and 22.50 µM) (Fig. 3). Metabolites were 
grouped into three major clusters, as shown in the left dendrogram. The 
uppermost cluster predominantly comprised metabolites that were 
upregulated (red) at the highest nootkatone concentrations and down
regulated (blue) at lower doses. In contrast, the lowermost cluster 
exhibited the opposite trend, with the highest relative abundances 
observed in control and low-dose treatments, and reduced levels at 
higher concentrations. The intermediate cluster displayed more subtle 
shifts, characterized by moderate changes in abundance across the mid- 
range treatments.

The debiased sparse partial correlation (DSPC) network was found to 
be organized around a central cluster of amino acids and related me
tabolites. 1,4-Benzenedicarboxylic acid [degree = 10; betweenness =
27.17] and pantothenic acid [degree = 9; betweenness = 20.26] showed 
the highest connectivity and centrality, indicating a key role in linking 
different regions of the network (Fig. 4, Table S2). However, several 
amino acids were identified as major hubs. Asparagine [degree = 8; 
betweenness = 48.4], L-aspartic acid [degree = 8; betweenness =
26.14], glutamine [degree = 9; betweenness = 19.58], and glutamic 
acid [degree = 6; betweenness = 21.71] were located in the dense core 
of the network, where strong positive associations were concentrated. 
Their position reflects the central involvement of amino acid meta
bolism in maintaining network connectivity. High betweenness values 
were also recorded for citrulline [degree = 4; betweenness = 18] and 
GABA [Degree = 3; Betweenness = 20], suggesting that these metabo
lites act as bridges between amino acid metabolism and other 
biochemical processes (Fig. 4, Table S2). Peripheral structures were 
observed in contrast to the amino acid-rich core. Hydrocarbons such as 
heneicosane [degree = 2; betweenness = 0] and tricosane [degree = 2; 
betweenness = 0] formed an isolated cluster, showing limited integra
tion with the main network. In addition, organic acids such as malic acid 
[degree = 7; betweenness = 42.14] and glycolic acid [degree = 8; 
betweenness = 38.4] displayed the highest betweenness overall, indi
cating a bridging role between the amino acid cluster and pathways 

Fig. 1. Growth and chlorophyll fluorescence of Arabidopsis plants exposed to increasing nootkatone concentrations. Plants were exposed to increasing concen
trations of nootkatone (0–180 µM) for 192 h. (A) Root dry weight. (B) Shoot dry weight. (C) Dark-adapted maximum photochemical quantum yield of photosystem II 
(Fv/Fm). (D) Arabidopsis rosettes at the end of nootkatone exposure. Data are the mean and SD of two experiments run in quadruplicate (n = 8). Different letters 
indicate significant differences (P < 0.05). DW, dry weight.
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linked to carbohydrate and energy metabolism (Fig. 4, S2).

Nootkatone disrupts nitrogen uptake and mineral nutrient homeostasis

The impact of increasing concentrations of nootkatone on the 
nutritional status of Arabidopsis plants was assessed by quantifying the 
accumulation of various mineral nutrients in rosette tissues. For these 
experiments, plants were grown in a complete hydroponic solution 
containing three distinct sources of inorganic nitrogen, each character
ized by a specific natural-abundance isotopic signature: 0.5 mM Ca 
(NO₃)₂ (δ¹⁵N = 2.63 ± 0.06 ‰), 0.75 mM KNO₃ (δ¹⁵N = 3.78 ± 0.11 ‰), 
and 1.75 mM NH₄Cl (δ¹⁵N = − 10.23 ± 0.25 ‰). The δ¹⁵N value of the 

total nitrogen pool in the nutrient solution was − 3.55 ± 0.06 ‰. The use 
of nitrogen sources with distinct isotopic signatures at natural abun
dance enabled the estimation of the relative contribution of each ni
trogen form (nitrate and ammonium) to the total nitrogen accumulated 
in rosette tissues.

Increasing concentrations of nootkatone did not significantly affect 
total nitrogen levels, except at the highest dose tested, which resulted in 
a 39 % reduction compared to the untreated control (Fig. 5A). Shoot 
nitrate levels decreased significantly in a dose-dependent manner with 
increasing nootkatone concentrations (Fig. 5B). By contrast, a signifi
cant increase in shoot ammonium levels was observed following noot
katone exposure; for example, at 45 µM, ammonium concentration was 

Fig. 2. Multivariate analysis of metabolomic responses in shoots of Arabidopsis plants exposed to increasing nootkatone concentrations. Plants were exposed to 0 µM 
(red), 11.25 µM (green), 22.5 µM (blue), 45 µM (cyan), 90 µM (magenta) and 180 µM (yellow) nootkatone for 192 h. Metabolite profiling was performed by gas 
chromatography–mass spectrometry (GC–MS). Each treatment group included three biological replicates (n = 3). (A) Principal component analysis (PCA) score plot 
showing unsupervised clustering of samples. Principal components 1 and 2 explain 49.0 % and 18.5 % of the total variance, respectively. (B) Corresponding PCA 
loading plot indicating the contribution of individual metabolites to the separation of samples. (C) Partial least-squares discriminant analysis (PLS-DA) score plot 
showing supervised separation of the six treatment groups. Component 1 and component 2 explain 48.9 % and 13.8 % of the variance, respectively. Ellipses represent 
95 % confidence intervals for each group. (D) Variable Importance in Projection (VIP) scores for metabolites with VIP > 1, ranked from highest to lowest. Each dot 
represents one metabolite. The adjacent heatmap displays normalized abundances of these VIP-selected metabolites across the six treatment groups, highlighting 
dose-dependent changes in metabolite levels. The raw data and statistics are reported in Table S1.
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2.4-fold higher than in control plants (Fig. 5C).
Isotopic analyses revealed that shoot tissues were consistently 

depleted in ¹⁵N relative to the nutrient solution. The δ¹⁵N values pro
gressively decreased with increasing nootkatone concentrations, ulti
mately approaching the isotopic signature of the ammonium source in 
the medium (Fig. 5D).

Significant effects of nootkatone exposure were also observed on the 
homeostasis of several mineral nutrients in shoot tissues (Fig. 6), 
including phosphorus (P), potassium (K), calcium (Ca), magnesium 
(Mg), iron (Fe), and molybdenum (Mo). The concentrations of specific 
elements exhibited dose-dependent trends, with Fe levels increasing and 
K, Ca, Mg, and Mo levels decreasing as nootkatone concentrations in the 
growth medium increased.

Nootkatone alters nitrogen source preference by promoting ammonium 
over nitrate uptake

Based on nitrogen-related data suggesting that nootkatone may alter 
the relative uptake of nitrate and ammonium, a 15N-labeled nitrogen 
experiment was set up to further investigate its influence on the 
assimilation of these two inorganic nitrogen sources. In this experiment, 
Arabidopsis plants previously grown under standard hydroponic con
ditions were incubated for 96 h in a nutrient solution enriched with 15N- 
NO3

- (10 atom %), either in the absence or presence of 90 µM nootka
tone. The results indicated that nootkatone did not significantly affect 
total nitrogen accumulation in whole plants throughout the incubation 
period (Fig. 7A). A similar trend was observed when roots and shoots 
were analyzed separately, suggesting that nootkatone did not alter total 
nitrogen partitioning within the plant (Fig. 7B,C). However, its presence 
in the growth medium significantly influenced the relative utilization of 

Fig. 3. Heatmap of metabolites significantly affected by nootkatone exposure in Arabidopsis. Metabolites showing significant differences among treatments were 
identified by one-way ANOVA followed by Fisher’s LSD post-hoc test (P ≤ 0.05). The heatmap displays normalized intensities of 52 metabolites (rows) that differed 
significantly in shoots of Arabidopsis plants exposed to increasing concentrations of nootkatone (from 0 to 180 µM) for 192 h (columns). Each class includes three 
biological replicates (n = 3). Hierarchical clustering of both metabolites and treatment groups was performed using Euclidean distance and Ward’s linkage method. 
The colour gradient (blue to red) represents relative metabolite abundance within each treatment group, with red indicating higher and blue indicating lower levels. 
The raw data and statistics are reported in Table S1.
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the two inorganic nitrogen sources, repressing nitrate absorption while 
promoting ammonium uptake (Fig. 7D,E). These responses were asso
ciated with changes in ammonium accumulation in shoot tissues, which 
were significantly higher in plants exposed to nootkatone (Fig. 7F).

Discussion

Exposure of Arabidopsis thaliana to increasing concentrations of 
nootkatone produced marked phytotoxic effects, as evidenced by a dose- 
dependent reduction in plant biomass and visible morphological dam
age to rosette tissues (Fig. 1). The first visible symptoms appeared at 45 
µM – a relatively low concentration compared to those typically required 
to elicit significant effects from other plant specialized metabolites 
(Graña et al., 2013; Araniti et al., 2017b; López-González et al., 2020) – 
and progressively intensified at 90 and 180 µM, culminating in severe 
leaf chlorosis and necrosis (Fig. 1D). Comparable outcomes have been 
widely reported in Arabidopsis plants treated with other terpenoids 
(Graña et al., 2013; Araniti et al., 2017b, 2020; Landi et al., 2020). Such 
a behavior likely reflects a state of acute stress, as further evidenced by a 
marked decline in the chlorophyll fluorescence parameter Fv/Fm at 
nootkatone concentrations ≥ 45 µM (Fig. 1C). This reduction indicates a 
substantial impairment of the photosynthetic apparatus, particularly 
photosystem II (PSII), consistent with responses previously reported for 
other natural phytotoxic compounds, driven by the accumulation of 
reactive oxygen species (ROS) and the resulting damage to the antenna 
complex (Hejl et al., 1993; Hussain et al., 2011; Uddin et al., 2012; 
Araniti et al., 2018; Dalal et al., 2018; Hussain and Reigosa, 2021).

To elucidate the metabolic pathways involved in nootkatone- 

induced phytotoxicity, a comprehensive metabolomic analysis was 
performed using gas chromatography–mass spectrometry (GC–MS). The 
results revealed clear dose-dependent metabolic alterations, indicating 
significant disruptions in primary metabolic processes (Fig. 2; Fig. 3). 
Integration of metabolomic data with DSPC network analysis enabled 
the identification of critical metabolic nodes and the mapping of con
nections among key metabolites, thereby revealing perturbations at the 
biochemical pathway level (Fig. 4). This statistical approach enabled the 
reconstruction of sparse networks by estimating direct associations be
tween metabolites, thereby reducing spurious correlations and 
providing a more reliable view of their functional interconnections 
(Basu et al., 2017). Network analysis identified glutamic acid as a 
metabolite with high connectivity and centrality, suggesting its role as a 
key metabolic hub. In this context, the degree – a measure of the number 
of direct connections a node possesses – highlights hub metabolites that 
coordinate multiple pathways. Meanwhile, betweenness centrality 
quantifies the role of a metabolite in bridging distinct clusters, identi
fying compounds that act as biochemical mediators between different 
metabolic routes. These parameters are particularly valuable for spot
ting key metabolites that orchestrate pathway reprogramming under 
stress conditions (Basu et al., 2017). In plants, glutamic acid plays a 
central role in nitrogen metabolism, functioning as a precursor or in
termediate in the biosynthesis of amino acids, nitrogen-containing sec
ondary metabolites, and signaling molecules (Forde and Lea, 2007).

The identification of significant correlations between amino acids 
and phenolic metabolites, such as sinapic acid, underscores the potential 
interaction between primary nitrogen metabolism and secondary 
metabolic pathways, possibly reflecting the plant's attempt to cope with 

Fig. 4. Correlation network of metabolites distinguishing nootkatone-treated from untreated Arabidopsis plants. The network was generated using the DSPC al
gorithm based on metabolites that significantly differentiated nootkatone-treated plants from controls (n = 3). Blue nodes represent individual metabolites. Red edges 
indicate positive correlations, while blue edges indicate negative correlations between metabolite pairs. The raw data and statistics are reported in Table S1.

A. Zambelli et al.                                                                                                                                                                                                                               Plant Stress 19 (2026) 101223 

7 



the stress condition through activation of protective metabolic routes 
(Widhalm and Dudareva, 2015). Moreover, the presence of peripheral 
metabolite clusters, including lipophilic compounds such as tricosane 
and heneicosane, suggests broader metabolic reprogramming poten
tially involving alterations in cell membrane integrity and activation of 
oxidative stress responses, processes commonly affected under toxic 
conditions (Chaimovitsh et al., 2017; Araniti et al., 2018; Verdeguer 
et al., 2020). In this context, the observed increase in GABA – a known 
stress-responsive metabolite – may further support the hypothesis of a 
generalized effect of nootkatone on the plant’s redox status (Rastegar 
and Sayyad-Amin, 2025). Collectively, the DSPC network analysis 
highlights a multifaceted impact of nootkatone, with a predominant 
focus on nitrogen-related metabolic processes. Similar alterations in 
nitrogen metabolism have been reported following exposure to other 
natural allelochemicals, including coumarin (Chen et al., 2011; Zhou 
et al., 2013; Lupini et al., 2018), dihydrodiconiferyl alcohol and lar
iciresinol (Carillo et al., 2010), and p-hydroxybenzoic acid (Yu et al., 
2020).

Besides its notable effects on the levels of certain nitrogen-containing 
organic compounds, such as amino acids, nootkatone exposure signifi
cantly impacted nitrogen nutrition and ionic homeostasis in Arabidopsis 
plants (Fig. 5; Fig. 6). One of the most striking responses was a sub
stantial shift in the nitrate-to-ammonium ratio in shoot tissues. Under 
control conditions (i.e., in the absence of nootkatone), this ratio was 
approximately 12.4; however, it declined sharply to around 1.2 at the 

highest nootkatone concentration analyzed. This shift was primarily 
driven by a sharp decrease in nitrate accumulation, accompanied by a 
comparatively moderate increase in ammonium accumulation (Fig. 5). 
Although these two inorganic nitrogen forms are metabolically inter
connected – since ammonium can be generated via nitrate reduction 
(Salsac et al., 1987; Hawkesford et al., 2023) – the observed pattern does 
not appear to result from enhanced nitrate reduction activity in the 
plants. This interpretation is further supported by N stable isotope 
analysis in natural abundance, which revealed a dose-dependent shift in 
the δ¹⁵N signature of shoot tissues toward the isotopic composition of the 
ammonium source present in the hydroponic solution (Fig. 5D). These 
results reinforce the hypothesis that nootkatone modulates the relative 
uptake of nitrate and ammonium, rather than affecting nitrate reduction 
processes within plant tissues. In other words, nootkatone appears to 
influence the plant’s capacity to selectively absorb the two inorganic 
nitrogen sources when both are simultaneously available in the growth 
medium. This shift in nitrogen source preference was corroborated by 
15N-labeled experiments, which enabled direct quantification of a 
marked reduction in 15N-NO₃⁻ uptake in the presence of nootkatone 
(Fig. 7D). Notably, this reduction was not associated with changes in the 
total nitrogen content of the plant (Fig. 7A), suggesting that the 
decreased nitrate uptake was compensated by enhanced ammonium 
absorption (Fig. 7E).

Within this logical framework, increased ammonium uptake may 
represent a key upstream event in a possible cause-effect relationship, 

Fig. 5. Nitrogen nutritional status and stable nitrogen isotope composition in shoots of Arabidopsis exposed to increasing nootkatone concentrations. Plants were 
exposed to increasing concentrations of nootkatone (0–180 µM) for 192 h. (A) Total nitrogen concentration. (B) Nitrate concentration. (C) Ammonium concentration. 
(D) Stable nitrogen isotope composition (δ¹⁵N). Data are the mean and SD of two experiments run in quadruplicate (n = 8). Different letters indicate significant 
differences (P < 0.05). DW, dry weight.
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whereby elevated ammonium levels stimulate the synthesis of amino 
acids and other nitrogen-containing metabolites. This interpretation is 
consistent with the metabolic reprogramming observed in nootkatone- 
treated plants (Fig. 2; Fig. 3). In other words, these alterations may 
primarily result from a physiological condition induced by an imbal
anced utilization of the two nitrogen forms, a phenomenon commonly 
referred to as ammonium toxicity (Britto and Kronzucker, 2002; Esteban 
et al., 2016; Xiao et al., 2023). The manifestation of typical symptoms 
associated with ammonium toxicity – such as leaf chlorosis, necrosis, 
and stunted growth – often reflects a complex physiological syndrome, 
the components of which are partially mirrored in the metabolic and 
physiological profiles observed in nootkatone-exposed plants.

The accumulation of free amino acids in plant tissues is frequently 
observed when ammonium is supplied as the sole nitrogen source, in 
comparison to conditions where nitrate is provided alone (Harada et al., 
1968; Magalhaes and Wilcox, 1984; Blacquière et al., 1988; Majerowicz 

et al., 2000; Domínguez-Valdivia et al., 2008). A fully consistent pattern 
was observed in the present study, whereby a substantial number of 
amino acids accumulated in shoot tissues in relation to the external 
concentration of nootkatone and the accumulation of ammonium in 
shoot tissues (Fig. 3, Fig. 5C). This accumulation appears to be linked to 
the rapid assimilation of absorbed ammonium in response to a stress 
condition or a metabolic imbalance, as it did not lead to enhanced 
growth, but rather to its inhibition (Fig. 1), an outcome typically asso
ciated with ammonium toxicity (Britto and Kronzucker, 2002). Finally, 
ammonium stress in plants is often associated with the accumulation of 
nitrogen-rich intermediates such as L-ornithine and citrulline, which 
serve as key nodes in both nitrogen detoxification and polyamine 
biosynthesis pathways (Urra et al., 2022; Buezo et al., 2025). However, 
the observed increase in GABA – a product of polyamine catabolism – 
suggests that, under nootkatone-induced stress, plants may prioritize the 
accumulation of putrescine-derived catabolites as part of a rapid stress 

Fig. 6. Elemental composition in shoots of Arabidopsis exposed to increasing nootkatone concentrations. Plants were exposed to increasing concentrations of 
nootkatone (0–180 µM) for 192 h. (A) Phosphorus. (B) Potassium. (C) Calcium. (D) Magnesium. (E) Iron. (F) Zinc. (G) Copper. (H) Manganese. (I) Molybdenum. Data 
are the mean and SD of two experiments run in quadruplicate (n = 8). Different letters indicate significant differences (P < 0.05). DW, dry weight.
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response. The concurrent reduction in spermidine levels, despite 
elevated concentrations of upstream precursors such as L-ornithine and 
citrulline, may reflect a strategic metabolic shift favoring immediate 
stress mitigation over long-term growth-related functions (Fig. 3).

The high ammonium concentration is consistent with the observed 
decrease in the levels of key cations – such as potassium (K⁺), calcium 
(Ca²⁺), and magnesium (Mg²⁺) – in the shoot tissues of nootkatone- 
treated plants (Fig. 6). This pattern is a well-documented symptom of 
ammonium stress in plants, wherein excessive ammonium uptake dis
rupts ionic balance and interferes with the acquisition of essential cat
ions (Van Beusichem et al., 1988; Coskun et al., 2013; Coleto et al., 
2023; Wdowiak et al., 2024). In this study, a dose-dependent increase in 
iron concentration was observed in the shoot tissues of Arabidopsis 
plants exposed to increasing levels of nootkatone (Fig. 6E). This finding 
is consistent with the mechanistic framework recently described in 
Arabidopsis, whereby ammonium-based nutrition disrupts iron ho
meostasis, leading to excessive iron accumulation, particularly under 
conditions of impaired nitrate uptake, as observed in the present work 
(Li et al., 2025). Finally, the reduced accumulation of molybdenum in 
shoot tissues may be indirectly associated with the negative effect of 
nootkatone on nitrate uptake (Fig. 6I). The resulting decrease in cellular 
nitrate availability could, in turn, lower the demand for the molybde
num cofactor (Moco), which is essential for nitrate reductase activity 
(Hewitt and Gundry, 1970; Mendel and Hänsch, 2002).

Under ammonium stress, the reduction in inorganic cation levels is 
often accompanied by a depletion of TCA cycle intermediates and 

disturbances in pH regulation processes (Britto and Kronzucker, 2005; 
Hachiya et al., 2021; Xiao et al., 2023). However, our results indicate 
that following exposure to increasing concentrations of nootkatone, the 
ammonium toxicity profile is associated with a progressive increase in 
the levels of certain TCA cycle intermediates, such as citric acid and 
malic acid (Fig. 3). This apparent inconsistency is likely due to the fact 
that the nootkatone treatments were conducted in hydroponic solutions 
containing equal concentrations of nitrate and ammonium (1.75 mM 
each). It is indeed well known that under co-provision conditions, small 
amounts of nitrate can mitigate ammonium toxicity in several species, 
including Arabidopsis (Xiao et al., 2023). It has been shown that nitrate 
supply can accelerate ammonium assimilation and promote the syn
thesis of organic acids in the TCA cycle, which are essential to sustain 
amino acid biosynthesis (Du et al., 2021). This effect is likely due to the 
fact that nitrate reduction, being a proton-consuming activity, mitigates 
the acidic stress caused by ammonium assimilation (Britto and Kron
zucker, 2005; Hachiya et al., 2021). This mechanism helps maintain pH 
homeostasis and creates conditions favorable for organic acid synthesis, 
likely through the activation of pH-stat mechanisms such as those 
involving phosphoenolpyruvate carboxylase (Davies, 1986; Britto and 
Kronzucker, 2005). Within this conceptual framework, the different 
proton balance achievable under co-provision conditions could explain 
the effect of nootkatone on the accumulation of organic acids in Ara
bidopsis shoots. Although the majority of the data support the hypoth
esis that nootkatone-induced toxicity is reasonably associated with a 
disruption in nitrogen nutrition – resulting in increased ammonium 

Fig. 7. Time course of nitrogen accumulation and nitrate and ammonium absorption in Arabidopsis plants exposed to nootkatone. Plants were incubated for 96 h in a 
nutrient solution enriched with 15N-NO3

- (10 atom %), either in the absence or presence of 90 µM nootkatone. (A) Total nitrogen in the whole plant. (B) Total nitrogen 
in root tissues. (C) Total nitrogen in shoot tissues. (D) NO3

- absorbed from the growth medium. (E) NH4
+ absorbed from the growth medium. (F) NH4

+ accumulation in 
the shoot tissues. Data are the mean and SD of two experiments run in quadruplicate (n = 8). Different letters indicate significant differences (P < 0.05). Asterisks 
indicate significant differences between PF and AWD (Student’s t-test; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). DW, dry weight.
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uptake – several aspects of nootkatone’s physiological impact remain to 
be fully elucidated. Chief among these is the identification of the pri
mary factor driving the shift toward a predominantly ammonium-based 
nitrogen nutrition.

Nitrate assimilation is a highly energy-demanding process that re
quires both ATP and reducing equivalents. Under standard conditions, 
photorespiration plays a critical role in maintaining cellular redox bal
ance by generating NADH in the mitochondria during glycine decar
boxylation (Nunes-Nesi et al., 2010). It has been documented that 
inhibition of photorespiratory activity under high CO2 results in a 
diminished capacity of the plants to reduce nitrate to ammonium, 
highlighting the critical role of photorespiration in maintaining redox 
balance and supporting nitrate reduction in C₃ plants (Bloom et al., 
2010). Although further investigation is required, the observed decrease 
in glycolic acid levels with increasing concentrations of nootkatone in 
the growth medium (Fig. 3) points to a potential effect of this compound 
on the carboxylase/oxygenase activity of Rubisco. This, in turn, may 
indicate an involvement of the C2 photorespiratory cycle in the reduced 
nitrate assimilation capacity observed in nootkatone-exposed plants. 
Moreover, a reduction in photorespiratory activity could also compro
mise the plant’s ability to dissipate excess excitation energy generated 
during the light reactions of photosynthesis, thereby increasing sus
ceptibility to photoinhibition (Kozaki and Takeba, 1996). This effect 
could further exacerbate the stress condition induced by ammonium 
accumulation in the green tissues. Within this conceptual framework, 
the overall availability of reducing power may potentially represent a 
key regulatory factor controlling the metabolic shift between nitrate and 
ammonium uptake. However, the limited amount of data currently 
available leaves room for alternative interpretations, in which the 
decrease in glycolate levels does not necessarily constitute evidence of 
lowered photorespiration. Instead, the decline in glycolate could plau
sibly reflect an accelerated turnover within the photorespiratory 
pathway, driven by enhanced transamination reactions and the high 
availability of amino donors. This interpretation is supported by the 
observed increase in photorespiratory amino acids – i.e., glycine and 
serine (Fig. 3) – which suggests that under nootkatone exposure, 
photorespiration operates in an “open” mode to provide carbon skele
tons and detoxify excess ammonium. Such behavior has recently been 
observed in tomato leaves, where several photorespiratory enzyme ac
tivities (phosphoglycolate phosphatase, glycolate oxidase, hydroxypyr
uvate reductase) are maintained or even increased under ammonium 
stress, and serine synthesis is stimulated (Vega-Mas et al., 2024). In this 
way, the reduction in nitrate uptake observed in nootkatone-exposed 
plants could be interpreted as a consequence of redox and organic 
acid reallocation toward rapid ammonium assimilation, rather than as a 
necessary decline in Rubisco oxygenase activity or overall photorespi
ration. Further investigations will therefore be necessary to deepen and 
clarify the photorespiratory implications in the biological processes 
altered by nootkatone.

Finally, the fact that a single molecule can exert opposite effects on 
nitrate and ammonium uptake suggests that nootkatone may act on an 
upstream regulatory process controlling the preferential absorption of 
one nitrogen form over the other, possibly at the transcriptional level. 
However, it cannot be ruled out that the observed variations in nitrate 
and ammonium uptake are due to a direct interaction of nootkatone 
with the plasma membrane, nor that the reduction in nitrate uptake is 
simply the final outcome of enhanced ammonium uptake. In the latter 
scenario, the decrease in nitrate uptake could result from feedback 
regulation triggered by the accumulation of organic compounds con
taining reduced nitrogen (Orebamjo et al., 1975; Glass et al., 2002; 
Hachiya and Sakakibara, 2017; Rivero-Marcos, 2025). In all these con
texts, the observed metabolic and physiological responses would result 
from altered nutritional preferences rather than from a direct, multi
faceted effect of nootkatone on different processes.

Conclusions

This study provides a detailed mechanistic insight into the phyto
toxicity of nootkatone in Arabidopsis thaliana. The integration of physi
ological, metabolic, and isotopic data supports the hypothesis that 
nootkatone interferes with primary metabolism and nitrogen nutrition 
by promoting ammonium over nitrate uptake. These alterations lead to 
metabolic imbalance and stress responses consistent with ammonium 
toxicity.

Given its natural origin and multifaceted bioactivity, nootkatone 
represents a promising candidate for the development of sustainable and 
environmentally friendly weed management strategies.

It should be noted that, although hydroponics provides precise 
control and high analytical reproducibility, it does not capture complex 
processes associated with soil dynamics (such as adsorption and 
degradation) or plant–soil–microbe interactions that may occur under 
field conditions, which could substantially influence nootkatone avail
ability in natural environments. Moreover, the continuous exposure 
imposed by hydroponic systems may lead to an overestimation of 
nootkatone phytotoxicity compared with soil cultivation, where plants 
typically experience a single application followed by a gradual decline in 
compound concentration. Therefore, our findings should be interpreted 
within the context of a simplified system, and future soil-based studies 
using one-time application designs will be essential to assess the realistic 
relevance of nootkatone.

Importantly, based on the effects described in this study, we would 
also like to emphasize that nootkatone may serve as a valuable tool for 
dissecting the molecular mechanisms that regulate the preferential up
take of nitrate or ammonium when both nitrogen sources are available 
to plants.
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