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Abstract

Background and aims Modern agriculture requires
smart and sustainable fertilization approaches. A
strategy to delay the nitrification losses involves the
use of nitrification inhibitors. Similarly, biostimu-
lants may enhance nutrient uptake efficiency. This
study aims to evaluate the potential synergistic effects
of the 3,4-DMPP nitrification inhibitor (NI) and an
Ascophyllum nodosum-based biostimulant (ANDb)
in mitigating nitrogen losses while maintaining the
growth and physiological performance of tomato
plants under low-nitrogen conditions.

Methods Tomato (Solanum lycopersicum L.) plants
were subjected to different levels of nitrogen regimes
combined with NI and AND applications. Physiologi-
cal traits, yield, soil and leachate nitrogen dynamics
were assessed. Untargeted metabolomics of leaves

Responsible Editor: Cleiton Breder Eller.

G. Del Vecchio - H. Salehi - A. Castro-Cegri -

L. Lucini (<)

Department for Sustainable Food Process, Universita
Cattolica del Sacro Cuore, Piacenza, Italy

e-mail: luigi.lucini @unicatt.it

F. Ardenti - A. Fiorini
Department for Sustainable Crop Production, Universita
Cattolica del Sacro Cuore, Piacenza, Italy

L. Lucini

Institute of Bioimaging and Biological Complex Systems
(IBSBC), National Research Council (CNR), Milan, Italy

Published online: 13 February 2026

and roots was performed to elucidate treatment
related metabolic reprogramming.

Results  Under nitrogen-limited conditions, the com-
bined application of ANb and NI reduced NO;™ in
leached water by 48% compared to NI applied alone
at 14 days after the transplant. This combined treat-
ment enhanced photosynthetic efficiency (Phi2), dur-
ing both early and late development stages, increas-
ing Phi2 values by 34.1% and 73.5%, respectively,
compared to 0% N-fertilization treatment. Untar-
geted metabolomics pointed out distinct metabo-
lomic reprogramming triggered by the combination
of NI with AND, with the most pronounced modula-
tions detected in early-stage leaves, in a way related
to abiotic stress resilience, defence mechanisms, and
carbon—nitrogen balance. Moreover, the combination
of NI and low nitrogen resulted in lower malondialde-
hyde (MDA) accumulation in harvested leaves.
Conclusions Our findings confirm the impact of NI
in low nitrogen conditions, while outlining the com-
plementary and positive contribution of its combina-
tion with ANb.

Keywords Seaweed-based biostimulant -
Nitrogen dynamics - Metabolomics - Photosystem II
efficiency - Sustainable agriculture

Abbreviations

NI 3,4-DMPP nitrification inhibitor

ANb Ascophyllumnodosum-Based biostimulant
MDA Malondialdehyde
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NUE Nitrogen use efficiency

N Nitrogen

C Carbon
NO;~ Nitrate

N,O Nitrous oxide
NH,* Ammonium

N-NOs~ N-nitrate
N-NHs+* N-ammonium
DAT Days after transplanting

WHC Water Holding Capacity

Phi2 Quantum yield of photochemical energy
conversion in PSII

PhiNO  Quantum yield of non-regulator non-pho-

tochemical energy loss in PSII
PhiNPQ Quantum yield of regulated non-photo-
chemical energy loss in PSII
ESL Early-stage leaf samples
LSL Late-stage leaf samples

RS Root samples
VIP Variable Importance in Projection
Introduction

Nitrogen (N) is an essential element for all living
organisms, and nitrogen-containing compounds are
widely involved in plants in photosynthesis, carbon
(C) and N metabolism, hormone regulation, and many
other physiological processes (Anas et al. 2020). Still,
nitrogen is often the most limiting among soil nutri-
ents (Agren et al. 2012), making nitrogen-based fer-
tilizers indispensable for modern agriculture, which
is required to meet the food demand of a constantly
growing global population (Stewart et al. 2005).
However, their massive application has altered the
nitrogen cycle, negatively impacting human health,
biodiversity, and crop yields (Howarth 2004).

One explanation is given by plants’ inefficient
nitrogen use efficiency (NUE), measuring the sys-
tem’s efficiency in converting nitrogen inputs into
yield outputs (Fageria and Baligar 2005). Notably,
data has demonstrated that more than half of the
nitrogen applied as fertilizer is lost to the environment
through gaseous and hydrological pathways (Lassal-
etta et al. 2014). Motavalli et al. (2008) pointed out
that nitrogen losses in agriculture primarily occur as
nitrate leaching, erosion, and runoff in the soil and as
ammonia and nitrogen oxides in the atmosphere. Spe-
cifically, elevated nitrate levels in groundwater pose
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serious human health risks (Ward et al. 2018) and
harm aquatic biodiversity (Banerjee et al. 2023). Con-
sequently, several solutions have been investigated to
mitigate nitrogen losses and reduce synthetic fertilizer
usage in modern agriculture. These efforts aim to
promote greener, more sustainable, and regenerative
agricultural practices (Mahmud et al. 2021). Signifi-
cant attention has been paid to nitrification inhibitors
among the emerging alternative nutrient manage-
ment strategies. These molecules can reduce nitro-
gen losses in the forms of nitrate (NO5™) and nitrous
oxide (N,O), thereby improving nitrogen use effi-
ciency (NUE) and enhancing nitrogen uptake by the
rhizosphere (Beeckman et al. 2024; Qiao et al. 2015;
Abalos et al. 2014). One of the most widely used is
3.4-dimethylpyrazole phosphate (3,4-DMPP, referred
to as NI in the text). 3,4-DMPP has been investigated
to reduce nitrogen losses and enhance nitrogen uptake
efficiency significantly (Li et al. 2008; Menéndez
et al. 2012; Martinez-Alcéantara et al. 2013). Specifi-
cally, it delays the oxidation of ammonium (NH,*) by
inhibiting the enzymatic activity of nitrifying bacte-
ria, particularly Nitrosomonas, in the initial stage of
the nitrification process. This inhibition typically lasts
from 4 to 10 weeks under field conditions, depend-
ing on temperature, and results in reduced nitrate
(NO;") leaching and nitrous oxide (N,O) emissions
(Vilas et al. 2019; Zerulla et al. 2001). Indirectly, its
application enhances nitrogen utilization efficiency,
potentially leading to reduced nitrogen fertilizer
applications.

On the other hand, another alternative to mitigating
the severe environmental threats posed by synthetic
fertilizers is given by plant biostimulants. According
to Du Jardin (2015), biostimulants are substances or
microorganisms that enhance plant tolerance to abi-
otic stress, improve crop quality traits, and increase
nutrient efficiency. This effectiveness is achieved by
improving nutrient uptake by roots and minimizing
nutrient losses (Li et al. 2022; Calvo et al. 2014). A
broad class of substances classified as biostimulants
include seaweed extracts, which have been found
to positively impact plant growth and yield (Kumar
et al. 2024; Craigie 2011). Notably, several commer-
cial formulas based on Ascophyllum nodosum (AND),
a brown rockweed found on the Atlantic coasts of
northern Europe and North America, have been
proven as able to promote plant growth (Shukla et al.
2019) and to enhance nitrogen use efficiency (NUE)
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by improving nitrogen uptake and nitrate utilization
(Goiii et al. 2021). This highlights the potential envi-
ronmental benefits of ANDb extracts as an alternative
to extensive synthetic nitrogen fertilizer use.

The pressing need to reduce fertilizer application
calls for scientists to uncover innovative solutions
that ensure optimal plant growth and yield while
minimizing nitrogen losses. One potential approach
may involve the combined application of ANb and
3,4-DMPP. However, while the individual effects of
NI in reducing nitrification activity and of ANb in
enhancing nitrogen uptake have been relatively well
investigated, their combined application remains
poorly explored, and its potential benefits for plant
performance and nitrogen management are not yet
understood. On this basis, investigating the combined
strategy involving NI and ANb may provide valuable
insight into whether their complementary actions can
contribute to improving nitrogen dynamics within the
plant-soil system.

The goal of this study is to explore the effect of
NI (3,4-DMPP, marketed as Vibelsol®), alone or
combined with an Ascophyllum nodosum extract (Eli-
tesea, ACADIAN) under low nitrogen conditions,
focusing on tomato (Solanum lycopersicum L.) as a
model crop. Particularly, the study focused on low
nitrogen availability, as this condition may represent
a relevant context for evaluating potential synergistic
interactions between NI and ANb, an aspect that can
be masked under optimal nitrogen supply. More spe-
cifically, one objective is to assess whether the appli-
cation of NI and its combination with ANb might
improve agronomic and photosynthetic performance
while reducing nitrogen losses, particularly under
heavy rainfall. Additionally, the research examines
metabolomic modulations by analysing the impact of
NI alone and in combination with ANb in leaves col-
lected at different growth stages and in roots.

Material and methods
Plant materials and growth conditions

Tomato seeds (Solanum lycopersicum L., cultivar
N507F1 by Nunhems, Sant’Agata Bolognese, Italy)
were sown in polystyrene boxes filled with peat sub-
strate. Seedlings were transplanted into pots (40
cmXx 16 cm) 20 days after sowing. Two different

substrates were used to fill pots: a 5 cm layer of per-
lite was placed at the bottom, topped with 30 cm of
sandy loam soil (7.2% sand, 24.0% silt, and 68.8%
clay). The specific characteristics of the sandy loam
soil included a 6.5 pH in water, an electrical con-
ductivity of 379 ps/cm, 1.1 g/kg of total Kjeldahl
nitrogen, and 16.7 g/kg of organic matter. After
transplanting, tomato plants were grown for 85 days,
from 14th June 2023 to 7th September 2023, under
semi-controlled conditions, in an upper-closed cham-
ber designed to shield from rainfall and maintain
outdoor temperatures. The experiment was run at
the experimental station of Universita Cattolica del
Sacro Cuore (45.036110 N; 9.726810E) located in
Piacenza (Italy). The average daily temperatures from
transplanting to harvesting ranged from 20.7 to 31.3
°C, representing the maximum and minimum limits,
respectively. Peak temperatures were recorded on
the 23rd, 24th, and 25th of August, reaching highs
of 38.1, 38.4, and 38.5 °C, respectively. The average,
minimum, and maximum temperature of the experi-
mental period are reported in Figure S1.

Experimental treatments and biostimulant application

Six different treatments, each with four biological
replicates, were applied as follows: (1) 0% N-fertili-
zation; (2) 100% N-fertilization (Belprime 38S); (3)
60% N-fertilization (Belprime 38S); (4) 100% N-fer-
tilization and NI (RT 38S); (5) 60% N-fertilization
and NI (RT 38S); (6) 60% N-fertilization and NI
(RT 38S) with four applications of ANb. The 100%
fertilization dosage corresponded to 100 kg N ha~!.
The 60% N fertilization rate was selected as a low-N
supply to represent a substantial reduction relative to
the full fertilization rate recommended on the ferti-
lizer label, while avoiding extreme N deprivation that
could lead to masking treatment-specific responses.
Belprime 38S and RT 38S, both sourced from Belor
Toscana s.r.l. (Fucecchio, Florence, Italy) have the
same chemical composition: 6.5% ammoniacal nitro-
gen, 31.5% urea nitrogen, and 18% soluble sulfur tri-
oxide. However, RT 38S is additionally enriched with
the addition of NI.

The Ascophyllum nodosum-based biostimulant
Elitesea (AND) supplied by ACADIAN (Dartmouth,
Nova Scotia, Canada) was used according to label
recommendations. In detail, Elitesea was applied
four times by drench application at 21-day intervals
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to 60% N-fertilizer treatments with NI, starting
from transplant. ANb extracts were prepared at a
0.35% concentration, and the application volume
was adjusted to 80% of the soil’s Water Holding
Capacity (WHC).

Agronomic assessments

Tomato yield was quantified by measuring each
plant’s fresh mass of ripe fruits. Sampling was
conducted when more than 95% of the fruits were
fully ripened. Aboveground vegetative biomass
was measured as the dry mass of the remaining
plant parts, excluding fruits. A 100 g subsample
was taken from each biomass sample to determine
dry matter content by oven-drying at 65 °C until a
constant weight was achieved. The nitrogen concen-
tration in fruits and vegetative biomass was deter-
mined using the Kjeldahl method. Nitrogen uptake
was calculated by multiplying the fresh tomato
yield and the dry mass of the vegetative biomass by
their respective nitrogen concentrations.

Soil sampling was performed 14 and 27 days
after transplanting (DAT) to assess soil N-ammo-
nium (N-NH:") and N-nitrate (N-NOs") concen-
trations. These two time points were selected to
capture the early stage of crop development, dur-
ing which the inhibitory activity of NI (3,4-DMPP)
has been reported to be most pronounced, typically
persisting for several weeks following application
under moderate to warm seasonal temperature con-
ditions (Vilas et al. 2019; Zerulla et al. 2001) Soil
N-NO;~ and N-NH,* concentrations were ana-
lyzed on 5 g of homogeneously mixed soil extracted
with 20 mL of potassium sulphate (K,SO,, 0.5 M)
and pipetted into 96-well quartz microplates.
N-NO;~ and N-NH,* were assessed with dual-
wavelength UV spectroscopy (275, 220 nm) on
acidified (HCI 1 M) samples. Heavy rain simulation
to assess nitrogen leaching trails was performed 14
and 27 days after transplanting, immediately after
soil sampling, by applying an equal volume of water
to each pot across all treatments, corresponding to
200% of WHC. After 24 h, the leached water was
collected from underpots. Leached N-NO;™ concen-
trations were assessed using the same spectroscopy
method described for soil samples.
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Photosynthetic performance

Four different photosynthetic measurements were
conducted on tomato leaves using the MultisepQ 2.0
device (PhotosynQ, East Lansing, MI, USA), with
each analysis performed under comparable irradiance
conditions at intervals of eight to fourteen days after
each of the four biostimulant applications, to ensure
representation of major growth stages and ANb-
driven physiological effects. Analyses were conducted
at 13, 35, 56 and 71 DAT, referred to as T1, T2, T3,
and T4, respectively, in the results and discussion sec-
tions. The parameters under investigation were the
quantum yield of photochemical energy conversion
in PSII (Phi2), the quantum yield of non-regulator
non-photochemical energy loss in PSII (PhiNO), and
the quantum yield of regulated non-photochemical
energy loss in PSII (PhiNPQ) (M.Kramer et al. 2004).

Untargeted metabolomics analysis for leaves and
roots

Two samplings for leaves and one for roots were col-
lected from each biological replicate to run untar-
geted metabolomics using ultra-high performance
liquid chromatography coupled to quadrupole time-
of-flight mass spectrometry. The first set of early-
stage leaf samples (ESL) were collected at 47 DAT,
while the second set of late-stage leaf samples (LSL)
was collected at 85 DAT by sampling leaves from
the first to the third branch starting from the shoot
apex. Root samples (RS) were collected 85 DAT from
secondary and tertiary root parts only after washing
the entire root system from soil residues using tap
water and a sieve. Afterwards, root and leaf samples
were homogenized in liquid nitrogen with a pestle
and mortar. Metabolites were extracted by blender
homogenization (Polytron PT 1200 E, Kinematica
AG, Switzerland) from 1.00 g of leaf and root in 10
mL of 80% methanol and 0.1% formic acid (both
from Sigma-Aldrich, St. Louis, MO, USA). Extracts
were then centrifuged (10,000 g, 15 min) and fil-
tered (0.22 pm cellulose membrane) into vials. The
metabolomic analysis was carried out using ultra-
high-pressure liquid chromatography coupled with
quadrupole-time-of-flight mass spectrometry (1290
UHPLC and 6550 iFunnel QTOF-MS from Agilent
Technologies, Santa Clara, CA, USA) as previously
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described by Salehi et al. (2023). A volume of 3 pL
for leaf and 6 pL for root samples was injected and
a reverse-phase chromatography method with a gra-
dient elution of water and acetonitrile was used for
separation. The acetonitrile concentration increased
from 6 to 94% in 33 min, with a flow set at 0.2 mL/
min. The column used for the separation phase was an
Agilent Plus C18 analytical column with 1.7 um par-
ticle size, and the mass spectrometer acquisition was
made in SCAN across a range of 100-1200 m/z with
positive polarity and with a resolution of 30,000 full
width at half maximum (FWHM). Annotation of raw
data was performed by using Profinder B10.0 (Agi-
lent Technologies, Santa Clara, CA, USA), applying
the “find-by-formula” algorithm (monoisotopic mass,
isotope spacing and ratio) against PlantCyc database
9.6 (Hawkins et al. 2021), achieving a level 2 of anno-
tation, as referred to COSMOS standards in metabo-
lomics (Salek et al. 2013). QC samples were prepared
by pooling equal aliquots from all individual samples
and randomly injected throughout the sequence. QC
samples were analysed using data-dependent MS/MS
fragmentation (N=9 top ions) with collision energies
of 10, 20, and 40 eV (Salehi et al. 2023).

MDA assay

The lipid peroxidation level was quantified as malon-
dialdehyde (MDA) content by performing the TBARS
assay (Heath and Packer 1968) in leaves at harvest with
minor modifications (Carvajal et al. 2017). For each
plant, 100 mg of fresh leaves were collected and pro-
cessed by using a mixture of 1.5 mL of 20% trichloro-
acetic acid (TCA) and 0.3 mL of 4% butylated hydroxy-
toluene (BHT). The homogenates were subjected to
two centrifugation steps (10 min, 10,000x g, 4 °C), and
0.25 mL of supernatant was then mixed with 0.75 mL
of 0.5% thiobarbituric acid (TBA) and subsequently
heated for 30 min at 94 °C, followed by 10 10-min
cooling period on ice to stop the reaction. Three repli-
cates were prepared for each sample, and absorbance
was measured at 532 nm and 600 nm. Results were
determined using a standard curve and presented as pg
of MDA per kg of fresh weight.

Statistical analysis

One-way ANOVA followed by Duncan post-hoc
test (p<0.05) was performed to analyze agronomic,

photosynthetic, and MDA assays. Metabolomics data
were elaborated in Mass Profiler Professional B15.1
(Agilent Technologies) (Benjamin et al. 2019), and
compounds’ abundance was log2-transformed, nor-
malized to the 75th percentile, and then baselined
against the median in the dataset. To naively evaluate
patterns among treatments, hierarchical cluster analy-
sis (HCA — Euclidean distance, Ward’s linkage) was
initially performed based on a fold-change (FC) heat
map. Datasets were then imported into SIMCA 17
(Umetrics, Malmo; Sweden) for supervised multivari-
ate modelling using orthogonal projection to latent
structures discriminant analysis (OPLS-DA). The
resulting models were cross-validated (CV-ANOVA;
p<0.05), and then outlier detection (Hotelling’s T2)
and goodness parameters (R”Y goodness-of-fit, and
Q%Y goodness-of-prediction) were evaluated. To
exclude model overfitting, permutation tests were per-
formed (n=100). Afterwards, Variable Importance in
Projection (VIP) analysis identified metabolites with
the highest discriminant potential score (VIP>1.1).
Thereafter, Volcano plot analysis (p<0.05; Fold
Change > 1.0) was run to identify statistically differ-
ential metabolites and pathway analysis by the Omics
Viewer Pathway Tool in PlantCyc (Stanford, CA,
USA) was used for interpretations (Caspi et al. 2013).
Venn analysis on ESL was run selecting metabolites
that met two criteria: (1) a Variable Importance in
Projection (VIP) score higher than 1.0, identified via
pairwise OPLS-DA comparisons between the con-
trol and the treatments, and (2) statistical significance
determined by Volcano analysis.

Results
Agronomic parameters and lipid peroxidation levels

Tomato yield and plant biomass were significantly
affected by the nitrogen fertilization treatments
(Table 1). The control and 60% N-fertilization treat-
ments exhibited significantly lower fresh yields
than other N-fertilization treatments. Specifically,
the control treatment resulted in the lowest fresh
yield (245 g), while the 60% N-fertilization com-
bined with ANb and NI produced the highest yield
(628 g). However, no statistically significant differ-
ences were observed between the latter and the 100%
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Table 1 Tomato yield (g), above-ground biomass, nitrogen uptake of fruits, N-uptake of biomass, and malondialdehyde (MDA)

content in leaves across treatments

Yield (g) Above Ground ~ N-Uptake Fruit (g) N-Uptake Biomass (g) MDA(ug g~! FW)
Biomass (g)

Control 245+19b 358+72b 0.31+0.03b 0.35+0.07d 15.63+2.60b
100% N-fert 571+115a 58.1+6a 1.04+025a 0.99+0.06 a 14.42+1.34 ab
60% N-fert 337+32b 302+2.4b 0.43+0.03b 0.39+0.07 cd 1556+122b
100% N-fert—NI 577+9%4 a 49.1+13.3 ab 095+0.02a 0.79+0.19 ab 15.48+3.75b
60% N-fert—NI 624+101 a 41.6+9.2 ab 1.06+0.14 a 0.60+0.07 bed 12.38+2.04a
60% N-fert—NI—ANDb 628 +60 a 46.4+10 ab 1.03+0.27 a 0.63+0.08 be 12.64+273 a
Significance ek ek ek *

N-fertilization treatments (with or without NI) or the
60% N-fertilization treatment with NI (Table 1).

Aboveground vegetative biomass production was
highest under 100% N-fertilization (58.1 g) and was
significantly different from the control (35.8 g) and
60% N-fertilization (30.2 g) treatments. No signifi-
cant differences were detected between 100% N-ferti-
lization and 100% N-fertilization with NI, 60% N-fer-
tilization with NI and ANbD, or 60% N-fertilization
with NI treatments (Table 1).

Nitrogen uptake in fruits followed a similar trend
to fresh yield. The control and 60% N-fertilization
treatments exhibited the lowest N uptake among all
treatments. The highest N uptake in fruits (1.06 g)
was recorded under the 60% N-fertilization with NI
treatment. However, this was not significantly dif-
ferent from the 100% N-fertilization treatments or
the 60% N-fertilization treatments with NI and ANb
(Table 1).

Nitrogen uptake in vegetative biomass was gener-
ally increased under the 100% N-fertilization treat-
ments (Table 1), particularly in the absence of NI
(0.99 g). In contrast, the control treatment resulted in
the lowest N uptake in vegetative biomass (0.35 g),
which was significantly lower than that observed in
the 100% N-fertilization treatments (with or without
NI) and the 60% N-fertilization treatments with NI
and AND (Table 1). Interestingly, our results suggest
a possible difference in N partitioning among treat-
ments, between fruits and vegetative biomass, despite
future and more targeted investigations are needed.

MDA assay, performed on leaves to evaluate lipid
peroxidation, showed differences across treatments.
Both 60% N-fertilization with NI treatments, regard-
less of ANb application, significantly reduced MDA
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content. Specifically, MDA content decreased by 21%
in 60% N-fertilization with NI treatment and by 19%
in the 60% N-fertilization with NI and ANbD treat-
ment, while the control exhibited the highest MDA
levels (Table 1).

Overall, Nl-treated plants showed similar yields,
biomass and MDA levels, irrespective of N levels,
possibly overcoming AND effects on these parameters
under limiting conditions.

Data are presented as mean+ standard deviation.
Different lowercase letters indicate significant differ-
ences between treatments based on one-way ANOVA
with Duncan’s post hoc test, while asterisks (*)
denote statistically significant differences at p <0.05.

Nitrogen levels in soil and leaching water

Soil N-NOs~ and N-NH4" concentrations were sig-
nificantly affected by fertilization treatments at both
14 and 27 days after transplant. At 14 DAT, N-NOs~
concentration was generally higher under N-fertiliza-
tion treatments without NI than with it. Specifically,
the 100% N-fertilization treatment showed the high-
est value (58.8 mg kg!). Conversely, the control had
the lowest N-NOs~ concentration (32.3 mg kg™),
which was not statistically different from the 100%
N-fertilization with NI or the 60% N-fertilization with
NI and ANb. At 27 DAT, differences in N-NOs~ con-
centrations among treatments were less pronounced.
The control exhibited a significantly lower concen-
tration (5.6 mg kg ') than other treatments. No sig-
nificant differences were observed among the other
fertilization treatments, which averaged 46.2 mg kg ™!
(Table 2).
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Table 2 Soil N-NOs", Soil N-NH4", and leached N-NOs~ concentrations at 14 and 27 days after transplanting (DAT)

Soil N-NOs~ (mg kg)

Soil N-NH.* (mg kg ™)

Leached N-NOs~ (mg L)

14 DAT 27 DAT 14 DAT 27 DAT 14 DAT 27 DAT

Control 323+38¢ 5.6+05¢ 127+£05¢ 158+3.1b 74+30.8b 223+22.7
100% N-fert 588+04a 483+0.2b 31.3+6.5ab 20.3+£2.2b 2425+31.1a 244 +44.1
60% N-fert 583+43a 463+£19b 147+£1.8¢ 147+£0.6 b 262+4a 265+2.6
100% N-fert—NI 39.4+11.9bc 449+1.2b 39.7+84a 42+13.6a 230.5+18.43 a 252+8.5
60% N-fert—NI 47.9+5.3 ab 456+1.2b 35.8+9 ab 25.1+6.2b 209+41.9a 237+58.4
60% N-fert—NI—ANDb 42.3+9.6 be 46.1£09b 295+6.6b 245+£74b 109.3£33.5b 248+12.2
Significance ek LT ek sk ns

At 14 DAT, soil N-NH4" concentration was high-
est under 100% N-fertilization with NI (39.7 mg kg™")
and generally higher in other treatments with NI, as
well as in the 100% N-fertilization without NI. Con-
versely, soil N-NH4" concentrations were lower in
control (12.7 mg kg!) and in the 60% N-fertilization
without NI (14.7 mg kg!). After 27 DAT, 100%
N-fertilization with NI resulted in the highest soil
N-NH." concentration (42.0 mg kg™'), significantly
greater than all other treatments. The remaining treat-
ments showed no statistical differences and averaged
20.1 mg kg ! (Table 2).

After 14 DAT, leached N-NOs~ was significantly
reduced in the control (74.0 mg L") and in the 60%
N-fertilization with NI and ANb (109.3 mg LY
compared to other treatments (Table 2). Notably,
the 60% N-fertilization with NI and ANb decreased
leached N-NOs~ by 48% compared to the same fer-
tilization level with NI alone. No statistical differ-
ences were observed in leached N-NOs~ between the
100% N-fertilization treatments (with or without NI)
and the 60% N-fertilization treatment. Moreover, no
further differences were observed in N-NOs™ analysis
after 27 days after the transplant (Table 2).

Data show the mean + standard deviation, and dif-
ferent lowercase letters and asterisks indicate differ-
ences between treatments after one-way ANOVA
with Duncan’s post hoc test and significant difference
(* p<0.05), respectively.

Metabolomic profile of leaves and roots

The untargeted metabolomics identified over 2000
metabolites in leaf samples at both ESL and LSL and
more than 500 metabolites in RS. The whole data-
set, including individual abundances, mass spectra,

and retention time, is provided in Supplementary
Table S1. An overview of the differences and similar-
ities across all treatments was achieved through three
hierarchical cluster analyses (HCA) based on fold
change values for each dataset. In the ESL analysis,
NI was the primary distinguishing factor, with treated
leaves exhibiting distinct metabolic profiles compared
to untreated ones. Additionally, within NI treatments,
samples from ANbD-treated plants formed a dis-
tinct cluster, highlighting the strong influence of the
biostimulant on this matrix (Fig. 1). A similar pattern
emerged in the LSL analysis, where NI remained the
most influential factor, though treatment separation
was less pronounced than in the ESL (Figure S2A).
Coherently with LSL result, the RS analysis also
showed a slight clustering of NI-treated samples, con-
firming NI as the dominant variable over AN appli-
cation and fertilization levels (Figure S2B). However,
the most significant differences in the metabolomic
profiles among treatments were observed in the ESL,
leading to a primary focus on this analysis.

Metabolic modulation by NI across N-fertilization
levels

To better assess the impact of NI at different N ferti-
lization levels on both leaves and roots, we compared
plants receiving only N-fertilizer (100% and 60% N
fertilization) with those supplemented with NI (100%
and 60% N fertilization with NI).

Firstly, an OPLS discriminant multivariate analysis
was performed on ESL, LSL, and RS to validate the
results from unsupervised models. Despite all three
models showing positive parameters (R*Y >0.97 and
Q%Y >0.62 in all three models), differences among
treatments were distinct. Specifically, the ESL score
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100% N-fert 60% N-fert

e e T

60% N-fert

Fig. 1 Unsupervised hierarchical clustering analysis (HCA) of
the metabolomic profile of ESL of tomato plants grown under
control, varying N-fertilizer levels, and treatments with NI

plot aligned with the HCA model, separating NI-
treated samples from untreated ones. In contrast, the
LSL model showed a less pronounced separation of
NI treatments from the others, while the RS model
revealed no clear separation, with overlapping sam-
ples from 100% N-fertilization and 60% N-fertiliza-
tion with NI (Figure S3). The full list of statistically
significant VIP markers (> 1.1) is provided in Supple-
mentary Table S2.

A deeper comparison of metabolomic differences
was achieved through PlantCyc pathway analysis.
Notably, ESL exhibited the most significant modula-
tion, with 343 metabolites affected, whereas only 92
and 123 metabolites were significantly altered in LSL
and RS, respectively. In ESL, despite differing fertili-
sation levels, both NI treatments induced remarkably
similar metabolic changes (Fig. 2A). NI application
primarily affected the biosynthetic pathways of amino
acids, fatty acids, and aromatic compounds. Specifi-
cally, it led to a general down accumulation of amino
acid and fatty acid biosynthesis. In fatty acid metab-
olism, a decrease in compounds mainly associated
with phospholipid and sphingolipid pathways was
observed, while lipids related to cuticular wax bio-
synthesis were significantly accumulated. Similarly,

@ Springer

and AND. Hierarchical clusters (linkage rule: Ward; distance
matrix: Euclidean) were based on the fold-change-based heat
map of compounds’ normalized intensities

NI treatments caused a reduction in aromatic com-
pounds, particularly affecting cinnamate, flavonoid,
and coumarins biosynthesis. However, no notable
differences were observed in LSL and RS analysis,
likely due to a reduced number of significant com-
pounds in these two matrices.

Then, a Venn analysis was performed on the ESL
samples, as they showed the greatest heterogeneity
among various treatments, to assess the impact of NI
by examining compounds shared between the 100%
N-fertilization and NI and 60% N-fertilization with
NI treatments. Notably, 55 compounds were exclu-
sively shared by the NI treatments, which was six
times greater than the 9 compounds regulated only by
the non-NI treatments. All 55 metabolites presented
consistent fold-change (FC) trends across the two NI
treatments. Analysis of these metabolites revealed
modulations in compounds involved in cell membrane
structure and function, terpenoid and phenylpropanoid
biosynthesis, and IAA inactivation (Fig. 2B). Specifi-
cally, 16-feruloyloxypalmitate and 16-sinapoyloxy-
palmitate, both produced by 16-hydroxypalmitate,
showed high positive Log FC and were linked to the
formation of aromatic domains in suberin biosynthe-
sis, a key component of specialized plant cell walls.
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AA Syn Nucleo Syn FA/Lip Amine Syn  Carbo  Sec Metab Cofactor Hormone/ Cell-Struct Metab Reg Aromatic  Other

LogFC (100% N-fert) vs (0% N-fert)

LogFC (60% N-fert) vs (0% N-fert)

Syn Syn Syn Syn Signal Syn Syn Syn
LogFC (100% N-fert-NI) vs (0% N-fert)
B 1.LogFC  2.Log FC
16-feruloyloxypalmitate 3.44 3.26 LogFC (60% N-fert-NI) vs (0% N-fert)
1-linoleoyl-2-a-linolenoyl-phosphatidylcholine 292 2.57
16-sinapoyloxypalmitate 1.87 1.52
all-trans neurosporene 1.59 2.12
ferulate -0.98 -1.69
2-hydroxyferulate -1.17 -1.87
cis-p-D-glucosyl-2-hydroxycinnamate -2.75 -2.20
(indol-3-yl)acetyl-L-proline -0.72 -0.80
7% (indol-3-yl)acetyl-L-leucine -1.79 -2.52

Fig. 2 Biosynthetic metabolism processes (A) and Venn anal-
ysis (B) of ESL, modulated by treatments with 100% N-fer-
tilization, 60% N-fertilization, 100% N-fertilization with NI,
and 60% N-fertilization with NI. (A) The metabolomic path-
ways were obtained using the Omics Viewer Dashboard of the
PlantCyc Pathway Tool software (www.plantcyc.com). Each
set of subcategories and the cumulative Log FC (sumFC)
are represented on the x-axis and y-axis, respectively. Abbre-
viations stand for: AA=Amino Acid; Nucleo=Nucleotide;

Positive Log FC was also observed for 1-linoleoyl-
2-a-linolenoyl-phosphatidylcholine,  involved  in
phospholipid desaturation. Similarly, all-trans neuro-
sporene, a key intermediate in lycopene biosynthesis,
followed the same positive Log FC trend and contrib-
uted to carotenoid biosynthesis. Interestingly, three
compounds associated with coumarin biosynthesis
-ferulate, 2-hydroxyferulate, and cis-p-D-glucosyl-2-
hydroxycinnamate—were down-accumulated in NI
treatments. Additionally, the biosynthesis of the hor-
mone TAA was negatively affected, as down accumu-
lation of (indol-3-yl)acetyl-L-proline and (indol-3-yl)
acetyl-L-leucine was observed.

Metabolic reprogramming upon Aschophyllum
nodosum (AND) application

To specifically investigate the potential role of ANb
application in conjunction with NI, treatments with

FA/Lip=Fatty acid and Lipid; Carbo=Carbohydrate; Sec
Metab = Secondary Metabolite; Cell-Struct = Cell-Structure;
Metab Reg=Metabolic Regulation; Syn=Biosynthesis. (B)
Venn analysis of significative metabolites modulated among
the four treatments. The box contains some metabolites shared
between the two NI treatments, with their Log FC values.
1.Log FC and 2.Log FC correspond to the 100% N-fertiliza-
tion with NI treatment and 60% N-fertilization with NI treat-
ment, respectively

NI (100% N-fertilization with NI, 60% N-fertilization
with NI) were compared to the treatment involving
both NI and ANDb (60% N-fertilization with NI and
AND application).

First, an OPLS discriminant multivariate analysis
was conducted on ESL, LSL, and RS, with all three
models showing adequate scores (R?Y>0.97 and
Q%Y >0.68 in all three models). However, only the
ESL model presented a slight differentiation between
the NI-treated treatments and the ANDb treatment,
while no significant separation was observed in the
LSL and RS models (Figure S4). A full list of statis-
tically significant VIP markers (> 1.1) is provided in
Supplementary S3.

To further interpret the impact of ANDb in the
presence of NI, a pathway analysis was performed
for ESL, LSL, and RS. The results indicated that
AND application significantly modulates secondary
metabolites and lipid biosynthesis in ESL (Fig. 3A).
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L-arginine
(-)-thujaplicatin

(R)-4"-phosphopantothenoyl-L-cysteine
(-)-jasmonoyl-L-phenylalanine
D-glyceraldehyde 3-phosphate

Log FC
331
261

-0.67
-0.71
-4.44

Fig. 3 Biosynthetic metabolism processes (A) and Venn anal-
ysis (B) of ESL, modulated by treatments with 100% N-fertili-
zation with NI, 60% N-fertilization with NI, and 60% N-fertili-
zation with NI and ANb (A) The metabolomic pathways were
obtained using the Omics Viewer Dashboard of the PlantCyc
Pathway Tool software (www.plantcyc.com). The x-axis rep-
resents metabolic subcategories, while the y-axis shows the
cumulative Log FC (sumFC). Abbreviations: AA=Amino

Secondary metabolism showed a marked accumula-
tion of alkaloids, including betanin and lampranthin
I. Among lipid biosynthesis, an increase in the accu-
mulation of hydroxylated lipids (such asl-palmitoyl-
2-vernoloyl-phosphatidylcholine), and long-fatty acid
activation pathway (such as 9(10)-EpODE, (13S)-
HPODE and di-homo-y-linolenate) was observed
exclusively in the ANb treatment (Fig. 3A). A distinct
metabolic reprogramming was observed in LSL and
RS, where differences were almost flattened along
treatments.

Moreover, further analysis was conducted to
identify metabolites significantly differentiating the
Aschopyllum nodosum-treated plants in ESL. A Venn
diagram analysis was performed to identify com-
pounds modulated across the three treatments. Of
the compounds analysed, 21.28% were common to
all treatments, while 16.87% were exclusive to the
treatment with ANb application. Notably, the 60%
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Acid; Nucleo=Nucleotide; FA/Lip=Fatty acid and Lipid;
Carbo=Carbohydrate; Sec Metab=Secondary Metabolite;
Cell-Struct=Cell-Structure; Metab Reg=Metabolic Regu-
lation; Syn=DBiosynthesis. (B) Venn analysis of significant
metabolites modulated across the three treatments. The box
highlights a selection of metabolites exclusively modulated by
AND + NI treatments, with their Log FC values

N-fertilization with NI and AND treatment showed
an accumulation of metabolites involved in vari-
ous metabolic pathways. Among these, there was an
accumulation of (R)—4’-phosphopantothenoyl-L-
cysteine, a key intermediate in coenzyme A biosyn-
thesis, and (-)-jasmonoyl-L-phenylalanine, a jas-
monoyl-amino acid conjugate involved in numerous
metabolic processes. Conversely, ANb application
led to the down-accumulation of metabolites such
as L-arginine, involved in nitric oxide biosynthesis,
D-glyceraldehyde 3-phosphate, an intermediate of the
Calvin-Benson cycle and L-tryptophan biosynthesis,
and (-)-thujaplicatin, a compound involved in lignan
biosynthesis (Fig. 3B).

Photosynthetic efficiency

Chlorophyll ~ fluorescence  parameters  (Phi2,
PhiNPQ and PhiNO) were analysed using ANOVA
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followed by Duncan’s multiple range test to assess
differences among treatments (Fig. 4). Across all
four measurements, the 60% N-fertilization, NI,
and AND treatments consistently exhibited the high-
est Phi2 values, significantly surpassing the con-
trol and 100% N-fertilization treatments in both
T1 (13 DAT) and T4 (71 DAT). Specifically, at T1,
Phi2 value observed in 60% N-fertilization, NI, and
AND reached 0.519 and was statistically higher by
34.1% compared to 0% N-fertilization treatment
(Phi2=0.387) and by 26.9% compared to 100%
N-fertilization treatment (Phi2=0.409). A similar
trend was observed at T4, where the highest Phi2
value recorded in the 60% N-fertilizer, NI, and ANb
(Phi2=0.588), was statistically higher by 73.5%
compared to 0% N-fertilization (Phi2=0.339),
by 33.9% compared to 100% N-fertilization

E phi2
W PhiNPQ T 1
[ PhiNO
0% N-Fert
100% N-Fert
60% N-Fert
100% N-Fert-NI
60% N-Fert-N1

60% N-Fert-NI-ANb
Phi2 *

T3
0% N-Fert
100% N-Fert
60% N-Fert
100% N-Fert-NI
60% N-Fert-NI

60% N-Fert-NI-ANb

Fig. 4 Photosynthetic performance on four different times
expressed as quantum yield of the photosystem II (Phi2),
ratio of incoming light that is lost via non-regulated processes
(PhiNO) and non-photochemical quenching (PhiNPQ) of treat-
ments with 0% N-fertilization (treatment A), 100% N-fertili-
zation (treatment B), 60% N-fertilization (treatment C), 100%
N-fertilization and NI (treatment D), 60% N-fertilization with

(Phi2=0.439), and 43.8% compared to 100%
N-fertilization and NI (Phi2 =0.409). Notably, this
treatment maintained the highest Phi2 values dur-
ing heat stress conditions (coinciding with the T4
measurement), demonstrating its ability to sus-
tain photochemical performance under adverse
conditions. This combination outperformed the
100% N-fertilization treatments, suggesting that a
reduced N input, combined with NI and ANb, may
enhance light absorption efficiency for photosyn-
thesis. Regarding PhiNPQ, significant differences
were observed only at T2 (56 DAT), where the
control (0% N-fertilization) exhibited the highest
value(0.448), indicating increased non-photochem-
ical quenching under nutrition-deficit conditions.
PhiNO showed no significant differences across any
of the four measurement points.

T2

0% N-Fert
100% N-Fert
60% N-Fert
100% N-Fert-NI
60% N-Fert-NI

60% N-Fert-NI-ANb

PhiNPQ *

T4

0% N-Fert
100% N-Fert
60% N-Fert
100% N-Fert-NI
60% N-Fert-NI

60% N-Fert-NI-ANb

<

02 04 0.6 08

Phi2 *

NI (treatment E), 60% N-fertilization with NI and ANb (treat-
ment F). Different lowercase letters and asterisk indicate dif-
ferences between treatments after one-way ANOVA with Dun-
can’s post hoc test and significative difference (* p<0.05),
respectively. The four time points T1, T2, T3 and T4 cor-
responded to measurements taken at 13, 35, 56, and 71 DAT,
respectively
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Discussion

Plant performance, early nitrogen dynamics and
photosynthetic traits

Our findings suggest that the impact of NI on soil
nitrogen retention is influenced primarily by ferti-
lization levels. In the 100% fertilization treatments,
NI effectively inhibited ammonia oxidation, as evi-
denced by a 33% reduction in NOs~ concentrations
after 14 DAT. This is likely due to NI’s inhibition
of ammonia monooxygenases (AMO) activity in
nitrifying bacteria, which prevents the conversion
of NH4" into NO,", thereby reducing downstream
NOs™ accumulation. By day 27, NOs~ concentrations
no longer differed between treatments, yet NH4" lev-
els were twice as high in NI-treated soil. This high-
lights the prolonged role in maintaining ammonium
availability, emphasizing its effectiveness beyond
four weeks post-transplantation. These results align
with previous studies showing that 3,4-DMPP sig-
nificantly inhibits nitrification and sustains NH,*
availability in soils during short cultivation periods
with chemical fertilizer application (Qiaogang et al.
2018; Benckiser et al. 2013; Barth et al. 2008).
Although nitrogen retention varied with ferti-
lization rates, NI remained effective even at lower
nitrogen inputs. At 14 DAT, Nl-treated soils exhib-
ited a significant reduction in NOs~ accumulation,
an effect that diminished by day 27 as nitrification
gradually resumed. However, NH4* concentrations
were significantly higher in NI-treated soils early
on, and while the differences were no longer sta-
tistically significant at 27 DAT, NH4" levels in NI-
treated soils remained 40% higher than untreated
soils and were comparable to NHa* levels in the
100% N-fertilization treatment without NI. This
suggests that NI can partially compensate for
reduced nitrogen inputs by extending NH4" bio-
availability, allowing plants to sustain nitrogen
uptake efficiency even under suboptimal fertiliza-
tion. Notably, in the 60% N-fertilization treatments,
NH.4" availability under NI application was compa-
rable to the 100% N-fertilization treatment with-
out NI at 27 DAT. This suggests a 40% nitrogen
reduction can maintain nitrogen homeostasis when
paired with 3,4-DMPP. Wang et al. (2022) similarly
demonstrated that reducing nitrogen fertilization by
40% while applying 3,4-DMPP preserved NOs~ and
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NH.* balance, reducing nitrogen losses while sus-
taining crop nitrogen uptake.

A critical aspect of NI performance is its stabil-
ity under varying temperature conditions. Some
reports suggest that 3,4-DMPP efficacy declines
after 2-3 weeks at temperatures above 25 °C due to
increased microbial degradation or volatilization of
NH.* (Zerulla et al. 2001; Gilsanz et al. 2016). How-
ever, in our study, NI maintained NH4" retention
even after 27 days at an average temperature of 27
°C, suggesting that its inhibitory effect on nitrifica-
tion remained robust despite elevated temperatures.
This discrepancy could be explained by site-specific
microbial community differences or soil organic mat-
ter interactions, which may modulate the persistence
of 3,4-DMPP’s inhibitory effects (Guan et al. 2024;
Bachtsevani et al. 2021).

Although ANb did not significantly affect nitro-
gen transformation in the soil, it played a crucial role
in mitigating NOs~ losses through leaching 14 DAT.
Specifically, in the 60% nitrogen fertilization treat-
ment with NI and ANb, NO;™ leaching decreased by
48% compared to 60% N fertilization with NI alone.
Since ANb did not directly inhibit nitrification, its
effect may stem from enhanced root nitrate uptake,
reducing the amount of excess NOs~ susceptible to
leaching. This aligns with previous findings indicat-
ing that Ascophyllum nodosum extracts can modulate
nitrate transporter expression (Langowski et al. 2022;
De Saeger et al. 2020; Jannin et al. 2013), promoting
efficient NOs~ assimilation while limiting leaching
losses. Interestingly, despite ANDb’s role in reducing
NOs~ leaching, nitrogen concentrations in biomass
and fruits did not significantly increase. This suggests
that its impact may be more pronounced in root-asso-
ciated nitrogen cycling rather than direct assimilation
into aboveground biomass. One possibility is that
AND stimulates microbial interactions that influence
rhizosphere nitrogen dynamics, such as promoting
beneficial root-associated bacteria capable of assimi-
lating NOs~, thereby indirectly reducing nitrogen
losses (Shukla et al. 2019).

The combination of the NI and ANDb exhibited
a moderate influence on the photosynthetic perfor-
mance of plants, as indicated by consistently higher
photosystem II activity (Phi2) across all four meas-
urements. In the early stages of growth following
transplantation (T1 measurement, 13 DAT), this
combined treatment led to a 34.1% increase in Phi2
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compared to the control. The slight enhancement in
photosynthetic performance can be attributed to the
presence of ANb. Consistently with the data on bio-
mass, yields and MDA, it can be postulated that the
mitigation of nutritional stress triggered by NI may
have shaded, to some extent, the effect of ANb. None-
theless, this effect on Phi2 is supported by previous
evidence regarding the up modulation in the biosyn-
thesis of photosynthetic pigments, thereby improving
light-harvesting efficiency and overall photosynthetic
capacity (Xiao et al. 2022; Verma et al. 2021; Tandon
and Dubey 2015). Furthermore, the combined treat-
ment with NI and ANb demonstrated greater resil-
ience under heat stress, as evidenced by the highest
Phi2 values recorded at T4 (71 DAT), which were
73.5% higher than the control. This may suggest an
enhanced ability to sustain photochemical efficiency
under abiotic stress conditions. The protective effect
observed under heat stress may be attributed to ANDb,
as previous studies have highlighted its beneficial role
in maintaining the photosynthetic apparatus under
high-temperature conditions (Repke et al. 2022;
Carmody et al. 2020) and, in general, under abiotic
stresses (Staykov et al. 2020; Santaniello et al. 2017).

Distinct metabolic profiling under co-application of
NI and ANDb

The metabolomics profiling performed in this study
provided valuable insights into the biochemical
responses of tomato plants to the application of NI
and ANb under reduced nitrogen fertilization. ESL
showed the most pronounced metabolic changes,
while LSL and root samples exhibited relatively
minor differences. This suggests that the primary
metabolic effects of NI and ANb are most evident
during early vegetative development, likely due to
the direct influence of nitrogen availability on rap-
idly expanding tissues. Additionally, the lack of dif-
ferences observed later may be attributed to the high
temperatures that the plants endured toward the end
of the experiment.

In our experiments, the application of NI signifi-
cantly modulated key metabolic pathways related to
nitrogen assimilation and utilization. Specifically,
ESL samples showed a down accumulation of amino
acid biosynthesis, particularly pathways related to
glutamate, asparagine, and branched-chain amino
acids. This response may be interpreted considering

the altered balance between NH,* and NO,~ availa-
bility induced by NI application. As evidenced by soil
nitrogen analyses, NI was effective under both 100%
and 60% N-fertilization regimens in slowing nitrifica-
tion and in maintaining a higher availability of NH,*
in the soil, which may have shifted plant nitrogen
uptake preferences and, in turn, driven adjustments
in nitrogen metabolic pathways. In GS-GOGAT, glu-
tamate and asparagine are accumulated to act as key
nitrogen transport molecules (Gaufichon et al. 2016;
Forde and Lea 2007), and their down-accumulation
could suggest a reduced reliance on nitrate-dependent
nitrogen assimilation by modulating plant nitrogen
uptake strategies. Moreover, NI-treated plants showed
a down accumulation of phenylpropanoid and flavo-
noid biosynthesis pathways, mainly involved in sec-
ondary metabolism and stress responses. This finding
may suggest a possible metabolic trade-off, wherein
nitrogen metabolism is prioritized over carbon-based
secondary metabolite production. Aligning with those
results, studies have demonstrated how plants grown
under nitrogen-enriched conditions tend to allocate
metabolic resources toward primary growth processes
rather than stress-related defence compounds (Sun
et al. 2020). Additionally, suppressing flavonoid bio-
synthesis could imply a reduced investment in anti-
oxidant defences by plants, assuming a crucial role in
mitigating oxidative stress under nutrient imbalances.

Interestingly, including ANb in combination with
NI resulted in a unique metabolic profile distinct from
NI-alone treatments. Indeed, one of the most strik-
ing effects was observed by the accumulation of lipid
biosynthesis pathways, particularly those associated
with cuticular wax formation and membrane lipid
remodelling. Specifically, the increased accumula-
tion of 16-feruloyloxypalmitate and 16-sinapoyloxy-
palmitate, cuticular precursors, could be an adaptive
response to enhance water retention. Modulating
membrane lipid composition is a well-documented
strategy in plants exposed to nutrient fluctuations and
environmental stressors (Bian et al. 2023). This fur-
ther supports the hypothesis that ANb contributes to
enhanced abiotic stress resilience. Moreover, ANb-
treated plants showed significant increases in jas-
monate and alkaloid biosynthesis, suggesting a poten-
tial enhancement of plant defense mechanisms not
observed in Nl-alone treatments. The accumulation
of (-)-jasmonoyl-L-phenylalanine suggests a role in
modulating stress responses, as jasmonate conjugates
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are known to be involved in plant signalling pathways
related to abiotic stress resistance (Per et al. 2018)..
Taken together, these results are consistent with a
potential involvement of ANb in regulating nitrogen
assimilation under low nitrogen conditions and with
metabolic adjustments commonly associated with
plant response to environmental stress. In this con-
text, the observed patterns support the hypothesis that
ANDb may exert a dual role by influencing nitrogen
assimilation and plant defense responses when nitro-
gen availability is limited.

Venn analysis revealed that plants treated with
both NI and AND shared a unique set of metabolites
absent in other treatments. Coherently to pathway
analysis outcomes, some metabolites were involved
in cell membrane integrity, lipid signalling, and
nitrogen recycling pathways, highlighting that the
combined application enhances nutrient efficiency
and stress resilience. For example, the accumula-
tion of all-trans-lycopene and phosphatidylcholine
derivatives suggests an improved photosynthetic
performance (Sathasivam et al. 2021) and mem-
brane stability (Yu et al. 2021), crucial for sustain-
ing plant productivity under varying environmen-
tal conditions. The accumulation of metabolites
related to photosynthesis processes, together with
the consistently higher photosynthetic efficiency
(Phi2) observed under the combined ANb and NI
treatment, further supports the hypothesis that the
combined application under low nitrogen input
may enhance overall photosynthetic performance.
Additionally, the observed down-accumulation
of L-arginine and D-glyceraldehyde 3-phosphate
in ANb-treated plants may suggest an interplay
between nitrogen metabolism and carbon assimila-
tion. Since L-arginine plays a role in nitric oxide
synthesis, its reduced accumulation may indicate
a shift toward alternative nitrogen utilization strat-
egies, possibly favoring NHs" over NOs™ as the
dominant nitrogen. Furthermore, the reduction of
lignan biosynthesis (e.g., (-)-thujaplicatin) may be
explained as ANDb’s capability to modulate carbon
partitioning away from secondary metabolite pro-
duction instead of prioritizing nitrogen assimilation
and primary metabolic functions. This reallocation
supports the hypothesis that ANb may be involved
in potential roles related to the optimization of
nitrogen metabolism and carbon-nitrogen balance
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in plants, processes that are commonly associated
with growth regulation and stress resilience. These
findings indicate that the combined use of NI and
ANb may offer a synergistic strategy to improve
nitrogen use efficiency and plant resilience by fine-
tuning nitrogen assimilation and stress signalling
pathways in an early stage of plant growth.

Low nitrogen rate and NI affected yield, nitrogen
uptake by fruits, and MDA analysis

Agronomic data showed that applying the reduced
nitrogen rate in combination with the NI resulted
in comparable yields and nitrogen uptake to those
achieved with full nitrogen fertilization. Specifi-
cally, treatments with 60% N-fertilizer combined
with the NI resulted in the highest tomato yield,
statistically comparable to plants receiving 100%
N-fertilizer. The presence of ANb did not provide
any additional benefit. This outcome aligns with the
inhibitory effect of NI on soil nitrification, which
prolongs NHa" availability and enhances its avail-
ability for root uptake, thereby optimizing nitrogen
uptake and utilization efficiencies (Martinez et al.
2017; Pasda et al. 2001). Consistent with our find-
ings, several studies reported that reducing nitrogen
fertilization in combination with 3,4-DMPP can
sustain yields and fruit quality comparable to those
achieved with higher fertilizer application rates
(Wang et al. 2022; Nie et al. 2022). However, no
yield improvement was observed when the inhibitor
was applied alongside full fertilization, highlighting
that the same productivity levels can be achieved
with a 40% reduction in fertilizer when NI is used.

Due to the occurrence of elevated temperatures,
particularly during the final stage of the experiment,
the MDA assay was considered a reliable indicator
of free radical-induced damage to the cell mem-
brane and an effective tool for evaluating the abil-
ity of treatments to mitigate heat-induced damage
(Liu and Huang; 2000; Suzuki and Mittler 2006).
Notably, the low nitrogen+ NI treatment exhibited
the lowest MDA content, significantly lower than all
other treatments. This suggests that NI not only sup-
ports nitrogen efficiency but also reduces oxidative
stress, potentially enhancing plant resilience under
heat stress conditions.
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Conclusions

This study highlighted how the combined applica-
tion of NI and ANb could offer a promising strategy
for optimizing nitrogen use in tomato plants under
limited nitrogen conditions. NI effectively reduced
nitrogen losses by enhancing soil NH4* retention and
limiting NO;~ leaching under optimal and reduced
nitrogen supplies. Noteworthy, NI treatments con-
tributed to improved agronomic performance, with
yields comparable to full nitrogen fertilization despite
using 40% less nitrogen. Regarding the cooperation
of NI and AND, photosynthetic efficiency (Phi2) was
slightly improved compared to other treatments, sug-
gesting a positive impact of ANb application on pho-
tochemical energy conversion. Furthermore, metabo-
lomic profiling revealed distinct metabolic shifts
associated with stress resilience and nutrient assimila-
tion, further supporting the benefits of this combined
treatment, especially in ESL samples. Additionally,
the decreased MDA level in Nl-treated plants under
low nitrogen conditions, either alone or ANb applied,
shows a potential role in mitigating oxidative stress.
Taken together, the findings corroborate the effec-
tiveness of NI under a low nitrogen application rate
while presenting positive trends in nitrogen saving
and physiological aspects given by the dual usage of
NI and ANb.
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