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Abstract: Nitrogen is crucial for plant development and crop production. Amaranthus cruentus, a
C4 species, has been pointed out as a high-nutritious and stress resilient crop. Here we studied the
effects of sufficient and low nitrogen supplementation on the photosynthetic efficiency and
metabolic responses of A. cruentus. Photochemical parameters from dark-adapted and transient
chlorophyll fluorescence measurements, antioxidant enzymes activity, and metabolomic analysis,
were evaluated to depict the impact of nitrogen availability. Photochemical parameters showed a
significant decrease compared to those from gas exchange. The antioxidant enzymes activity
revealed variations among treatments, being important at low nitrogen availability. At the
metabolic level, there is a significant accumulation of L-glutamine, aromatic amino acids and
ascorbic acid in A. cruentus with sufficient nitrogen. At low nitrogen, the metabolic profile of A.
cruentus suggests stabilization of membrane structure and efficient use of available nitrogen by
accumulating L-glutamic acid. The differential accumulation of L-glutamine and L-glutamic acid
reflects an adaptive strategy for maintaining nitrogen. Nitrogen-rich conditions, the plant stores
excess nitrogen as L-glutamine, while in deficiency, it utilizes L-glutamic acid for essential
metabolic functions. Overall, A. cruentus activates a coordinated metabolic strategy under LN to
optimize nitrogen use. This includes effective ROS detoxification via both enzymatic and non-
enzymatic antioxidants, structural reinforcement through membrane-stabilizing lipids, and
efficient nitrogen storage and redistribution to meet metabolic demands during nitrogen limitation.

Keywords: nitrogen supplementation; chlorophyl fluorescence; gas exchange; antioxidant
activity; metabolic profiling

1. Introduction

Nitrogen is an essential component for plant growth,

Nitrogen  supplementation  promotes  biochemical
adjustments in plants, leading to improved metabolic activity,
even under suboptimal environmental conditions, such as

development, and productivity. In fact, besides water, among the
environmental factors affecting plant productivity, nitrogen is
the one that most limits productivity, especially in crops (Plett et
al., 2020). Nitrogen influences photosynthetic efficiency as a
fundamental component of chlorophyll and essential enzymes,
such as RuBisCO. Hence, a deficit of nitrogen or decreased
availability has a profound impact on the primary productivity
of ecosystems and agricultural systems.

license (https://creativecommons.org/licenses/by/4.0/).

drought stress (Tariq et al., 2019). Nitrogenated metabolites not
only serve as building blocks for protein synthesis but also
contribute to essential physiological processes and signaling
pathways, enhancing plant resilience to stress (Sadak &
Ramadan, 2021). Nevertheless, the level of nitrogen supply, i.e.,
high, moderate, or low, determines the degree of tolerance or
sensitivity against abiotic stresses, such as drought (Song et al.,

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY)

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://creativecommons.org/licenses/by/4.0/

Ostria-Gallardo et al.

2019a). For example, nitrogen supplementation in drought-
stressed soybean plants increased its yield (Purcell & King,
1996), although in excess produced negative effects on water use
efficiency and photosynthesis, affecting its drought tolerance
response (Sun, Gao, & Lu, 2007). Also, several studies indicate
that optimal nitrogen supply has a positive impact on
photochemical parameters while limited nitrogen availability
significantly reduces photochemical efficiency in crops such as
maize, wheat, oat, rice, and tomato (Wu et al., 2019a; Song et
al., 2019b; Peng et al., 2021; Li et al., 2023).

Plant responses to nitrogen availability are complex and
usually species-specific (Brueck, 2008; Ren et al., 2017).
Amaranthus cruentus L., a C4 plant commonly known as grain
amaranth, exhibits significant potential as a climate-smart crop
owing to its adaptability to diverse climates and soils
(Netshimbupfe et al., 2022). A. cruentus possesses a high
nutritional value, particularly in terms of protein content,
essential amino acids, and micronutrients, making it a valuable
resource for combating malnutrition and enhancing food
security (Cechin et al., 2022). The effect of sources and doses
of nitrogen on growth, gas exchange, and some biochemical
traits such as pigments, proline, and phenolic content have
been reported for A. cruentus (Cechin et al., 2022; Zubillaga et
al., 2019; Cechin & Valquilha, 2019). Nevertheless, we are
still far from understanding the interplay of nitrogen
availability and metabolic pathways and their impact on the
photosynthetic performance of A. cruentus.

Given the key structural and functional role of nitrogen
on primary and secondary metabolism and photosynthetic-
related processes, we postulate that low nitrogen availability
induces metabolic shifts towards an efficient distribution of
nitrogen to sustain photosynthesis. The analyses of key
physiological parameters and metabolomics provide novel
insights into how nitrogen availability impacts the
photochemical yield, antioxidant protection, and differential
accumulation of metabolites in A. cruentus.

2. Materials and Methods
2.1. Plant material and experimental design

The genotype utilized in the experimental setup was
Amaranthus cruentus Diaguitas (ACR40). Seeds were obtained
from the National Seed Bank collection of the Instituto de
Investigaciones Agropecuarias (INIA-Intihuasi) located at
Vicufa, Chile (19 J 336895.75 m E 6675781.94 S). At a nursery
garden located at the University of Concepcicn, plants of A,
cruentus were grown from seeds sown directly on 5 kg of dry
soil in 11 L pots (22 cm height by 28 cm diameter; two plants
per pot). The soil in the pot contained a mixture of 80% washed
sand and 20% peat and a basal fertilization with 4 g of 6 M
Basacote Plus Compo Expert (16% N, 3.5% P, 10% K, 1.2%
Mg, 5% S, and micronutrients) according to Cifuentes et al,
(2023). Pots were irrigated at field capacity (FC) by monitoring
the soil water content using a time-domain reflectometer soil
moisture meter TDR350 (FieldScout Spectrum Technologies,
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Inc., Aurora, IL, USA), according to Ostria-Gallardo et al,
(2020). The frequency of irrigation was every two days.

The experimental design consisted of evaluating two
levels of nitrogen availability as follows: sufficient nitrogen
(C), low nitrogen (LN). Each treatment contained 24 pots, each
pot containing one plant. For nitrogen treatments, plants with
the fourth pair of true leaves were supplemented with urea
(CH4N20) to reach both N-level treatments: sufficient nitrogen
(C; 0.6 g of N per pot) and low nitrogen soils (LN; 0.30 g of N
per pot). These concentrations were used to determine the
optimal and insufficient N fertilization levels. We opted for
urea as nitrogen source due to its lower risk of causing salt
injury, compared to ammonium nitrate or ammonium sulfate,
and because it is the most widely used nitrogen fertilizer
worldwide. Sampling and measurements were carried out 30
days after the application of the nitrogen doses.

2.2. Quantification of total leaf nitrogen, soluble sugars and
starch content

The total leaf nitrogen content (%) was determined using
the Kjeldahl method, following the procedure described in
https://prometheusprotocols.net/. Briefly, 0.5 g of dried and
finely ground leaf samples were placed in a digestion tube with
5 mL concentrated H.SO4 and a catalyst mixture composed of
10 g K2SOs4 and 0.5 g CuSOs. The samples were subjected to
digestion and further titration with 0.1 N HCI until the endpoint
was reached, indicated by a color change from green to pink.
The total nitrogen content was calculated as: Total Nitrogen
(%) = (V <N x1.4)/W, where V is the volume (mL) of HCI
used in titration, N is the normality of the HCI solution, 1.4 is
the conversion factor for nitrogen in the Kjendahl method, and
W is the weight (g) of the sample.

Soluble sugars were extracted from 50 mg fresh leaf
material using 80% ethanol, according to Chow & Landh&usser
(2004). Following extraction, the extracts were centrifuged at
2500 rpm for 5 min at 4 <C. The total soluble sugar content was
determined using the anthrone reagent at 490 nm. Starch was
extracted from the residue of the extracts using a boiling solution
of 3% perchloric acid. Thus, starch is hydrolyzed to glucose.
Glucose in the hydrolyzed extract was colorimetrically
determined using anthrone reagents at 525 nm.

2.3. Chlorophyll fluorescence and gas exchange

Chlorophyll fluorescence measurements were conducted
with an OS30p+ fluorometer (Opti-Science, Inc., Hudson,
USA) to determine the dark-adapted parameters informing
quantum yield (protocol 1) and transient OJIP curves (protocol
2). For protocol 1, leaves were dark-adapted overnight before
measurements. Leaves were clamped with leaf clips and the
probe of the fluorometer was inserted in each leaf clip. The
actinic light used was 900 pmol quanta m™2s™!. The maximum
quantum yield of PSII (Fv/Fm), the maximum primary yield of
PSIl (FW/Fo), and the actual quantum yield (®PSII) were
calculated as described in Maxwell & Johnson (2000), and
Kramer et al, (2004). For transient QJIP tests (protocol 2), the
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actinic light used was 3500 pmol and 80% modulation of light
intensity. Fluorescence parameters and the log last trace were
recorded and double normalized by Fo and Fr, values for further
analysis of the OJIP parameters (Pollastri et al., 2022).

Leaf gas exchange measurements were made to estimate the
effect of nitrogen supply on carbon assimilation (As), stomatal
conductance (gs), and the electron transport rate (ETR) and the
intrinsic water use efficiency (iWUE) using a gas exchange
system (LI1-6400, Li-Cor Inc., Lincoln, USA) with a 2 cm? leaf
chamber of with an LED light source (LI1-6400-40). Leaves were
carefully placed in the sensor head, ensuring contact with the leaf
thermocouple. Light-saturated CO, assimilation (Asa), Stomatal
conductance (gs), and apparent transpiration rate (E) were
measured in 12 individuals per species from 9:00 to 13:00. Gas
exchange parameters were recorded 10 min after clamping the
leaf. Leaf chamber conditions were set at 400 pmol mol™' of CO,,
1200 pmol photons m™2 s! (90:10% red: blue light), 60-65%
relative humidity, and 25 <C block temperature. The intrinsic
water use efficiency (iWUE) was calculated as the ratio of
photosynthesis (Asx) over stomatal conductance (gs). To verify
both proper equipment performance and status of control plants,
the ratio of electron transport rate to assimilation (ETR/A) was
evaluated according to Perera-Castro & Flexas, (2023).

2.4. Antioxidant activity

The antioxidant enzyme assays i.e., ascorbate peroxidase
(E.C. 1.11.1.11, APX), glutathione reductase (E.C. 1.6.4.2, GR),
superoxide dismutase (E.C. 1.15.1.1, SOD) and Peroxidase
(POD), activities were determined by the methods described in
Palma et al, (2014). Briefly, 1g fresh leaves was ground with
liquid nitrogen and homogenized with 2 mL of 50 mM potassium
phosphate buffer (20% wi/v polyvinylpolypyrrolidone, 0.1 mM
EDTA, 10 mM B-mercaptoethanol, pH 7.8). The homogenate was
centrifuged at 13,000>g 20 min at 4 <C, and the supernatant was
used for determinations of enzyme activity and total protein
content by Bradford (1976). Ascorbate peroxidase uses ascorbate
as an electron donor and was evaluated spectrophotometrically by
the decrease in absorbance at 290 nm after 10 min on a reaction
mix of 50 mM Tris-HCI pH 7.8, 0.4 mM ascorbate, and 0.3 mM
H,O,, the last two added moments before starting the
measurements. Superoxide dismutase catalyzes the dismutation of
superoxide radicals into oxygen and hydrogen peroxide and was
determined at 560 nm by the inhibition of the photochemical
reduction of nitroblue tetrazolium chloride (NBT). The activity is
expressed as unit mint mg protein, where one unit of SOD is
equal to the amount of enzyme that inhibits 50% of NBT
photoreduction. Peroxidase (POD) was determined at 470 nm by
monitoring the oxidation of guaiacol. The reaction mix contained
200 mM sodium phosphate buffer pH 5.8, 7.2 mM guaiacol, and
11.8 mM H,0, as cofactor. Glutathione reductase (GR) activity
maintains the reduced state of glutathione and was evaluated at
340 nm by measuring the decrease in absorbance due the NADPH
oxidation. For this, the reaction mix contained 0.2 mM NADPH,
0.1 mM HEPES-NaOH, 3 mM MgCl;, 1 mM EDTA, and 0.25
mM oxidized glutathione.
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2.5. Metabolomic analysis

A total of 32 leaves from individuals of the different
treatments were collected and freeze-dried. Samples were sent
to the Sequencing and Omics Technologies Unit at Pontificia
Universidad Catdica de Chile (Secuenciacién y Tecnolog &s
AGmicas—Facultad de Ciencias Bioldgicas (uc.cl)) for samples
preparation and chromatography. Briefly, 3 L of sample was
injected on a Compact QTOF MS + Elute UHPLC spectrometer.
Separation was done by using a Kinetex C18 column. Raw data
was preprocessed with MS-DIAL for m/z peak detection, noise
reduction, retention time alignment, and peak integration.
Further, the m/z and MS/MS spectra were matched to MassBank
database for annotation. For statistical analysis, we used those
metabolites that fall within confidence level 2 (Summer et al.,
2007). Preliminary data analysis was performed in the software
Metaboscape v4.0. The relative quantities of metabolites from
both positive and negative ionization modes were merged and
imported into MetaboAnalyst v6.0 software (Pang et al., 2024).
Data was filtered by interquantile ranges, log10 transformed,
scaled by mean-center, and normalized by sum for further
analyses according to Cifuentes et al, (2023).

2.6. Data analysis

Data were checked for normality assumptions and
variance homoscedasticity with the InfoStat software.
Accordingly, the parametric two-way ANOVA or non-
parametric Kruskal-Wallis analyses were used to compare
means between treatments. When significant differences were
found, we used post hoc tests with Tukey or pairwise
comparisons (p < 0.05), depending on the parametric or non-
parametric nature of the data. For chlorophyll a fluorescence
and gas exchange data we calculate the percentage change to
assess the level of increase or decrease in the parameters of
control (C) versus low nitrogen (LN). The percentage change
was calculated by the following formula:

A% = (M2 — M1)/M1) <100

where M1 is the mean value of a parameter in C, and M2 is the
mean value of the parameter in LN.

For untargeted metabolomics, scaled and normalized data
were analyzed for differential accumulation differences,
chemometric, and cluster analyses. For these analyses,
metabolites were considered significantly accumulated at p <
0.05. A Sparse Partial Least Square Discriminant Analysis was
used to determine specific metabolites associated with the
different treatments. For cluster analysis, the interquantile ranges
of normalized data were used to apply the Ward’s hierarchical
cluster analysis and the Euclidean distance to evaluate the
metabolite accumulation patterns regarding nitrogen supply and
water availability. Finally, we used the Pathway analysis tool of
Metaboanalyst 6.0 (Pang et al., 2024) to predict the impact of
differentially accumulated metabolites in specific metabolic
pathways.
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3. Results
3.1. Total leaf nitrogen, soluble sugars and starch

Leaf nitrogen content varied significantly depending on
nitrogen supply. Specifically, the decrease of total nitrogen
was 51.52% from C to LN (p = 0.0013; Table 1). The
metabolic partitioning of carbohydrates, specifically total
soluble sugars (TSS) and starch, showed non-significant
changes (Table 1), suggesting a steady carbohydrate
metabolism under the tested conditions.

3.2. Nitrogen availability affects significantly the photochemical
response of A. cruentus

Deeper insights into the photosynthetic process of A.
cruentus under varying nitrogen supply were gained from
transient and dark adapted chlorophyll fluorescence

Plant Ecophysiol. 2025, 1(1), 4

measurements. The analysis of chlorophyll a transient curve
(QJIP) provided insights on the effect of nitrogen availability
over PSII efficiency and, consequently, plant photosynthetic
capacity (Table 2). All fluorescence-derived parameters
showed significant differences (Table 2). The sufficient
nitrogen treatment (C) significantly outperformed the nitrogen
deficit (LN) treatment, exhibiting higher values in the
maximum quantum yield of PSII (Fv/Fn), maximum primary
yield of PSII (F./F,), Performance Index (PI) and the amplitude
of relative variable fluorescence in the I-P rise (AVIP). Except
for Asat, nitrogen availability has no significant effects over gas
exchange parameters (Table 2). Additionally, Asx showed a
significant decrease of 23.19% from C to LN, whereas the
other gas exchange parameters showed non-significant
changes. However, the largest percentage decrease between C
to LN was observed in chlorophyll a parameters, except for V;
which showed an increase of 36% (Table 2).

Table 1. ANOVA results for mean values of total leaf nitrogen (in percentage of dry mass), total soluble sugars, and starch content
of A. cruentus leaves (n = 3 leaves per treatment). Acronyms denote treatments as follows: sufficient nitrogen (C), low nitrogen (LN).

Asterisk (*) indicates significant differences at p < 0.05.

Treatment Total Leaf Nitrogen (%) Total Soluble Sugars (mg g™ Starch (mg g™)
C 2.95* 2.41 £0.595 84.06 +10.840
LN 1.43 2.08 £0.301 72.58 +£20.56

Table 2. ANOVA and percentage change (A%) of chlorophyl a fluorescence and gas exchange parameters under control (C) and low nitrogen
(LN) treatments. Single asterisk (*) denotes significant effects at p < 0.05, and double asterisk (**) denotes significant effects at p < 0.001.
Arrows indicate the direction of percentage change, with a decrease (|) or increase (1) in parameters when comparing C to LN.

Chlorophyll a Parameters

C (Mean +S.E.) LN (Mean =S.E.) A%
Fu/Fo 291 %£0.14 ** 2.17 +0.09 25.43 ()
Fu/Fm 0.79 £0.01 ** 0.68 +0.01 13.92 (})
V; 0.45 +0.03 * 0.61 +=0.04 35.56 (1)
Pl 2.41 +0.49* 0.65 +0.12 73.03 (1)
AVIP 0.27 =0.01 ** 0.20 +0.01 2593 ()

Gas Exchange Parameters

C (Mean £S.E) LN (Mean +S.E.) A%
Asat 22.03x0.71* 16.92 +1.86 23.19 ()
Os 0.14 +0.01 0.11 +0.01 21.43 ()
E 2.37 x0.10 2.52 +0.26 6.33 (1)
iWUE 158.57 +9.85 150.74 £9.35 4.94 (1)
ETR 138.42 +4.62 127.96 +5.03 7.56 (1)

3.3. Performance of antioxidant enzyme activities in A.
cruentus leaves

The activities of key antioxidant enzymes, including
APX, GR, and POD exhibited significant modulation in
response to variations in nitrogen supply (Figure 1). Activity
of APX, crucial for scavenging hydrogen peroxide, was
markedly high in the LN treatment (Figure 1A), showing an
increase of 77.8% of activity compared to C.

The activity of GR and POD were significantly higher in
the LN condition (Figure 1C,D), with an increase of 133% and
50%, respectively.

3.4. Metabolomic profile and differential accumulation of
metabolites in A. cruentus under varying nitrogen supply

The metabolomic results provide a comprehensive insight
into the metabolic adjustments of A. cruentus in response to
nitrogen supply. The partial least square—discriminant analysis
(PLSDA)showed a distinct clustering pattern of the treatments
(Figure 2A), highlighting these metabolites that contribute the
most to these patterns of clustering according to the variable
importance in projection (VIP) scores (Figure 2B). L-glutamine,
phenylalanine and L-norleucine were the metabolites with the
highest contribution to the variability observed along
Components 1 and 2 (Figure 2B). Further, we analyzed the
differential accumulation of metabolites and metabolic
pathways that were modulated in response to the experimental
conditions (Figures 3 and 4). In Figure 3A, the heatmap
illustrates patterns of metabolite accumulation across the
treatments. Notably, L-glutamine, L-norleucine, phenylalanine,
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L-tryptophan, and the antioxidant ascorbic acid showed elevated
levels in the C condition. Furthermore, high accumulation of
ferulic and coumaric acids was also detected in C.

By contrast, lower levels of metabolites such as
pheophorbide, phosphatidylcholine, and phosphatidylethanolamine
were observed in the C treatment. On the other hand, L-glutamic
acid was elevated under low nitrogen supply (LN). Also, lipids
such as lysophosphatidylcholine and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, as well as flavonoids and phenolic
compounds such as rutin, ferulic acid and chlorogenic acid
showed high accumulation in response to LN.

Given the differential accumulation L-glutamine and L-
glutamic acid depending on nitrogen supply, i.e., high levels of L-
glutamine at C, high levels of L-glutamic acid at LN, we explored
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the correlations with other metabolites to get insight into the
metabolic dynamic of A. cruentus across the different treatments
(Figure 3B). Arginine and phenylalanine positively correlate with
L-glutamine (p < 0.01, r > 0.5). On the other hand, L-glutamic
acid correlated positively mostly with lipids, and a negative
correlation was observed with aromatic amino acids and
coumarins. Finally, the pathway impact analysis further elucidates
the metabolic pathways significantly modulated by the treatments
(Figure 4). We found that alanine, aspartate and glutamate
metabolism, and nitrogen metabolism exhibit the highest impact,
noting the crucial role of metabolites involved in these pathways,
particularly L-glutamine and L-glutamate, for the response of A.
cruentus to different nitrogen availability.

0.30
NS (B)
0.25 -

0.20

0.10

SOD (U mg prot™)

0.05

0.00 -

0.05
(D)
0.04 -
0.03

0.02

0.01

0.00 -

C LN

Treatment

Figure 1. Effects of nitrogen supply and water availability on antioxidant enzymes. (A) ascorbate peroxidase (APX), (B) superoxide
dismutase (SOD), (C) glutathione reductase (GR), and (D) peroxidase (POD). Enzyme activities were evaluated on healthy and fully
expanded leaves of n = 3 individuals per treatment. The bars and vertical lines above the bars indicate the mean and the standard error
values, respectively. Uppercase letters indicate significant differences between treatments at p < 0.05.
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Figure 2. (A) Partial Least Square Discriminant Analysis plot (PLS-DA). The two-dimensional space shows the 95% confidence region
of samples from control (C, red) and low nitrogen (LN, green) treatments. Components 1 and 2 collectively explain 32.9% of data
variability between C and LN. Panel (B) shows the Variable Importance in Projection (VIP, X axis) score of metabolites (Y axis) in
Components 1 and 2 (C1,C2), identifying the metabolites that contribute significantly to the variability of the data. The higher the VIP
score, the higher the contribution of a metabolite in the variability of the response between C and LN. The color pallet in (B) indicates
the contribution of specific metabolites that contribute most to the variability among treatments, from high (red) to low (blue) contribution.
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Figure 3. Heatmap for metabolome profiling data (A) showing the accumulation patterns of 47 non-repeated identified metabolites
under the different treatments. The scale bar shows the normalized value for metabolite quantification from low(blue) to high (red)
levels of accumulation. Panel (B) shows the Pearson correlation coefficients of L-glutamine and L-glutamic acid with the top 25
highly up-or-down accumulated metabolites in C and LN. Red and blue bars in the Pearson correlation plots denote positive and
negative correlations, respectively.
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Figure 4. Pathway impact analysis based on the differential accumulation patterns of metabolites between treatments. The analysis predicts
the position and roles of each metabolite within a pathway. The plot highlights those pathways that show significant alterations in response
to the level of accumulation of metabolites. The size of the circles indicates the level of impact in pathways that are modulated by the
treatments. The color inside the circles indicates the significance (log10 of p value) of the change of metabolite levels in each metabolic
pathway. Accordingly, alanine, aspartate, and glutamate metabolism, arginine biosynthesis, glyoxylate and dicarboxylate metabolism, and
nitrogen metabolism pathways exhibit the highest impact of the variation of accumulation of metabolites depending on C or LN conditions.

4. Discussion

Nitrogen availability has significant effects on the total
content of nitrogen in leaves (Table 1), highlighting the
responsiveness of A. cruentus to varying nitrogen supply.
Nevertheless, the leaf total soluble sugars and starch showed no
significant differences despite observing a decrease under LN
conditions. Although the effect of nitrogen over the content of
leaf carbohydrates varies widely among species, a common
response is either to increase TSS and decrease starch content or
vice versa (Wu et al., 2019b; Mariem et al., 2020; Zhao et al.,
2020). One possible explanation for our TSS and starch results
is a stable carbon metabolism under varying nitrogen content
due to the C4 carbon concentration mechanism of amaranth.
Ultimately, this would help the plant to use and invest carbon in
root growth to explore soil for nitrogen acquisition while
maintaining carbohydrate availability for respiratory demand in
response to nitrogen deficiency (Zhao et al., 2020).

We observed a significant decrease in the photochemical
efficiency of A. cruentus under LN, as evidenced by chlorophyll
a parameters (Table 2). Further, our analysis showed that the
largest percentage decrease changing from C to LN conditions
was larger in the photochemical processes than in the gas
exchange processes and parameters. The largest decreases were
observed in the performance index (PI), while there was a large
increase in the V; parameter. The former is an indicator of the
overall photosynthetic performance, while the latter typically

reflects the rate at which quinones (QA) transition from the
reduced state (QA") back to the oxidized state (QA). High values
of V; often suggest optimal electron transference within PSII.
Counterintuitively, V; increases under LN. Under certain stress
conditions, such as high light intensity or temperature stress, V;
can increase (Ser&@lio, Schmidt, & Franenbach, 2017,
Mareckova, Bart&, & Hgek, 2019). The increase under stress
conditions has been proposed as a protective mechanism, where
PSII maintains a high turnover rate of electrons to minimize
damage by excess excitation energy.

Regarding gas exchange, a decrease of nitrogen supply
affects mainly to Asx and gs, yet has negligible impact on
transpiration, ETR and iWUE. Sufficient nitrogen supply has
been shown to enhance WUE under certain stress conditions
(Plett et al., 2020; Sadras & Rodriguez, 2010). A comprehensive
meta-analysis highlights that the beneficial impacts of nitrogen
on WUE predominantly result from improved physiological
processes rather than stomatal dynamics (Brueck, 2008). In our
study, physiological adjustments under LN appear to prioritize
efficient water management, enabling A. cruentus to maintain
stable gs and transpiration rates. Low nitrogen typically
decreases photosynthetic enzyme levels, particularly RuBisCO,
limiting carbon assimilation. Consequently, Cs metabolism, as
the CO,-concentrating mechanism, allows A. cruentus to
maintain internal CO; levels in bundle-sheath cells, contributing
a stable iWUE.
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The interplay between low nitrogen supply and the
antioxidant enzyme system resulted in increased activity of key
antioxidant enzymes, pivotal for mitigating oxidative stress by
scavenging reactive oxygen species (ROS) and maintaining
cellular redox homeostasis (Ding et al., 2020). Elevated activity
of enzymes such as glutathione reductase (GR), ascorbate
peroxidase (APX), and peroxidase (POD) under LN not only
highlights the critical role of nitrogen in sustaining redox
balance but also suggests mechanisms that support
photochemical stability (Hamada et al., 2023). In particular, the
enhanced activity of GR under LN contributes to maintaining
the redox state of ascorbate and glutathione pools, which are
essential for protecting photosystems from oxidative damage.
Additionally, there appears to be a feedback mechanism
between photochemical efficiency and ROS regulation.
Reductions in nitrogen availability impair photochemical
efficiency, which may lead to an increase in ROS formation. The
elevated antioxidant enzyme activity under LN seems to
counterbalance this potential rise in ROS, protecting
photosystem Il (PSII), particularly at the quinone level.
Consequently, these findings suggest that the increase in
antioxidant enzyme activity under LN is not only a direct
response to redox imbalances but also an integral part of a
broader protective mechanism when low nitrogen availability
comprises the functioning of photosystems as observed in the
photochemical results for A. cruentus.

Our metabolomic analysis reveals distinct patterns of
metabolite accumulation under varying nitrogen conditions,
indicating that nitrogen availability significantly shapes the
metabolic responses in A. cruentus. Under sufficient nitrogen,
metabolites associated with nitrogen storage and cellular protection,
such as L-glutamine, ascorbic acid, and aromatic amino acids, were
present in elevated levels. Notably, L-glutamine and L-norleucine
accumulated abundantly, reflecting their roles in nitrogen
assimilation and redistribution, which are essential for
maintaining cellular functions and supporting nitrogen storage
mechanisms. Under LN conditions, there are metabolic shifts,
particularly among nitrogenous compounds, antioxidants, and
structural stabilizers, each playing specific roles in cellular
stability and stress response. Elevated levels of L-glutamic acid
under LN suggest a metabolic adjustment towards efficient
nitrogen use, mobilizing scarce nitrogen towards critical processes
such as amino acid synthesis, nitrogen transport, and the functioning
of citric acid cycle (The, Snyder, & Tegeder, 2021). This shift
appears to support sustained metabolic activity under limited
nitrogen, with L-glutamic acid also serving as a precursor to
glutathione, thereby linking it to the observed increase in GR
activity in LN. These nitrogenous metabolites primarily impact
the phenylpropanoid and arginine biosynthetic pathways and
broader nitrogen metabolism (Figure 4), suggesting that A. cruentus
activates a coordinated metabolic strategy under LN to optimize
nitrogen use. This includes effective ROS detoxification via both
enzymatic and  non-enzymatic  antioxidants,  structural
reinforcement through membrane-stabilizing lipids, and efficient
nitrogen storage and redistribution to meet metabolic demands
during nitrogen limitation.

Plant Ecophysiol. 2025, 1(1), 4

Antioxidant compounds, including rutin, querciturone,
and chlorogenic acid, were notably higher under LN. These
metabolites likely enhance the oxidative stress defenses, as
chlorogenic acid is known to activate antioxidant enzymes
such as POD (Rice-Evans, Miller, & Paganga, 1997; Agati et
al., 2020). The increase in these flavonoids and phenolic
compounds suggests a reinforced non-enzymatic antioxidant
response, complementing the enzymatic antioxidant system to
provide ROS detoxification under nitrogen deficiency. This
dual antioxidant strategy appears vital for maintaining cellular
redox balance. Furthermore, the accumulation of L-glutamic
acid correlates positively with structural stabilizers, such as
lipid compounds like palmitoyl phosphoethanolamine
(palmitoyl-PE; Figure 3B). This lipid likely contributes to
membrane stabilization under oxidative stress, supporting cell
integrity in the face of nitrogen deficiency (Cechin et al., 2022;
Colin & Jaillais, 2020). The observed coordination between L-
glutamic acid and structural lipids suggests that LN-induced
oxidative stress may trigger a reorganization of membrane
composition, with glutamic acid playing a key role in
fortifying cellular structures through lipid interactions.

Finally, the dynamic regulation of L-glutamine (gIn) and
L-glutamic acid (glu) levels highlight their central roles in
metabolic pathways modulation of A. cruentus in response to
nitrogen availability. L-glutamine and L-glutamic acid have
been widely reported as key for transport and metabolic use in
plants, respectively (Watanabe et al., 2013; Lee, Liao, &
Hsieh, 2023). Beyond their absolute concentration, the gin/glu
ratio can inform about metabolic shifts regarding nitrogen use.
Comparing the gln/glu ratio in A. cruentus, the control
treatment (C) showed a significantly higher value (p = 0.03)
than in LN (Figure S1). High values of gIn/glu indicate that the
plant has sufficient nitrogen for storage and transport, whereas
a low ratio indicates that the plant is optimizing the use of the
available nitrogen to sustain metabolic functions. Given the
crucial roles of gln and glu in growth, development, and stress
response (Lee, Liao, & Hsieh, 2023), the L-glutamine and L-
glutamic acid metabolism and the enzymatic control over their
levels would play a crucial physiological role in A. cruentus to
cope with low nitrogen availability.

5. Conclusions

Our study elucidates the critical role of nitrogen
availability in the physiological and metabolic responses of A.
cruentus. Under nitrogen deficit, photochemistry is
significantly more affected than gas exchange, with enhanced
antioxidant defenses indicating elevated oxidative stress that
compromises photosystem integrity and reduce photochemical
yield. Simultaneously, nitrogen scarcity leads to decreased
CO; assimilation, although partial stomatal closure occurs
without impacting transpiration or iWUE.

The differential accumulation of L-glutamine and L-
glutamic acid reflects an adaptive strategy for maintaining and
using nitrogen. Under nitrogen-rich conditions, the plant stores
excess nitrogen as L-glutamine, while in deficiency, it utilizes
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L-glutamic acid to optimize the use of the available nitrogen
for essential metabolic functions.

Understanding nitrogen dynamics in A. cruentus offers
valuable insights for managing nitrogen in related C, crops.
Future research should focus on breeding strategies to enhance
nitrogen use efficiency and resilience in Ca species, aiming to
develop cultivars that can withstand nitrogen limitation. This
study underscores the importance of precise nitrogen
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