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ABSTRACT

Understanding the physiological and biochemical responses of spinach to salt stress through amino acid supplementation is
crucial for improving crop resilience under increasing soil salinity conditions. Salt stress represents one of the most severe abi-
otic constraints limiting vegetable crop productivity worldwide, yet comprehensive studies examining organ-specific metabolic
reprogramming across entire plant systems remain limited. However, knowledge about how different amino acids mediate
these responses through distinct metabolic pathways is limited. We investigated mineral nutrition, antioxidant defense systems,
and secondary metabolite profiles of spinach supplemented with three amino acids (asparagine, phenylalanine, and trypto-
phan) under salt stress conditions. Amino acid type, salt treatment, and organ significantly influenced all measured parame-
ters (p <0.0001). Asparagine consistently demonstrated comprehensive protective effects, excluding toxic ions while promoting
calcium uptake, maintaining photosynthetic capacity, and dramatically enhancing flavonol biosynthesis (quercetin and rutin
accumulation increased several-fold) under combined stress compared to other treatments. Phenylalanine excelled in ionic ho-
meostasis restoration, achieving superior Na/K ratio reduction and enhanced phenylpropanoid pathway activation through ele-
vated cinnamic acid biosynthesis. Tryptophan uniquely triggered exceptional divalent cation accumulation (6-10-fold increases
in magnesium, calcium, and phosphorus) and maximally enhanced antioxidant enzyme activities, though with notable protein
synthesis trade-offs. Organ-specific accumulation patterns revealed leaves as primary sites for photosynthetic pigments and
phenolic compounds, roots as storage organs for specialized flavonoids and catechins, and petioles showing exceptional rutin
accumulation. These findings demonstrate that amino acid selection fundamentally reshapes metabolic priorities in salt-stressed
spinach through divergent yet complementary biochemical strategies. We conclude that amino acid selection significantly in-
fluences spinach resilience to salt stress through divergent metabolic reprogramming strategies, with each amino acid offering
distinct advantages depending on cultivation priorities. Differential metabolic responses between amino acids provide insights
for precision agriculture applications, while the quantitative biochemical patterns identified offer valuable parameters for opti-
mizing amino acid supplementation strategies under saline conditions.
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1 | Introduction

Spinach (Spinacia oleracea), a prominent member of the
Amaranthaceae family, stands as one of the most widely cul-
tivated dark leafy green vegetables worldwide, encompassing
winter cultivars that exhibit significant cold tolerance, and sum-
mer cultivars characterized by shorter vegetative phases suited
for rapid cultivation (Turfan et al. 2024). This versatile crop
distinguishes itself through its exceptional nutritional profile,
featuring high contents of dietary fiber, lutein, beta-carotene,
vitamins, phenolic compounds, and flavonoids alongside re-
markably low caloric content, collectively positioning spinach
among the most effective vegetables for preventing obesity,
hypertension, cardiovascular diseases, and gastrointestinal
disorders (Chouaibi 2025). Moreover, the Centers for Disease
Control and Prevention (CDC) ranks spinach among the top five
most nutrient-dense vegetables, attributable to its richness in
essential minerals such as iron, calcium, magnesium, and po-
tassium, as well as vitamins A, C, E, and K (Kim et al. 2021).
The ability to cultivate spinach throughout all seasons, coupled
with relatively low input requirements and year-round market
availability, has contributed to its widespread cultivation across
diverse global regions, with production reaching approximately
30.8 million tons in 2024, of which China accounts for about
92%, while Tiirkiye ranks third with approximately 237,000 tons
(FAO 2024; TURKSTAT 2024).

Beyond its nutritional significance, spinach represents a par-
ticularly suitable crop for reclaiming saline-affected areas due
to its moderate salt tolerance and broad ecological plasticity,
where moderately salt-tolerant crops offer distinct advantages
by reducing research costs and enhancing resilience to environ-
mental stresses. However, despite demonstrating moderate tol-
erance to salinity, spinach cultivation is becoming progressively
more vulnerable to soil deterioration and climate-related abiotic
stresses (Turfan et al. 2024). Salinity, escalated by improper ir-
rigation, excessive fertilization, and intensive use of pesticides
and herbicides, leads to the accumulation of soluble salts in the
soil, causing significant yield losses. Furthermore, as the global
population continues to grow, having already surpassed 8.2 bil-
lion in recent years (El-Awadi et al. 2025), soil salinization pres-
ents an escalating threat to food security, where according to
the Food and Agriculture Organization (FAO 2024), nearly 750
million people suffer from hunger and malnutrition, with this
figure expected to rise unless sustainable agricultural practices
are adopted. The detrimental effects of salt stress on spinach
are multifaceted and interconnected, where salt stress primar-
ily induces ion toxicity, subsequently triggering osmotic imbal-
ance and oxidative stress (Khattab et al. 2024). The excessive
accumulation of Na and Cl suppresses mitotic activity, thereby
inhibiting root development while simultaneously restricting
water and nutrient uptake (Yin et al. 2023; El-Lethy et al. 2024).
Concurrently, salt-induced oxidative stress exacerbates cellu-
lar damage via lipid peroxidation and impairs photosynthetic
efficiency, culminating in inhibited growth, reduced biomass
accumulation, and compromised crop productivity (Hussain
et al. 2018; Sadak et al. 2024). These multifaceted detrimental
effects necessitate innovative approaches to enhance plant re-
silience, making the strategic development of salt-tolerant culti-
vars alongside resilient agronomic practices vital to ensure food
security and maintain ecosystem stability.

In this context, biostimulants such as amino acids present prom-
ising strategies to enhance plant resilience under saline condi-
tions. Amino acids, when applied through foliar sprays, can
rapidly diffuse through stomata and directly engage in protein
synthesis, ATP production, and metabolic regulation (Sadak
et al. 2015; Zhang et al. 2017). Moreover, these compounds serve
as nitrogen sources by forming N-containing molecules such
as pigments, secondary metabolites, and osmolytes, thereby
supporting nitrogen balance and promoting vegetative growth
and yield, while also enhancing antioxidant defenses that alle-
viate salt-induced physiological and anatomical damage (Sadak
et al. 2015; Akin and Kaya 2024). The choice of amino acid is
particularly important because structurally different amino
acids enter distinct metabolic pathways: asparagine (ASN)
functions primarily as a nitrogen donor and storage compound
involved in nitrogen redistribution (Guo et al. 2023); phenyl-
alanine (PHE) serves as the direct precursor of the phenyl-
propanoid pathway via phenylalanine ammonia-lyase (PAL)
activity, channeling carbon flux into phenolic compound bio-
synthesis (Feduraev et al. 2020); and tryptophan (TRP) acts as
a precursor for auxin biosynthesis and indole-derived second-
ary metabolites including glucosinolates and alkaloids (Jamil
et al. 2018; Turfan et al. 2024). Despite these distinct meta-
bolic roles, comparative studies examining how these three
amino acids differentially modulate the complete biochemical
response of spinach to salt stress across multiple organs have
not been conducted. Recent studies have increasingly concen-
trated on foliar supplementation with amino acids, includ-
ing asparagine (ASN) (Akin and Kaya 2024), phenylalanine
(PHE) (Almas et al. 2021; Sadak et al. 2025), tryptophan (TRP)
(Turfan et al. 2024), tyrosine (Turfan 2023), glycine betaine
(Khan et al. 2018), and proline (Jamil et al. 2018), as effective ap-
proaches to mitigate salinity-induced damage and improve plant
stress tolerance. These compounds accelerate the biosynthesis
of proteins, enzymes, hormones, and pigments that contribute
to plant growth, enhance carbon fixation, and improve biomass
accumulation, thereby optimizing yield (Bakhoum et al. 2019;
Atteya et al. 2022). As bioinducers, amino acids also stimulate
cell division, improve mineral absorption and utilization effi-
ciency, and foster favorable conditions for root development by
regulating soil microorganisms (Marium et al. 2021). Previous
studies have demonstrated that foliar application of amino acids
promotes vegetative growth, including increases in leaf, shoot,
and root biomass, by inducing metabolite accumulation (Almas
et al. 2021) and enhancing antioxidant metabolism, thereby im-
proving both yield and quality (Atteya et al. 2022).

Despite the growing body of research, comprehensive studies
examining the effects of salinity across the entire spinach plant,
particularly integrating leaves, petioles, and roots, remain lim-
ited. This knowledge gap is particularly significant considering
that photo assimilates produced in the leaves are transported to
other organs via the petioles, making it important to understand
how salt stress affects this transport process (Liu et al. 2023). In
Tiirkiye, where research on this issue remains limited, address-
ing this knowledge gap becomes increasingly important for ad-
vancing sustainable spinach production under saline conditions.
From this perspective, this study aims to examine the effects of
salt stress on spinach's leaves, petioles, and roots, while explor-
ing how external stimulants may modulate these responses. We
hypothesize that foliar supplementation with asparagine (ASN),
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phenylalanine (PHE), and tryptophan (TRP) during the early
growth stages could enhance both growth and resilience to salt
stress in spinach. Therefore, the objectives of this study are: (I)
to investigate the impact of foliar applications of ASN, PHE, and
TRP on various growth parameters under saline conditions, (II)
to evaluate their effects on biochemical composition, antioxidant
activity, and oxidative stress markers, and (IIT) to determine the
underlying mechanisms by which these amino acids confer salt
stress tolerance in spinach for improved sustainable production,
with particular emphasis on organ-specific metabolic special-
ization and the differential biochemical strategies employed by
each amino acid.

2 | Materials and Methods
2.1 | Plant Material and Chemicals

Spinach seeds (Spinacia oleracea L. cv. Efsun F1) were obtained
from the MAY Seed Company. Sodium chloride (NaCl, CAS:
7647-14-5), L-asparagine (CAS: 5794-13-8), L-phenylalanine
(CAS: 63-91-2), and L-tryptophan (CAS: 73-22-3) were pur-
chased from Merck.

2.2 | Determination of Effective Doses

The optimal concentrations of NaCl, L-ASN, L-PHE, and L-TRP
were determined through preliminary germination experiments
(Turfan et al. 2024; Turfan 2025; Table 1). NaCl solutions were
prepared at concentrations of 50, 100, 200, and 250 mM, corre-
sponding to electrical conductivity (EC) values of approximately
5.0, 10.0, 20.0, and 25.0dSm™1, respectively. Similarly, aqueous
solutions of ASN, PHE, and TRP were prepared at concentra-
tions ranging from 1.2 to 8.2mM. Sterilized seeds were soaked
in these solutions for 4 h before being placed in petri dishes con-
taining filter paper. The salt concentration that reduced germi-
nation by more than 60% compared to control (~28-32 seeds)
was selected as the stress level, while for amino acids, the con-
centration yielding more than 60% germination success (~48-50
seeds) was chosen as the optimal dose. Based on these criteria,
final concentrations were established at 250mM NacCl, 2.4mM
L-ASN, 4.6mM L-PHE, and 3.6 mM L-TRP.

2.3 | Experimental Design and Growth Conditions

Spinach seedlings were grown in a controlled growth cham-
ber maintained at 18°C £+ 1°C with 50%-65% relative humidity
under a 12h light/12h dark photoperiod at a light intensity of
150 umol m~2s~! provided by fluorescent lamps. The experiment
was arranged as a completely randomized design using seed-
ling trays (12X 12X 10cm) with 16 wells per tray. Each well was
filled with a peat: perlite mixture (3:1) as the growing medium.
Seeds were sown at a density of 3-4 seeds per well in November
2024, with immediate irrigation following sowing. Seedlings
were thinned to one plant per well 15days after sowing.
Treatment applications commenced when seedlings developed
5-6 leaves. Eight treatment groups were established: Control,
NaCl, ASN, ASN-NaCl, PHE, PHE-NaCl, TRP, and TRP-NaCl
(Table 1). Treatments were applied twice weekly for 6 weeks.

Salt treatments were administered via soil irrigation (10-15mL
per plant), while amino acid applications were applied as foliar
sprays (10-12mL per plant), ensuring complete coverage of both
adaxial and abaxial leaf surfaces. Control plants received foliar
applications with water. Throughout the experiment, irrigation
was maintained uniformly across all treatments. Plants were
harvested in March 2025 by carefully removing entire seedlings
with intact root systems from the growing medium.

2.4 | Biochemical Analyses
2.4.1 | Mineral Analysis

Mineral content (P, K, Ca, Mg, Na, Cl, and S) in leaves and roots
was analyzed following oven-drying at 65°C for 48 h. Dried sam-
ples were ground using a laboratory grinder (MC23200, Siemens)
and subjected to microwave-assisted acid digestion. Elemental
analysis was performed using X-ray fluorescence spectrom-
etry (Spectro XEPOS) at the Central Research Laboratory of
Kastamonu University.

2.4.2 | Antioxidant Capacity Assays

Ferric reducing antioxidant power (FRAP) was determined
following Benzie and Strain (1996). Extracts (500 ugmL™")
were combined with FRAP reagent and incubated in darkness
for 20 min at room temperature. Absorbance was measured at
700 nm, with ascorbic acid as the positive control. Results were
expressed as pg ascorbic acid equivalents per mg fresh weight.
Total antioxidant capacity was determined using the phospho-
molybdenum method described by Prieto et al. (1999), which
is based on the reduction of Mo(VI) to Mo(V) by the sample,
forming a green phosphate/Mo(V) complex under acidic con-
ditions. Briefly, 0.1 mL of sample extract was combined with
0.3mL of reagent solution containing 0.6M sulfuric acid,
28 mM sodium phosphate, and 4mM ammonium molybdate.
The mixture was incubated at 95°C for 90 min, cooled to room
temperature, and absorbance was measured at 695nm against
a reagent blank. Total antioxidant capacity was then calcu-
lated according to the following equation:

Total antioxidant capacity (%) = [(A69S Control — A695 Sample)
/(A695 Control)] x 100

Superoxide dismutase (SOD), catalase (CAT), and ascorbate per-
oxidase (APX) activities were determined in fresh leaf and root
tissues. Samples (0.5 g) were homogenized in ice-cold 50 mM po-
tassium phosphate buffer (pH 7.0) containing 1 mM EDTA and
centrifuged at 12,000 X g for 20 min at 4°C. The supernatant was
used for enzyme assays. SOD activity was measured based on
the inhibition of nitroblue tetrazolium (NBT) photoreduction at
560nm according to Beauchamp and Fridovich (1971). One unit
of SOD activity was defined as the amount of enzyme causing
50% inhibition of NBT reduction. CAT activity was determined
by monitoring the decomposition of H,O, at 240nm following
the method of Aebi (1984). Enzyme activity was calculated using
the extinction coefficient of H,0, and expressed as Umg™" pro-
tein. APX activity was assayed by measuring the decrease in ab-
sorbance at 290 nm due to ascorbate oxidation in the presence of
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H,0, according to Nakano and Asada (1981). Enzyme activity
was calculated using the extinction coefficient of ascorbate and
expressed as Umg~! FW.

2.4.3 | Protein Content

Total protein content in leaf and root tissues was determined
using the Kjeldahl method (Bradstreet 1954). Briefly, oven-dried
samples were digested with concentrated H,SO, in the presence
of a catalyst mixture until a clear solution was obtained. The di-
gested samples were then subjected to alkaline distillation, and
the released ammonia was trapped in boric acid solution and
titrated with standardized HCI. Total nitrogen content was cal-
culated, and crude protein content was estimated using a con-
version factor of 6.25. Results were expressed as % dry weight.

2.4.4 | Chlorophyll and Carotenoid Content

Photosynthetic pigments were extracted from fresh leaf tis-
sue (0.2g) using 80% acetone and centrifuged at 10,000x g for
10min. The absorbance of the supernatant was recorded at 663,
645, and 470nm using a UV-visible spectrophotometer. Total
chlorophyll and carotenoid contents were calculated according
to Lichtenthaler (1987) and expressed as mgg™! fresh weight.

2.4.5 | Anthocyanin Content

Anthocyanin (ANT) content was quantified following
Mancinelli (1990). Briefly, 500 mg of fresh tissue was extracted
with 3mL of 1% HCl-acidified methanol and stored at 4°C for
48h with intermittent agitation. After filtration, absorbance was
measured at 530nm. ANT concentration was calculated using
an extinction coefficient of 31.6 M~'cm™.

2.4.6 | Ascorbic Acid and Proline Content

Ascorbic acid (AsA) content was determined according to
Kumaran and Karunakaran (2006). Fresh tissue was homoge-
nized in cold extraction buffer, centrifuged, and the absorbance
of the supernatant was measured spectrophotometrically at the
specified wavelength. Results were expressed as mgg™' fresh
weight. Free proline content was measured following Bates
et al. (1973). Fresh tissue was extracted with 3% sulfosalicylic
acid and reacted with acid ninhydrin reagent. The reaction
mixture was incubated at 100°C for 1h, terminated in an ice
bath, and extracted with 4mL of toluene. The absorbance of
the chromophore-containing toluene phase was measured at
520nm using a UV-visible spectrophotometer (Unico S2100).
Proline concentrations were calculated from a standard curve
and expressed as pmol g™ fresh weight.

2.4.7 | Total Phenolic and Flavonoid Content
Total phenolic content (TPC) was determined using the Folin-

Ciocalteu method (Singleton and Rossi 1965). A 500 uL aliquot
of methanolic extract was mixed with Folin-Ciocalteu reagent

and sodium carbonate, then incubated for 2h. Absorbance was
measured at 765nm, and TPC was expressed as mg gallic acid
equivalents (GAE) per gram dry weight using a standard curve
(R*=0.994). Total flavonoid content (TFC) was assessed ac-
cording to Kumaran and Karunakaran (2006). Extract (100 uL)
was combined with 100uL of 20% AICI,, adjusted to 5mL, and
incubated for 40min at room temperature. Absorbance was
measured at 415nm, and TFC was calculated using a quercetin
standard curve (R?=0.994).

2.4.8 | Phenolic Acid Analysis

Phenolic acid composition was analyzed using HPLC-MS/MS
following Rodriguez-Delgado et al. (2001). Fresh tissue (10g)
was crushed, centrifuged at 10,000 g for 15min at 4°C, and fil-
tered. A 10uL aliquot was injected into an Agilent HPLC system
equipped with an ODS4 column. The mobile phase consisted of
methanol, acetic acid, and water at a flow rate of 1 mLmin!.
UV absorbance was recorded at 254 and 280nm. Calibration
standards were prepared in methanol at concentrations ranging
from 0.0312 to 1.0000mgL™".

2.5 | Statistical Analysis

Data were analyzed using multivariate analysis of variance
(MANOVA), followed by Tukey's Honestly Significant Difference
(HSD) test (p<0.05) for post hoc comparisons. Statistical anal-
yses were conducted using R Studio. Principal component anal-
ysis (PCA) was performed to visualize relationships among
variables and observations in reduced-dimensional space.

3 | Results

3.1 | Amino Acid Effects on Mineral Nutrition
and Ionic Balance in Salt-Stressed Spinach

Mineral nutrient analysis of spinach tissues revealed signif-
icant treatment, organ, and treatmentXorgan interaction
effects (p<0.0001) across all measured parameters (Table 1
and Figure 1). Sodium and chloride accumulation were most
pronounced under NaCl stress, with treatment averages
reaching 63690.9 and 72051.1mgkg~!, respectively, while
leaves exhibited peak Na* (68861.3 mgkg~") and roots showed
maximum Cl~ (77255.7mgkg™!) concentrations. Amino acid
supplementation effectively mitigated ionic toxicity, with as-
paragine reducing leaf Na* by 76% in ASN + NaCl treatment
(16346.0mgkg™) compared to NaCl alone. Phenylalanine
demonstrated superior protective effects, maintaining the
lowest Na treatment average (7208.9mgkg™'), while both
PHE and TRP treatments exhibited exceptional chloride ex-
clusion capacity (11284.8 and 9763.0mgkg™!, respectively).
From an organ distribution perspective, leaves accumulated
the highest average Na (20585.8mgkg™) and Cl
(30932.3mgkg™), followed by roots and petioles, though
amino acid applications substantially reduced these con-
centrations across all tissues. A remarkable finding was the
exceptional accumulation of magnesium, calcium, and phos-
phorus in TRP + NaCl-treated plants, with treatment averages
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FIGURE 1 | Mineral nutrient concentrations and ionic ratios in leaf, petiole, and root tissues of spinach (Spinacia oleracea L.) plants subjected

to exogenous amino acid and biostimulant applications under salt stress conditions. Values are means + SE (n = 3). Different lowercase letters above
bars indicate significant differences among treatment x organ combinations (Tukey's HSD test, p <0.0001 for treatment, organ, and treatment X or-

gan interaction effects).

of 40414.3, 44743.9, and 15088.0 mgkg~!, respectively, repre-
senting 6-10 fold increases compared to control plants (5085.1,
4319.4, and 1478.9mgkg™"). Within TRP+NaCl treatment,
leaves showed the highest concentrations for all three nutri-
ents, with Mg reaching 43244.3mgkg™!, Ca 52346.0mgkg™",
and P 17563.7mgkg!. This coordinated elevation suggests
tryptophan triggers a unique divalent cation and phosphate up-
take mechanism under salinity, potentially through enhanced
root metabolic activity or altered membrane transporter

expression. Asparagine also enhanced Ca uptake (treatment
average: 7372.1mgkg™!), with petioles showing remarkable
accumulation (10436.3mgkg™"), while NaCl stress alone re-
sulted in the lowest Ca concentrations (4235.6 mgkg™), indi-
cating salt-induced Ca?* deficiency.

Potassium nutrition showed contrasting patterns, with NaCl
stress inducing the highest K* accumulation (32229.4 mgkg™),
suggesting compensatory uptake mechanisms. However,
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amino acid treatments substantially reduced K levels,
with ASN+NaCl showing the lowest treatment average
(18980.6 mgkg™), indicating potential K*-amino acid antag-
onism. This inverse relationship between amino acid supple-
mentation and K* levels, contrasting with enhanced Ca?* and
Mg?* uptake, suggests amino acids modulate cation-specific
transport systems, prioritizing divalent over monovalent
cation acquisition under both optimal and stress conditions.
Leaves maintained the highest average K (26550 mgkg™),
demonstrating preferential K* allocation to photosynthetic
tissues. Sulfur concentrations were highest in PHE + NaCl
treatment (794.9mgkg™1), with leaves showing exceptional
accumulation (1354.7mgkg™1), a 66% increase compared to
control leaves (818.0mgkg™). This PHE + NaCl-specific en-
hancement suggests phenylalanine promotes sulfate uptake
and assimilation under salinity, potentially supporting syn-
thesis of sulfur-containing antioxidants such as glutathione
and phytochelatins. In contrast, asparagine treatments re-
sulted in the lowest S levels (ASN: 584.6 mgkg~'; ASN + NacCl:
626.0mgkg™"). The Na/K ratio, a critical indicator of salt
stress severity, increased 3.5-fold under NaCl stress (2.01)
compared to control (0.58), with roots exhibiting the highest
value (2.32), indicating severe disruption of K*/Nat selectivity.
Remarkably, all amino acid treatments under salinity effec-
tively restored ionic balance: ASN + NaCl (0.63), PHE + NaCl
(0.57), and TRP + NaCl (0.78) maintained ratios comparable to
control levels. Phenylalanine demonstrated superior perfor-
mance, achieving a 72% reduction in Na/K ratio compared to
NacCl alone. The Na/Cl ratio was consistently 0.48 across all
amino acid-salinity combinations, representing a 47% reduc-
tion compared to control (0.90), indicating amino acids estab-
lish a new ionic equilibrium through coordinated regulation
of Na* and CI~ transporters. Overall, phenylalanine excelled
in maintaining ionic homeostasis with the lowest Na/K ratio
and enhanced sulfur nutrition, asparagine effectively ex-
cluded toxic ions while promoting calcium uptake, and tryp-
tophan uniquely activated multiple nutrient uptake pathways
under salinity, though with notable trade-offs in potassium
acquisition (Table 1 and Figure 1).

3.2 | Amino Acid Effects on Antioxidant Defense
and Secondary Metabolites in Salt-Stressed Spinach

Antioxidant enzyme activities showed significant treatment,
organ, and treatmentXxorgan (p<0.0001) interaction effects
across all parameters (Table 2 and Figure 2). Tryptophan treat-
ment induced the highest activities for CAT (63.48 Umg™' FW)
and SOD (170.29Umg 'FW), while phenylalanine equally
enhanced APX activity (5.36Umg™' FW). TRP leaves ex-
hibited maximum activities: APX (6.54Umg 'FW), CAT
(78.17Umg ' FW), and SOD (188.50 Umg~!FW), representing
23%-50% increases compared to control leaves. NaCl stress alone
resulted in the lowest enzyme activities (APX: 3.50; CAT: 35.69;
SOD: 93.01Umg'FW), indicating impaired antioxidant de-
fense. Under combined stress, TRP + NaCl maintained the high-
est protection (APX: 4.85; CAT: 50.15; SOD: 156.60Umg‘1 FW),
representing 36%-68% enhancements compared to NaCl alone.
PHE + NaCl and ASN + NacCl also showed substantial improve-
ments across all enzymes. From an organ perspective, leaves
consistently exhibited the highest enzyme activities, followed

by petioles and roots, reflecting greater antioxidant demand in
photosynthetic tissues. Protein content revealed contrasting pat-
terns, with control plants maintaining the highestlevels (23.21%),
while NaCl stress dramatically reduced protein to 17.64%, partic-
ularly in roots (10.84%). A remarkable finding was ASN + NacCl
roots exhibiting the highest protein concentration (32.12%),
representing a 196% increase compared to NaCl-stressed roots,
suggesting asparagine uniquely enhanced protein accumula-
tion in roots under salinity. Conversely, TRP and TRP + NacCl
treatments resulted in the lowest protein content (14.16% and
15.65%), indicating metabolic trade-offs where tryptophan's
remarkable enhancement of mineral nutrition occurred at the
expense of protein synthesis. Leaves maintained the highest
average protein (21.8%), followed by roots (20.3%) and petioles
(14.4%). Proline, a key osmolyte, accumulated to the highest lev-
els under amino acid-salinity combinations, with TRP +NaCl
and ASN+NaCl showing treatment averages of 239.89 and
234.37umol g™, respectively, representing 13%-16% increases
compared to control (206.99 pmol g). ASN + NaCl leaves exhib-
ited maximum proline concentration (263.25umol g™1), followed
by TRP+NaCl leaves (260.35umolg™), indicating amino acid-
mediated enhancement of osmolyte biosynthesis for osmotic
adjustment and protein stability. Leaves showed the highest av-
erage proline (240.4 umol g1, reflecting preferential accumula-
tion in photosynthetic tissues.

Photosynthetic pigments revealed differential responses to
amino acid treatments. Asparagine maintained the highest
chlorophyll levels (1.43mgg™), with ASN+NaCl effectively
protecting against salt-induced degradation (1.40 vs. 1.07mgg~!
in NaCl alone), representing 31% enhancement. TRP+NacCl
leaves (2.24mgg™") also showed substantial chlorophyll recov-
ery. Carotenoid content was highest in ASN+NaCl treatment
(12.06mgg™), with TRP and PHE leaves showing maximum
concentrations (13.39 and 13.19mgg™"), representing 22%-28%
increases compared to control, suggesting enhanced biosyn-
thesis of photoprotective pigments to mitigate oxidative stress.
Secondary metabolite profiles demonstrated pronounced
amino acid-specific enhancements. Anthocyanin accumu-
lation was highest in PHE and TRP treatments 0.74 (umolg™!
for both), with TRP+NaCl leaves showing maximum con-
centration (0.96 umolg™'), a 71% increase compared to control
leaves (0.56 umolg=1). NaCl stress alone resulted in the lowest
anthocyanin content (0.30 umolg=!), while amino acid supple-
mentation under salinity restored levels substantially. Catechin
content showed the most dramatic response, with PHE + NaCl
inducing the highest accumulation (15.56 mgg™), particularly
in roots (22.58mgg™"), representing a 10-fold increase com-
pared to control roots. TRP treatments also substantially en-
hanced catechin levels (TRP: 13.21; TRP+NaCl: 11.48 mgg™).
Interestingly, roots exhibited the highest average catechin
content (11.6mgg™), indicating preferential accumulation of
these flavonoid antioxidants in below-ground tissues. Overall,
aromatic amino acids (PHE and TRP) demonstrated superior
performance in activating antioxidant enzyme systems and
stimulating phenylpropanoid pathway-derived secondary me-
tabolites, while asparagine excelled in maintaining chlorophyll
content, enhancing carotenoid biosynthesis, and uniquely pro-
moting protein accumulation in roots under salinity, suggesting
complementary yet distinct mechanisms of stress tolerance en-
hancement (Table 2 and Figure 2).
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FIGURE2 | Antioxidant enzyme activities, protein content, osmolyte accumulation, photosynthetic pigments, and secondary metabolite concen-
trations in leaf, petiole, and root tissues of spinach (Spinacia oleracea L.) plants subjected to exogenous amino acid and biostimulant applications un-
der salt stress conditions. Values are means + SE (n = 3). Different lowercase letters above bars indicate significant differences among treatment X or-
gan combinations (Tukey's HSD test, p<0.0001 for treatment, organ, and treatment X organ interaction effects).

3.3 | Amino Acid Effects on Phenolic Compounds phenylpropanoid pathway, accumulated to highest levels in
and Antioxidant Capacity in Salt-Stressed Spinach phenylalanine and asparagine treatments (PHE: 0.27mgg™};

ASN: 0.23mgg!; ASN+NaCl: 0.24mgg™"), with PHE and
Phenolic acid profiles revealed amino acid-specific modulation =~ ASN leaves showing 5.4-6.6 fold increases compared to con-
of the phenylpropanoid pathway, with all parameters showing  trol leaves (0.05mgg™), reflecting enhanced phenylalanine
significant treatment, organ, and treatment X organ interaction ammonia-lyase activity. Caffeic acid demonstrated contrasting
effects (p<0.0001, except dihydroxy benzoic acid organ effect accumulation patterns, with asparagine under salinity inducing
p=0.158, and naringenin organ effect p=0.904 (Table 3 and the highest levels (ASN +NaCl: 0.49mgg™), particularly in pet-
Figure 3)). Cinnamic acid, the entry-point metabolite of the ioles (0.59mgg™") and roots (0.57mgg™"), representing 8-30 fold
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FIGURE3 | Legend on next page.
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FIGURE 3 | Individual phenolic acid profiles, flavonoid composition, total phenolic and flavonoid contents, and antioxidant capacity in leaf, pet-
iole, and root tissues of spinach (Spinacia oleracea L.) plants subjected to exogenous amino acid and biostimulant applications under salt stress con-
ditions. Values are means + SE (n=3). Different lowercase letters above bars indicate significant differences among treatment X organ combinations
(Tukey's HSD test, p<0.0001 for treatment, organ, and treatment X organ interaction effects).

increases compared to control leaves. Trans ferulic acid showed
stress-induced enhancement, with NaCl treatment achieving the
highest accumulation (0.34mgg™), though aromatic amino acid
leaves also exhibited substantial levels (TRP: 0.48 mgg~'; ASN:
0.46mgg~'; PHE: 0.41 mgg™), representing 79%-100% increases
compared to control. Dihydroxy benzoic acid accumulated pref-
erentially under ASN + NaCl treatment (0.0135mgg™), with 4-5
fold increases across all organs compared to control. Flavonoid
profiles demonstrated remarkable amino acid specificity, with
asparagine showing unique capacity for quercetin and rutin
enhancement. Quercetin content reached maximum levels in
ASN +NaCl treatment (0.1958 mgg™'), with roots showing ex-
ceptional accumulation (0.2724mgg~!)—an 11-fold increase
compared to control roots. Rutin trihydrate exhibited the most
dramatic response to asparagine, with ASN treatment achieving
1.69mgg~! and ASN petioles reaching 3.45mgg!, representing
a 4.2-fold increase compared to control petioles. Naringenin
showed preferential accumulation under aromatic amino
acid treatments, with PHE leaves (7.20mgg™') and TRP peti-
oles (7.67mgg™") exhibiting 3.2-3.6 fold increases. Ellagic acid
demonstrated asparagine-salinity synergy, with ASN+NacCl
roots showing 40-fold increases (0.40mgg™") compared to con-
trol roots, indicating activation of specialized polyphenolic bio-
synthetic pathways.

Total phenolic and flavonoid contents reflected integrated
phenylpropanoid pathway activity. Total phenolic content
was highest in asparagine treatments (ASN and ASN+ NacCl:
1.06mgg™"), with ASN+NaCl leaves reaching maximum con-
centration (1.25mgg™), while NaCl stress alone resulted in the
lowest TPC (0.63mg GAEg™!). Total flavonoid content showed
remarkable uniformity in ASN+ NaCl treatment (0.26 mgg™
across all organs), representing 18%-86% increases compared
to control tissues, while PHE leaves exhibited maximum TFC
(0.29mg QEg™). From an organ perspective, leaves consis-
tently maintained the highest TPC (1.1mg GAEg™) and TFC
(0.25mg QEg™), reflecting preferential phenolic accumulation
in photosynthetic tissues. Antioxidant capacity assessments re-
vealed tissue-specific and treatment-dependent patterns. Ferric
reducing antioxidant power showed exceptional enhancement
in phenylalanine-treated petioles (0.28 umolg™!), representing
a 13-fold increase compared to control petioles, indicating vas-
cular tissues serve as major sites for reducing antioxidant accu-
mulation. Phosphomolybdate scavenging activity was highest
in aromatic amino acid treatments, with PHE (39.62%) and
TRP (36.04%) showing 67%-91% increases compared to con-
trol (23.74%), with PHE leaves exhibiting maximum capacity
(50.91%). NaCl stress alone resulted in the lowest PMA activity
(17.35%), indicating severely impaired antioxidant defense, while
amino acid supplementation under salinity substantially re-
stored activity levels. Overall, asparagine demonstrated unique
efficacy in stimulating quercetin, rutin, ellagic acid, and caffeic
acid biosynthesis, particularly under saline conditions, suggest-
ing activation of specific flavonol and polyphenolic branches

of the phenylpropanoid pathway. Phenylalanine excelled in
enhancing cinnamic acid, naringenin, and overall antioxidant
capacity, reflecting its role as the direct precursor for phenyl-
propanoid metabolism. Tryptophan showed moderate effects
on most phenolic compounds but substantially enhanced trans
ferulic acid and naringenin in specific tissues. The pronounced
accumulation of diverse phenolic compounds under amino acid
treatments, particularly asparagine and phenylalanine, indi-
cates comprehensive activation of secondary metabolism to
provide multifaceted antioxidant protection, UV shielding, and
stress signaling capacity critical for salt stress tolerance (Table 3
and Figure 3).

3.4 | General Evaluation

The correlation heatmap revealed significant relationships
among mineral nutrients, physiological parameters, and sec-
ondary metabolites in spinach under amino acid treatments and
salt stress (Figure 4). Sodium showed strong negative correla-
tions with anthocyanin (—0.67), TFC (-0.75), PMA (—0.78), and
antioxidant enzymes (APX: —0.67, CAT: —0.73, SOD: —0.63),
while exhibiting positive correlations with Cl (0.96), K (0.61),
and trans ferulic acid (0.64). Chloride displayed similar nega-
tive associations with anthocyanin (—0.67), TFC (-0.75), PMA
(=0.78), and antioxidant enzymes (APX: —0.65, CAT: —0.82,
SOD: -0.58), while exhibiting positive correlations with K
(0.43) and trans ferulic acid (0.44). Potassium negatively cor-
related with carotenoid (—0.73), proline (—0.69), and chlorophyll
(—0.70). Antioxidant enzymes showed strong intercorrelations
(APX-CAT: 0.81, APX-SOD: 0.94, CAT-SOD: 0.77) and positive
associations with photosynthetic pigments and secondary me-
tabolites, indicating coordinated antioxidant defense activa-
tion. Phenolic compounds exhibited strong positive correlations
among themselves, with quercetin correlating with ellagic acid
(0.84), caffeic acid (0.83), and TPC (0.84). Principal component
analysis revealed distinct clustering patterns across three meta-
bolic domains (Figure 5). In mineral nutrient space (Figure 5A),
Dim1 (40.5%) and Dim2 (32.9%) explained 73.4% of variance.
Magnesium, calcium, and phosphorus formed a tight cluster
in the negative Dim1 quadrant with high cos2 values (>0.75),
indicating coordinate divalent cation accumulation under
TRP+NaCl treatment, while sodium and chloride clustered
oppositely in positive Dim1/Dim2. Potassium loaded distinctly
in positive Dim1, separating from other nutrients and reflecting
its inverse relationship with amino acid supplementation. The
Na/K ratio positioned between Na and K vectors.

Physiological parameter analysis (Figure 5B) showed Diml
(60.9%) and Dim2 (17.5%) explaining 78.4% of variance.
Antioxidant enzymes (SOD, CAT, APX) and anthocyanin
clustered tightly in negative Dim1/positive Dim2 with high
cos2 values (0.8-0.9). Chlorophyll and carotenoid grouped
with antioxidant enzymes. Proline positioned distinctly in
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FIGURE4 | Pearson correlation matrix showing relationships among mineral nutrients, physiological parameters, and secondary metabolites in

spinach under amino acid and salt stress treatments. Only correlations with p <0.05 are displayed. APX, ascorbate peroxidase; Ca, calcium; CAT,

catalase; Cl, chloride; FRAP, ferric reducing antioxidant power; K, potassium; Mg, magnesium; Na, sodium; Na/Cl, sodium to chloride ratio; Na/K,

sodium to potassium ratio; P, phosphorus; PMA, phosphomolybdate scavenging activity; S, sulfur; SOD, superoxide dismutase; TFC, total flavonoid

content; TPC, total phenolic content.

negative Dim2 with high cos2, separating from antioxidant
systems and reflecting its independent osmolyte function
under ASN +NaCl and TRP + NaCl. Protein loaded opposite
to anthocyanin, consistent with metabolic trade-offs where
tryptophan’s secondary metabolism enhancement occurred
at protein synthesis expense. Secondary metabolite PCA

(Figure 5C) revealed Dim1 (32.3%) and Dim2 (9.8%) explain-
ing 42.1% of variance. Total phenolic and flavonoid contents
loaded strongly in positive Dim1l with high cos2 (>0.8).
Quercetin, ellagic acid, caffeic acid, and rutin trihydrate
formed a tight cluster in positive Dim1/negative Dim?2, reflect-
ing asparagine-specific enhancement of flavonol branches
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FIGURES5 | Principal component analysis (PCA) of mineral nutrients (A), physiological parameters (B), and secondary metabolites (C) in spinach

under amino acid and salt stress treatments. APX, ascorbate peroxidase; Ca, calcium; CAT, catalase; Cl, chloride; FRAP, ferric reducing antioxidant

power; K, potassium; Mg, magnesium; Na, sodium; Na/Cl, sodium to chloride ratio; Na/K, sodium to potassium ratio; P, phosphorus; PMA, phospho-

molybdate scavenging activity; S, sulfur; SOD, superoxide dismutase; TFC, total flavonoid content; TPC, total phenolic content.

under salinity. Cinnamic acid and dihydroxy benzoic acid
positioned in positive Dim1/Dim2, associated with phenylal-
anine treatments and representing early pathway intermedi-
ates. Trans ferulic acid separated in positive Dim2, reflecting
stress-specific induction. Hierarchical clustering analysis re-
vealed distinct metabolic profiles separating treatments and
organs (Figure 6). The heatmap showed clear bifurcation be-
tween two major clusters: TRP + NaCl treatments (all organs)
grouped together with exceptionally high values (green) for
Mg, Ca, P, PMA, and CAT. The remaining treatments formed a
second major cluster, with amino acid treatments (ASN, PHE,
TRP without salt, and their NaCl combinations) separating

from control and NaCl-only treatments. Within this cluster,
ASN and ASN +NaCl treatments across organs showed ele-
vated values for secondary metabolites including quercetin,
caffeic acid, ellagic acid, and rutin trihydrate. NaCl-treated
samples clustered separately, characterized by high Na and
Cl values (green) but low values (blue) for chlorophyll, carot-
enoid, and antioxidant enzymes. Control samples formed an
intermediate cluster with moderate values across most param-
eters. Organ-specific clustering patterns emerged, with leaves
generally showing higher pigment and phenolic contents,
while roots exhibited elevated catechin and quercetin under
ASN + NacCl treatment.
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FIGURE 6 | Hierarchical clustering heatmap of all measured parameters across treatment-organ combinations in spinach under amino acid and

salt stress conditions. 2,5-dihydroxy benzoic acid, dihydroxy benzoic acid; APX, ascorbate peroxidase; Asn, asparagine; Ca, calcium; CAT, catalase;
C], chloride; FRAP, ferric reducing antioxidant power; K, potassium; Mg, magnesium; Na, sodium; Na/Cl, sodium to chloride ratio; Na/K, sodium to
potassium ratio; P, phosphorus; Phe, phenylalanine; PMA, phosphomolybdate scavenging activity; S, sulfur; SOD, superoxide dismutase; TFC, total

flavonoid content; TPC, total phenolic content; Trp, tryptophan.

4 | Discussion

4.1 | Mineral Nutrition and Ionic Homeostasis
Under Amino Acid Supplementation

The observed mineral nutrient dynamics and ionic balance al-
terations in spinach under amino acid supplementation and
salt stress conditions provide compelling evidence for the mul-
tifaceted roles of exogenous amino acids in modulating plant

nutrition and stress tolerance mechanisms. The pronounced
accumulation of sodium and chloride under NaCl stress,
reaching treatment averages of 6369.9 and 72051.1mgkg™"' re-
spectively (Table 1), reflects the inevitable consequence of salt
exposure on ionic homeostasis in glycophytes. However, the
remarkable mitigation achieved through amino acid supple-
mentation, particularly the 76% reduction in leaf Na* content
with asparagine treatment (16346.0 vs. 68861.3mgkg™), sug-
gests that these compounds engage sophisticated mechanisms
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beyond simple osmotic adjustment. This protective effect likely
involves enhanced expression of plasma membrane Nat/H*
antiporters and tonoplast-localized ion transporters, enabling
more efficient Na* compartmentalization into vacuoles and
reduced cytoplasmic Nat toxicity, as demonstrated by Hasana
and Miyake (2017). Similar Nat exclusion mechanisms were re-
ported by Abdelkader et al. (2023), who showed that exogenous
amino acid applications significantly reduced Na* accumulation
in lettuce under salt stress, and by Saddique et al. (2022), who
demonstrated improved nutrient balance in spinach following
amino acid supplementation. The superior performance of phe-
nylalanine in maintaining the lowest sodium treatment average
(7208.9mgkg™) and its exceptional chloride exclusion capacity
aligns with findings by Atteya et al. (2022), who reported that ex-
ogenous phenylalanine supplementation enhanced ion selectiv-
ity in moringa under salt stress. The differential organ-specific
accumulation patterns observed, with leaves accumulating the
highest average Na (20585.8 mgkg™') and Cl (30932.3mgkg™),
correspond with the observations of Azeem et al. (2023), who
demonstrated that Na accumulation was higher in leaves and
stems than in roots under saline conditions. The dramatic 3.5-
fold increase in Na/K ratio under NaCl stress (2.01 compared
to control: 0.58), with roots exhibiting the highest value (2.32),
indicates severe disruption of K*/Nat selectivity. The remark-
able restoration of ionic balance by all amino acid treatments,
ASN +NaCl (0.63), PHE + NaCl (0.57), and TRP + NaCl (0.78),
demonstrates their profound impact on ion homeostasis mech-
anisms, with phenylalanine achieving a 72% reduction in Na/K
ratio compared to NaCl alone (Table 1).

The extraordinary accumulation of divalent cations in
TRP +NaCl-treated plants represents one of the most striking
findings, with treatment averages for Mg, Ca, and P reaching
40414.3, 44743.9, and 15088.0mgkg™! respectively, representing
6-10 fold increases compared to control plants (Table 1). This
coordinate elevation suggests that tryptophan, when combined
with salt stress, triggers a unique metabolic reprogramming that
fundamentally alters nutrient acquisition priorities. The mech-
anism underlying this phenomenon may involve tryptophan's
role as a precursor to auxin biosynthesis, as noted by Turfan
et al. (2024), who demonstrated that TRP acts as a precursor to
the root hormone auxin, potentially enhancing root metabolic
activity. This auxin-mediated enhancement of root development
and mineral uptake capacity is consistent with observations
by Goche et al. (2020), who demonstrated that auxin signal-
ing coordinates root architecture modifications that enhance
mineral acquisition efficiency under stress conditions. The ob-
servation that TRP +NaCl plants simultaneously accumulated
exceptional divalent cations while maintaining relatively mod-
est Na* levels (14995.4mgkg™! treatment average) suggests that
tryptophan-derived auxin preferentially activates transporters
with specificity for divalent over monovalent cations. The pref-
erential enhancement of Ca?* uptake by asparagine supple-
mentation (7372.1mgkg™!), with petioles showing remarkable
accumulation (10436.3 mgkg~!), may be explained by asparag-
ine's dual role as both a nitrogen donor and a signaling molecule,
aligning with the work of Guo et al. (2023), who demonstrated
that ASN involvement in nitrogen metabolism influences mul-
tiple ion transport systems. The observed salt-induced Ca?*
deficiency under NaCl stress alone (4235.6mgkg™) reflects
the well-documented phenomenon of Na*-Ca?* competition

at membrane transport sites, as discussed by Yin et al. (2023).
The contrasting potassium nutrition patterns, where NaCl
stress induced the highest K* accumulation (32229.4mgkg™)
while amino acid treatments substantially reduced K levels
(18980.6 mgkg™), likely reflect a sophisticated metabolic trade-
off prioritizing divalent over monovalent cation acquisition. This
preferential regulation may be explained by the differential ener-
getic costs and functional benefits of various cations under stress
conditions, as noted by Marium et al. (2021), who described Mg's
role in chlorophyll biosynthesis and enzyme activation. The re-
duction in K* accumulation may also reflect improved ionic
homeostasis, as demonstrated by Marium et al. (2021), who in-
dicated that exogenous phenylalanine and methionine reverse
salinity-induced suppression of essential mineral accumulation.
The organ-specific distribution patterns, with leaves maintain-
ing the highest average K (26550.1 mgkg™'), demonstrate pref-
erential allocation to photosynthetic tissues, as emphasized by
Sofy et al. (2020).

The sulfur nutrition results, showing highest concentrations
in PHE+NaCl treatment (794.9mgkg™) with exceptional leaf
accumulation (1354.7mgkg™"), provide important insights
into amino acid-mediated enhancement of antioxidant pre-
cursor availability. This 66% increase compared to control
leaves suggests that phenylalanine promotes sulfate uptake
and assimilation under salinity, potentially supporting syn-
thesis of sulfur-containing antioxidants. This finding gains
additional significance when considered alongside the work of
Guo et al. (2023), who demonstrated that asparagine enhances
secondary metabolism by stimulating the synthesis of sulfur-
containing amino acids. The enhanced sulfur nutrition under
PHE +NaCl aligns with observations by Bakry et al. (2018),
who reported that phenylalanine supplementation in flax im-
proved overall mineral acquisition including sulfur-containing
compounds. The consistent Na/Cl ratio of 0.48 across all amino
acid-salinity combinations, representing a 47% reduction com-
pared to control (0.90), reveals an intriguing aspect of amino
acid-mediated ionic regulation that likely involves coordinated
regulation of both Na* and CI~ transporters rather than affect-
ing them independently. The contrasting low S levels under
asparagine treatments (585 and 626.0mgkg™") suggest amino
acid-specific differences in sulfur metabolism. The consistent
Na/Cl ratio of 0.48 across all amino acid-salinity combinations,
representing a 47% reduction compared to control (0.90), reveals
an intriguing aspect of amino acid-mediated ionic regulation
(Table 1). Overall, the mineral nutrition and ionic balance re-
sults demonstrate that exogenous amino acid supplementation
represents a sophisticated agronomic intervention that engages
multiple levels of plant nutritional physiology, with phenylala-
nine excelling in maintaining ionic homeostasis and enhanced
sulfur nutrition, asparagine effectively excluding toxic ions
while promoting calcium uptake, and tryptophan uniquely acti-
vating multiple nutrient uptake pathways under salinity.

4.2 | Antioxidant Systems and Secondary
Metabolite Dynamics

The antioxidant defense responses and secondary metabolite
accumulation patterns observed under amino acid supplemen-
tation reveal sophisticated biochemical adaptations that extend
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beyond simple osmotic adjustment or ion exclusion mecha-
nisms. The pronounced enhancement of antioxidant enzyme
activities, particularly under tryptophan supplementation (CAT:
63.48 Umg~' FW; SOD: 170.29 U mg~' FW), with TRP leaves ex-
hibiting maximum activities representing 23%-50% increases
compared to control, demonstrates the capacity of aromatic
amino acids to prime enzymatic defense systems (Table 2). This
remarkable upregulation likely involves tryptophan-mediated
activation of stress-responsive transcription factors that coordi-
nately induce antioxidant gene expression, a phenomenon anal-
ogous to the stress priming mechanisms described by Bukhari
et al. (2021). The mechanistic basis for tryptophan's superior en-
zyme activation may lie in its indole ring structure, which can
directly function as an antioxidant while simultaneously serving
as a precursor for indoleacetic acid (auxin) that upregulates de-
fense gene expression (Turfan et al. 2024). In contrast, phenyl-
alanine demonstrated equivalent APX activity (5.36 Umg— FW)
to TRP while channeling greater metabolic flux into phenylpro-
panoid pathway-derived antioxidants, suggesting complemen-
tary but mechanistically distinct defense activation strategies
between these two aromatic amino acids. The severely compro-
mised antioxidant enzyme activities under NaCl stress alone
(APX: 3.50; CAT: 35.69; SOD: 93.01 Umg ! FW) reflect the well-
documented phenomenon whereby salt stress can paradoxically
suppress antioxidant systems while simultaneously generating
excessive reactive oxygen species. The substantial recovery of
enzyme activities under combined amino acid-salt treatments
(TRP+NacCl achieving 36%-68% enhancements compared to
NacCl alone) suggests that exogenous amino acids provide both
the metabolic precursors necessary for enzyme synthesis and
signaling molecules that activate defense gene transcription,
aligning with observations of Turfan et al. (2024), who demon-
strated TRP's capacity to mitigate harmful effects of salinity on
various physiological parameters in spinach. The strong inter-
correlations among antioxidant enzymes (APX-CAT: 0.81, APX-
SOD: 0.94, CAT-SOD: 0.77) indicate coordinated regulation of
these enzymatic systems, consistent with their sequential roles
in ROS detoxification (Table 2).

The contrasting protein content patterns present one of the most
intriguing findings, revealing fundamental metabolic trade-offs
that operate under amino acid supplementation. The dramatic
protein reduction under NaCl stress (17.64% average, with roots
showing only 10.84%) reflects the severe disruption of nitrogen
metabolism and protein synthesis machinery that characterizes
salt toxicity, as emphasized by Azeem et al. (2023). However, the
remarkable protein concentration in ASN + NaCl roots (32.12%),
representing a 196% increase compared to NaCl-stressed roots
and a 73% increase even compared to control roots (18.54%),
suggests that asparagine supplementation fundamentally re-
programs root metabolism under stress conditions, as demon-
strated by Akin and Kaya (2024), who showed ASN's capacity
to enhance stress resilience in maize through nitrogen metab-
olism support. Asparagine's unique capacity to enhance root
protein accumulation can be explained by its dual role as both
a direct substrate for protein synthesis and a mobile nitrogen
storage compound that facilitates nitrogen remobilization from
amino acid catabolism under stress (Guo et al. 2023). This find-
ing is particularly significant from an agronomic perspective, as
roots are critical organs for mineral acquisition and stress sens-
ing, and enhanced root protein content likely reflects greater

enzymatic capacity for ion transport and stress signal trans-
duction. Conversely, the lowest protein content observed under
TRP and TRP+NaCl treatments (14.16% and 15.65% respec-
tively) reveals the metabolic cost of tryptophan's remarkable
enhancement of mineral nutrition and secondary metabolism,
aligning with the concept of metabolic resource allocation under
stress, as suggested by Jamil et al. (2018), who noted TRP's role
in inducing glucosinolate and alkaloid production. The proline
accumulation patterns, showing highest levels under amino
acid-salinity combinations (TRP+NaCl: 239.89umolg™};
ASN +NaCl: 234.37umol g™!), representing 13%-16% increases
compared to control, confirm the well-established role of this
osmolyte in stress tolerance (Table 2). The organ-specific ac-
cumulation, with leaves showing the highest average proline
(240.4pumolg™"), suggests functional compartmentalization
where osmotic adjustment is prioritized in photosynthetically
active tissues, aligning with findings by Wang et al. (2022), who
identified higher proline content in watermelon leaves subjected
to drought stress. The differential effects of amino acids on pro-
line accumulation, with all three amino acids enhancing proline
under both stressed and unstressed conditions, as reported by
Almas et al. (2021) in tomato with PHE, Guo et al. (2023) in
Methylocytsi with ASN, and Turfan et al. (2024) in spinach with
TRP, suggest that these compounds activate proline biosynthetic
pathways through multiple mechanisms.

The photosynthetic pigment responses reveal amino acid-
specific protective effects that directly preserve photosynthetic
capacity under salt stress. Asparagine’s maintenance of the
highest chlorophyll levels (1.43mgg™), with ASN+NaCl ef-
fectively protecting against salt-induced degradation (1.40 vs.
1.07mgg™! in NaCl alone, representing 31% enhancement),
suggests that this amino acid either promotes chlorophyll bio-
synthesis or inhibits chlorophyll degradation by chlorophyllase
enzymes. This chlorophyll-protective effect of asparagine is
consistent with its role in maintaining nitrogen pools available
for chlorophyll biosynthesis, as the porphyrin ring of chloro-
phyll is nitrogen-rich and requires sustained nitrogen supply
for both synthesis and repair (Kaya et al. 2013). The carotenoid
enhancement under aromatic amino acid treatments (TRP and
PHE leaves showing 22%-28% increases compared to control)
reflects activation of the carotenoid biosynthetic pathway, with
these photoprotective pigments serving critical roles in dissi-
pating excess light energy and scavenging singlet oxygen under
stress conditions, as emphasized by Wilson et al. (2021). The cat-
echin response represents perhaps the most dramatic secondary
metabolite enhancement, with PHE + NaCl inducing the highest
accumulation (15.56 mgg™), particularly in roots (22.58 mgg™1),
representing a 10-fold increase compared to control roots. This
preferential root accumulation of catechins aligns with obser-
vations by Zhang et al. (2017) and Savina et al. (2023), who em-
phasized roots' role as storage organs for phenolic compounds
crucial for defense against soil-borne pathogens and heavy
metal stress.

4.3 | Phenolic Profiles and Antioxidant Capacity
Modulation

The phenolic compound profiles and antioxidant capacity
measurements reveal the biochemical culmination of amino
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acid-mediated metabolic reprogramming, demonstrating how
these exogenous supplements fundamentally reshape secondary
metabolism to enhance stress defense capabilities. The remark-
able enhancement of cinnamic acid, the gateway metabolite of
the phenylpropanoid pathway, under phenylalanine and aspar-
agine treatments provides direct evidence for enhanced phenyl-
alanine ammonia-lyase activity, as noted by Atteya et al. (2022),
who emphasized PHE's role in promoting biosynthesis of cin-
namic acid and related compounds. This enzyme catalyzes the
deamination of phenylalanine to cinnamic acid, representing
the committed step that channels primary metabolites into sec-
ondary metabolism. The substantial elevation of this entry-point
metabolite under phenylalanine supplementation confirms that
substrate availability limits phenylpropanoid pathway flux under
normal conditions, and that exogenous phenylalanine relieves
this bottleneck, enabling enhanced production of downstream
defensive compounds. The contrasting accumulation pattern of
caffeic acid, showing highest levels under asparagine-salinity
combination, particularly in petioles and roots, reveals pathway-
specific regulation that differs fundamentally from the early
phenylpropanoid steps, as proposed by Guo et al. (2023), who
demonstrated ASN's involvement in modulating multiple meta-
bolic pathways through nitrogen metabolism enhancement. The
preferential accumulation in petioles and roots, rather than in
leaves where cinnamic acid predominantly accumulates, sug-
gests tissue-specific regulation of hydroxylation capacity and
potentially differential transport of hydroxylated versus non-
hydroxylated phenolic acids, aligning with findings by Feduraev
et al. (2019), who identified distinct phenolic compound distri-
butions across organs including predominance of benzoic acid,
cinnamic acid, quercetin, and catechin with highest concentra-
tions in petioles near roots. The stress-induced enhancement of
trans ferulic acid indicates that this particular hydroxycinnamic
acid responds strongly to stress signals independently of amino
acid supplementation, consistent with its established role in cell
wall cross-linking and lignification responses to stress where
plants strengthen their physical barriers against environmental
challenges.

The flavonoid profiles reveal remarkable substrate and path-
way specificity that clearly differentiates amino acid effects on
secondary metabolism. The extraordinary quercetin accumu-
lation in asparagine-salinity treatment, with roots showing an
11-fold increase compared to controls, demonstrates asparag-
ine's unique capacity to activate the flavonol branch of flavonoid
biosynthesis (Table 3). The mechanism by which asparagine, a
non-aromatic amino acid that does not directly enter the phen-
ylpropanoid pathway, achieves such dramatic activation of
flavonol biosynthesis likely involves indirect effects through
enhanced nitrogen metabolism and the availability of carbon
skeletons for phenylpropanoid precursors, as proposed by Guo
et al. (2023). Furthermore, asparagine may enhance the ex-
pression of key flavonol biosynthesis genes including flavonoid
3’-hydroxylase and flavonol synthase through its role in nitrogen
signaling networks. The rutin trihydrate response represents
the most dramatic organ-specific flavonoid accumulation, with
ASN petioles reaching 3.45mgg!, a 4.2-fold increase over con-
trol petioles, suggesting rutin may serve specialized vascular
protection functions. The ellagic acid accumulation showing
40-fold increases in ASN+NaCl roots compared to control, as
documented also by Savina et al. (2023), represents activation

of specialized polyphenolic biosynthetic pathways. An interest-
ing contrast emerges regarding anthocyanin distribution: the
present results showing highest anthocyanin in aromatic amino
acid treatments differ somewhat from Feduraev et al. (2019),
who reported anthocyanin highest in leaves of Rumex species,
and from Savina et al. (2023), who observed highest anthocy-
anin in roots of meadowsweet. These discrepancies likely reflect
species-specific differences in anthocyanin regulation, devel-
opmental stage effects, and the specific amino acid treatments
applied, emphasizing that organ-specific anthocyanin accumu-
lation patterns are not universal but depend on the experimental
system and stress conditions.

The total phenolic content results, showing highest levels in
asparagine treatments, provide an integrative measure demon-
strating that asparagine broadly activates phenylpropanoid me-
tabolism rather than enhancing only specific branch pathways
(Table 3). The dramatic contrast with salt stress alone, resulting
in the lowest total phenolic content, confirms that salt stress
per se suppresses overall phenolic biosynthesis, likely through
disruption of primary metabolism that provides precursors
and energy for secondary metabolism, as noted by Sarker and
Oba (2019) and Zhang et al. (2017). The organ-specific distri-
bution, with leaves maintaining highest total phenolic content,
reflects the particular importance of phenolic compounds in
protecting photosynthetic tissues where light-induced reactive
oxygen species generation creates intense oxidative pressure,
as emphasized by Savina et al. (2023), who documented organ-
specific antioxidant capacity patterns with highest levels in
leaves reflecting their primary role in photosynthesis and met-
abolic activity. The total flavonoid content showing remarkable
uniformity in asparagine-salinity treatment across all organs
demonstrates comprehensive activation of flavonoid biosyn-
thesis throughout the plant. This distribution aligns with ob-
servations by Feduraev et al. (2019) and Liu et al. (2022), who
documented that total flavonoid content was primarily local-
ized in leaves, though interesting discrepancies exist regarding
specific compound distributions. The modulation of secondary
metabolite activity by tryptophan may be attributed to its role
in inducing glucosinolate and alkaloid production, as noted by
Jamil et al. (2018), whereas phenylalanine exerts its effect by
promoting biosynthesis of cinnamic acid, anthocyanins, and
flavonoids, as demonstrated by Atteya et al. (2022) and Almas
et al. (2021). In contrast, asparagine enhances secondary metab-
olism by stimulating synthesis of sulfur-containing amino acids,
which are key precursors in biosynthesis of secondary metab-
olites, as shown by Guo et al. (2023). The antioxidant capacity
measurements, assessed through multiple assays, reveal that
the highest ferric reducing antioxidant power activity was re-
corded in roots under phenylalanine treatments, whereas phos-
phomolybdenum assay exhibited greatest values in leaves with
phenylalanine and tryptophan supplements, supporting the in-
terpretation that aromatic amino acids serve as key precursors
in secondary metabolic pathways, as noted by Zhu et al. (2017),
while asparagine functions primarily as a donor of carbon and
nitrogen, as demonstrated by Kaya et al. (2013). Overall, the
phenolic compound and antioxidant capacity results demon-
strate that amino acid supplementation, particularly asparagine,
fundamentally restructures secondary metabolism with organ-
specific specialization reflecting distinct physiological roles,
where leaves serve as primary sites of photosynthesis requiring
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high defense against stressors, while roots function as storage
organs for metabolites and phenolic compounds crucial for de-
fense against soil microorganisms, as emphasized by Zhang
et al. (2017) and Savina et al. (2023).

5 | Conclusion

Our study revealed that amino acid selection significantly in-
fluences spinach resilience to salt stress through distinct meta-
bolic reprogramming pathways. Each amino acid demonstrated
unique protective mechanisms across mineral nutrition, anti-
oxidant defense, and secondary metabolism. Phenylalanine ex-
celled in maintaining ionic homeostasis, achieving the lowest
sodium treatment average and superior Na/K ratio restoration,
while enhancing phenylpropanoid pathway activation through
elevated cinnamic acid biosynthesis. Asparagine demonstrated
remarkable specificity in excluding toxic ions while promoting
calcium uptake and uniquely enhancing root protein accumu-
lation under salinity, alongside comprehensive activation of
flavonol branches evidenced by dramatic quercetin, rutin, and
ellagic acid accumulation. Tryptophan triggered the most strik-
ing metabolic reprogramming, inducing exceptional divalent
cation accumulation representing 6-10-fold increases while
maximally enhancing antioxidant enzyme activities, though at
the cost of reduced protein synthesis. Organ-specific patterns
revealed leaves as primary sites for photosynthetic pigments
and phenolic compounds, roots as storage organs for specialized
flavonoids and catechins, and petioles exhibiting exceptional
rutin accumulation. Based on these findings, asparagine is rec-
ommended for comprehensive metabolic defense and photosyn-
thetic capacity maintenance, phenylalanine for ionic exclusion
and antioxidant enhancement, and tryptophan where mineral
nutrition improvement is the priority. Future research should
focus on field validation across varying salinity levels, optimiza-
tion of application timing and concentration, and examination
of synergistic effects when combining multiple amino acids.
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